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A B S T R A C T   

Self-healing concrete using encapsulated healing agent has shown great potential in enhancing concrete dura
bility. However, the capsules are expensive to make and can lower the mechanical properties of concrete. In this 
study, a new type of manufactured aggregate that employs waste-derived fly ash cenosphere as a carrier of 
healing agent (SH-CS) was designed and produced. The effect of SH-CS incorporation on hydration, engineering 
properties and self-healing efficiency of cement mortar was systematically evaluated, with a special focus on self- 
healing mechanism through the analysis of the mineral composition of the healing product. The results indicate 
that the prepared SH-CS has good stability in and compatibility with cement mortar. The addition of SH-CS has 
small influence on the fresh properties of cement mortar and less negative effect on compressive strength at the 
hardened stage compared to the existing study. By replacing 3 wt.% of fine aggregate with SH-CS, up to 71% of 
the crack opening area of mortar specimens with a crack width of about 0.3 mm was self-healed after 28 days of 
water exposure. The self-healing behaviour of SH-CS led to a maximal 41% drop in water adsorption and 
contributed to the recovery of flexural strength. The healing products precipitated on the fracture surface were 
mainly composed of amorphous C-S-H and Calcite. It can be estimated that incorporating SH-CS in concrete 
would result in only a moderate (~29%) rise in cost for C40 concrete.   

1. Introduction 

Concrete cracking and crack-related durability issues can signifi
cantly impact the service life of concrete structures. Although cracks 
smaller than 200 µm are generally believed to have negligible impact on 
the performance of concrete, they may increase in size if not timely 
repaired. These cracks provide channels for the ingress of harmful agents 
such as chlorides [1] and CO2 [2], which may lead to reinforcement 
corrosion and ultimately loss of serviceability of reinforced concrete [3]. 
Although manual repairing methods such as surface coating or grouting 
can help extend the service life of reinforced concrete structures to a 
certain extent, they are labour-consuming and cost-intensive. To tackle 
this issue, inspired by the biological self-healing phenomena, re
searchers proposed a novel concept for improving the durability of 
concrete, namely self-healing concrete [4–8]. 

To date, numerous studies have focused on endowing concrete with 

intrinsic repair ability by incorporating encapsulated self-healing agents 
as functional additives. With the successful development of micro- 
vascular [8–11] and microencapsulated healing agents [12], the 
recent research focus has shifted towards the development of 
self-healing manufactured aggregates that can be adopted as a 
replacement for natural aggregate in concrete. According to the material 
type of matrix, the manufactured aggregates can be divided into three 
categories: glass aggregate, polymeric aggregate and mineral-based 
aggregate. Glass tubes were first employed to convey silica gel or 
polyurethane immobilized bacteria in the realization of the intrinsic 
self-healing in concrete [13]. Following that, the self-healing effect of 
glass tubes encapsulating various types of liquid repair agents (sodium 
silicate, colloidal silica and polyurethane) and powder repair agents 
(magnesium oxide, bentonite and quicklime) were studied [14,15]. 
Although self-healing of concrete with encapsulated glass tubes has been 
demonstrated to be effective to some extent under laboratory 
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conditions, the limitations of glass aggregate in pervasiveness and sur
vival ability in concrete are also obvious. To overcome this, polymers 
with various brittleness were used to produce macro or micro-sized 
polymeric capsules. The self-healing efficiency using polyurethane 
capsules was evaluated in terms of mechanical recovery and perme
ability [13,16]. Moreover, a chemical binding capacity of aggressive 
ions from seawater was realized using mineral encapsulated polymethyl 
methacrylate (PMMA) aggregate [17]. To better balance the survival 
ability and the triggering efficiency, Hilloulin et al. [18] investigated the 
feasibility of using polymeric capsules with different glass transition 
temperatures. Although the demonstration of the self-healing effect and 
survival ability in polymeric aggregates make it promise, a strong 
drawback is the weak compatibility of polymeric aggregates with the 
cementitious matrix that significantly reduces the fresh and hardened 
properties of the cementitious composites. In addition, the difference in 
density between polymer material and cement slurry makes the poly
meric aggregate tend to suspend on the surface of freshly mixed slurry, 
which is not acceptable for field application. In viewing of this, 
mineral-based materials such as expansive clay [19,20], ceramics [21], 
and cementitious materials [22] were recently explored in 
manufacturing self-healing artificial aggregates. The reviewed literature 
shows that the mineral-based aggregates have good compatibility with 
cement matrix and are feasible to enhance the self-healing ability of 
concrete. However, most mineral-based aggregates for self-healing 
proposed to date require a complex manufacturing process and 
various commercial raw materials [23,24], resulting in relatively high 
costs that limit their widespread application in engineering practice. A 
recent study attempted to use recycled coarse aggregates (RCA) as car
riers of microbial healing agents [25]. Specimens containing 
bacteria-immobilized RCA exhibited a significant self-healing effect. 
This study provides new thoughts on producing self-healing aggregates 
with waste-derived materials to reduce manufacturing costs and mini
mize consumption. 

Fly ash cenosphere (hereinafter referred to as cenosphere) obtained 
from coal-fired power plants are hollow spherical particles, comprising 
aluminosilicates. The hardness of the cenospheres is up to 6–7 Mohs, 
with static compressive strength of up to 70–140 MPa. It was reported 
that adding cenospheres in different sizes to concrete can help reduce 
the demand for raw materials and density of concrete and improve the 
thermal insulation and crack resistance of concrete [26–29]. Recently, 
thanks to their unique hollow structure, the potential of using ceno
spheres as functionalized additives in cementitious materials has been 
explored [30]. Cenospheres loaded with water or phase change mate
rials (PCMs) have been added to concrete to reduce shrinkage and in
crease the thermal energy storage capacity of concrete [31–33]. 
Incorporating cenosphere-based PCMs into concrete can enhance its 
building energy efficiency and cost-effectiveness while less impacting 
the mechanical properties [34,35]. Although the feasibility of using 
cenospheres as a functionalized carrier in concrete has been explored, 
the utilisation of cenospheres as a carrier of healing agent for 
self-healing cementitious materials has not yet been addressed. 

In this study, waste-derived cenospheres were successfully converted 
into a new type of sustainable manufactured aggregate (SH-CS) to 
enhance the cost-effectiveness of existing self-healing strategies for 
cementitious materials. A three-step encapsulation technology was 
developed to impregnate the perforated cenospheres with the self- 
healing agent, while preventing the self-healing agent from leaking 
out of cenospheres during concrete mixing. The effect of the prepared 
SH-CS incorporation on the fresh and hardened properties of mortar was 
characterised. The self-healing efficiency of SH-CS in cementitious ma
terials in terms of crack sealing effect, water absorption rate, and flex
ural strength regain was evaluated. A series of techniques including X- 
ray diffraction (XRD), thermogravimetry (TG), Fourier transform 
infrared spectroscopy (FTIR) and scanning electron microscope (SEM) 
were employed to explore the self-healing mechanism. In addition, to 
provide a reference to the industry for the potential application, the cost 

of SH-CS and self-healing concrete was estimated. 

2. Preparation and characterisation of self-healing cenosphere 
capsules 

2.1. Materials 

Sodium silicate (Na2SiO3) solution is used as a repair agent for 
cracked concrete. The repair mechanism involves the active reaction 
between silicate and calcium hydroxide in cement matrix, which forms 
hydrated calcium silicate (C-S-H gel) at the crack site[36], as described 
in Eq. (1). Lithium silicate (Li2SiO3) solution was applied on the surface 
of the impregnated cenospheres as a waterproof coating to prevent the 
unintentional leaking of the healing agent during the concrete mixing. 
The physical and chemical characteristics of the solutions are given in  
Table 1. Cenospheres with particle sizes ranging from 400–850 µm were 
adopted, the chemical compositions of which analysed using X-ray 
fluorescence (XRF) are presented in Table 2. 

Na2SiO3 +Ca(OH)2 ̅̅ →
H2O x(CaO • SiO2)H2O+Na2O (1)  

2.2. Manufacturing process 

Cenonsphere-based self-healing manufactured aggregate (SH-CS) 
was developed through a three-step encapsulation process, as illustrated 
in Fig. 1. The encapsulation process of SH-CS started with perforating 
cenospheres with acid etching, followed by loading the healing agent 
into the perforated cenospheres using the vacuum negative pressure 
method, and encapsulating the loaded cenospheres with lithium silicate 
solution, as described below in detail. 

2.2.1. Perforate cenospheres with acid etching (P-CS) 
The shell of a cenosphere has a porous structure, making it an ideal 

carrier for self-healing agents. However, the shell of the as-received 
cenospheres is covered by a layer of nano-sized glass crystal film with 
high stiffness and hardness. To introduce liquid sodium silicate solution 
into the inner space of the cenospheres, the shell, must therefore be 
perforated to provide channels for the uptake of the healing agent. To 
this end, 0.3 kg of the as received cenospheres were exposed to 1 L of 
1.2 mol/L hydrofluoric acid solution by immersing the dried micro
spheres into the acid etching solution. The volume ratio between the 
cenospheres and the hydrofluoric acid solution was about 1:3. Me
chanical stirring (Fig. 1a) with a rotation speed of 60 r/min was applied 
to ensure that the surface of the hollow microspheres was entirely in 
contact with the acid etching solution. After stirring the solution for 2 h, 
cenospheres floated on the surface of the acid-etching solution were 
collected by passing the solution through #40 mesh sieves and rinsing 
the acid-etched cenospheres with water three times, followed by drying 
in an oven at 105 ℃ for 12 h. 

2.2.2. Load sodium silicate into perforated cenospheres (NE-CS) 
The healing agent, i.e., sodium silicate, was loaded into the perfo

rated cenospheres by vacuum impregnation. More specifically, perfo
rated cenospheres were first placed in a container in the vacuum tank 
(Fig. 1b). The internal pressure of the vacuum tank was then adjusted to 

Table 1 
Chemical and physical characteristics of sodium silicate and lithium silicate 
solution.  

Material Chemical formula Mw (g/ 
mol) 

Density @ 20 ◦C 
(g/mL) 

pH 

Sodium 
silicate 

Na2O(SiO2)x • xH2O 122.06 1.39 12.5 

Lithium 
silicate 

Li2O(SiO2)x 89.97 1.16 11  
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a vacuum pressure of − 0.1 MPa and maintained for 1 h. Liquid sodium 
silicate was introduced into the container through a pre-set plastic pipe 
until the cenospheres were fully immersed in the solution. After the 
cenospheres were impregnated at − 0.1 MPa for 0.5 h, the sodium sili
cate loaded cenospheres were filtered with a sieve, rinsed by tap water, 
and left to dry in a rotating granulator (Fig. 1c) for 3 h under hot air 
blowing at 60 ℃ and at a rolling speed of 60 r/min. 

2.2.3. Coating sodium silicate loaded cenospheres with lithium silicate (SH- 
CS) 

To prevent the unintentional leakage of the loaded healing agent 
from the perforated cenospheres, the loaded cenospheres must be 
encapsulated by a waterproofing layer. This was achieved by innovative 
coating of the cenospheres with lithium silicate solution. The coating 
was done by spraying the loaded cenospheres with lithium silicate so
lution in a rotating granulator under hot air blowing at 60 ℃ and a 
rolling speed of 60 r/min. The volume ratio between the loaded ceno
spheres and the lithium silicate solution was 5:1. To facilitate the for
mation of the waterproof film on the surface of cenospheres, the coated 
cenospheres were dried in the rotating granulator under hot air blowing 
at 60 ℃ for another 3 h. Finally, the sand-like SH-CS was collected from 
the rotating granulator and sealed in a plastic bag for further 
experiment. 

2.3. Characterisation 

2.3.1. Product appearance 
The images of as-received cenospheres, perforated cenospheres (P- 

CS), sodium silicate loaded cenospheres (NE-CS), and the final product 
of SH-CS was recorded. Fig. 2 shows the images of SH-CS at various 
stages of preparation. There existed no significant difference between 
the as-received cenosphere, P-CS, NE-CS and SH-CS. The sand-like par
ticles of SH-CS were believed to have a good dispersibility in the cement 

matrix. 

2.3.2. Particle size distribution 
The particle size distribution of SH-CS final product was charac

terised using laser particle analyzer (Matersizer 3000, Malvern Pan
alytical Ltd., USA), which is presented in Fig. 3. The size of the prepared 
SH-CS ranged between 370 and 1000 µm and the mean particle size of 
SH-CS is about 700 µm. The particle size distribution of SH-CS is similar 
to that of fine natural sand. 

Table 2 
Chemical composition (wt.%) of the as-received cenospheres.  

Oxide SiO2 Al2O3 Fe2O3 K2O Na2O MgO CaO TiO2 P2O5 

Cenosphere 57.816 29.573 4.712 2.286 1.934 1.338 1.014 0.897 0.234  

Fig. 1. Illustration of production process of SH-CS.  

Fig. 2. Images of (a) as-received cenospheres, (b) P-CS, (c) NE-CS, and (d) SH-CS final product.  

Fig. 3. Particle size distribution of SH-CS.  
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2.3.3. Morphology 
The morphology of SH-CS was investigated using environmental 

scanning electron microscope (ESEM) (Quanta TM 250 FEG, FEI, United 
States). To improve the image resolution, the surface of the specimens 
was coated with gold prior to ESEM observations. Conductive tape was 
used to bind the particles on the sample holder. Fig. 4 displays the 
morphology of SH-CS at different stages of preparation. It is evident that, 
compared to the as-received cenospheres in Fig. 4(a), P-CS shown in 
Fig. 4(b) has been perforated. Pores with a diameter of about 10–30 µm 
can be observed on the outer surface of P-CS, indicating that the 
outermost glass crystal film covering the as-received cenospheres has 
been successfully removed through the acid etching treatment. It is 
generally believed that the porous structure of cenospheres could pro
vide channels for introducing sodium silicate solution. Fig. 4(c) dem
onstrates the SEM image of NE-CS that was manually crushed before 
SEM imaging. The healing agent had been successfully impregnated and 
partially occupied the inner space of the hollow microsphere. Further
more, the healing agent (sodium silicate) was closely attached to the 
shell of the cenosphere. To prevent the leakage of sodium silicate during 
the concrete mixing, which could possibly interfere with cement hy
dration, the last step in producing self-healing manufactured aggregate 
is to coat NE-CS with a layer of lithium silicate. Fig. 4(d) illustrates the 
morphology of the final product of SH-CS. Apparently, the surface of the 
SH-CS particle was covered with a dense layer, and the holes on the 
cenosphere have mostly been sealed. 

2.3.4. Encapsulation effectiveness 
Sodium silicate is a soluble substance, which can be dissolved into 

sodium and silicate ions when encountering water. The density of the 
dissolved ions in the solution can be characterised by the solution’s 
conductivity. To verify the encapsulation effectiveness of the proposed 
self-healing manufactured aggregate, the conductivity of the water so
lution dispersed with P-CS, NE-CS and SH-CS was studied, the results of 
which are presented in Fig. 5. At the initial 60 min, the conductivity of 
the solutions dispersed with NE-CS and SH-CS increased significantly 
compared to the solution with P-CS. This can be interpreted that both 
SH-CS and NE-CS existed to some extent of leakage with the impreg
nated healing agent. However, the conductivity of SH-CS solution at 
60 min was only about 445 μs/cm, which is much lower than that of NE- 
CS, 1440 μs/cm. Furthermore, the conductivity of SH-CS solution 

tended to be stable at 600 μs/cm after 180 min of exposure, while the 
conductivity of NE-CS continued to grow. These results indicate that the 
encapsulation of NE-CS with lithium silicate can effectively protect the 
repair agent from leaking out of the carrier in concrete slurry. 

3. Experimental program 

3.1. Raw materials 

Commercial ordinary Portland cement (CEM I 42.5 N) was used in 

Fig. 4. SEM images of (a) as-received cenospheres, (b) P-CS, (c) NE-CS and (d) SH-CS final product.  

Fig. 5. Electrical conductivity of water solution dispersed with P-CS (Ref), NE- 
CS and SH-CS, respectively. 

Table 3 
Chemical composition (wt.%) of Portland cement.  

Oxide CaO SiO2 Al2O3 Fe2O3 SO3 MgO Others 

Cement 63.75 21.91 4.82 3.18 3.29 2.40  0.67  
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this study, the chemical composition of which is given in Table 3. CEN 
Standard sand as per EN 196–1 [37] was adopted as fine aggregate and 
tap water was used as the mixing water. 

3.2. Mix proportions 

The weight ratio of water, cement and sand of cement mortar was 
1:2:6. The prepared manufactured aggregate (SH-CS) was incorporated 
as a replacement for 3 wt% of sand in the mixture (SH_3%), considering 
the balance of a good self-healing effect and no significant drop in 
workability of cement mortar. For comparison, the control sample (Ref) 
and the samples with 3 wt% of P-CS (P-3%) and with 3% NE-CS (NE-3%) 
were also studied. Given the similar density of sand and encapsulated 
cenosphere, the weight ratio instead of the volume ratio was adopted 
here. No other additive was used in the mix to avoid interference in the 
results. The mix proportions of mortar specimens studied are presented 
in Table 4. 

3.3. Sample preparation 

Besides the hydration heat test where cement paste was applied, 
mortar was mixed for the rest of test according to the mix proportions 
given in Table 4. After a regular mixing procedure, the resulting fresh 
mortar was used for the workability and setting time test. Mortar 
specimens for dry shrinkage and compressive were cast using 
40 × 40 × 160 mm moulds. A vibration table was applied to compact 
the mortar specimens. After sealed curing in lab condition for 24 h, the 
specimens were de-moulded and placed in a fog room for further curing 
until 28 d. 

Mortar specimens for the self-healing efficiency test were cast as 
follows. First, a layer of 10 mm mortar was poured into the 
40 mm × 40 mm × 160 mm moulds. Then, two steel reinforcing bars 
with a diameter of 1.5 mm were placed on the surface of the mortar 
layer. The steel bars were used to control the crack opening during crack 
formation. After positioning the reinforcing bars, the remainder of the 
moulds was filled with mortar. After casting, the moulds were wrapped 
with plastic film and stored at lab condition (23 ◦C, 50% RH) for 24 h. 
Subsequently, the samples were de-moulded and delivered to standard 
curing conditions (20 ◦C, 98% RH) for another 27 d. A universal testing 
machine (RGM-4020, Shenzhen Tiger Instrument Co. Ltd., China) 
coupled with a three-point bending test module was applied to the 
hardened specimens to introduce cracks. Displacement was applied at a 
continuous rate of 0.1 mm/min. A portable concrete crack detector 
monitored the average width of the crack in real time (BJLF-1, Beijing 
Institute of Optoelectronic Technology, China). The loading process was 
stopped once the crack width reached the target value (0.3 mm in this 
study). Since crack closure occurs upon unloading, the specimens with a 
crack width less than 0.3 mm were loaded again to expand further the 
damage to a crack width 10% higher (i.e., 0.33 mm) until the residual 
crack width reached the target value. Three cracked samples were 
selected in each group, and 5 marker points were chosen on the cracking 
surface of each sample to measure their crack width. 

3.4. Testing methods 

3.4.1. Hydration heat test 
The effect of cenosphere incorporation on the hydration heat of 

cement paste was measured using an isothermal calorimeter (TAM Air 8- 
channel, TA Instruments, USA) according to ASTM C1702–09 [38]. To 
investigate the addition of cenospheres at various producing stage on the 
hydration kinetics of cement paste, P-CS, NE-CS and SH-CS was added 
by replacing 9 wt.% of cement powder in the mixture. The hydration 
heat of pure cement paste was also tested as a reference. To ensure the 
accuracy of the test, the mix water was stored in the lab for 24 h before it 
was applied to the mixing procedure. The water-to-cement ratio of 
cement paste is 0.5. All cement mixtures were mixed in a pan mixer and 
poured into a glass ampoule bottle that was specially fitted to the 
channel of the calorimeter. The mixed cement paste subjected to the test 
was taken 10% out of a 100 g well-mixed cement paste batch. This 
means that each ampoule bottle contained 10.0 g of mixed cement paste. 
Before the test, the calorimeter was adjusted to a constant temperature 
of 22 ± 1 ◦C and equilibrated for 24 h. The heat evolution of the cement 
paste was recorded continuously for 7 d. A factor of 0.91 was applied to 
the results of the pure cement paste (Ref) to ensure that the weight of 
cement is consistent with each of test. 

3.4.2. Workability test 
The workability of each mix was determined as per ASTM C1437 

[39]. A cone mould with an upper inner diameter of 70 mm, a lower 
inner diameter of 100 mm, and a height of 60 mm was placed at the 
centre of a clean and level glass plate. The freshly mixed mortar was 
poured into the cone mould in two stages. Firstly, the mortar was poured 
into the mould to a height of two-thirds of its depth, and then it was 
compacted uniformly for 15 times from the edges to the centre using a 
compacting hammer. Secondly, the mortar was poured to a height 
approximately 20 mm above the mould, and it was compacted uni
formly 10 times in the same manner. After the compaction, excess 
mortar on the surface of the mould was removed using a steel spatula. 
The test mould was then lifted vertically, and a vibrating table was 
started followed by 25 cycles of vibration at a frequency of one cycle per 
second. After completion of the vibration, callipers were used to mea
sure the diameters of the mortar’s bottom surface in two perpendicular 
directions. 

3.4.3. Setting time test 
Automatic Vicat apparatus (Vicatromic, Matest Co., Ltd. Italy) was 

applied to characterise the setting time according to ASTM C191[40]. 
The initial setting time was obtained when the needle penetrated the 
cement paste for 25 mm. The final setting time was attained when there 
was no mark of the specimen surface with a complete circular impres
sion. To ensure the precision of the evaluation result, the tests were 
repeated three times for each specimen. 

3.4.4. Dry shrinkage test 
The dry shrinkage of mortar specimens was measured as per EN 

12617–4 [41]. Freshly mixed mortar was first poured into 
standard-sized moulds (40 × 40 × 160 m3) with fixed anchor. After 1 
d of curing under standard laboratory conditions, the specimens were 
de-moulded and then placed in a controlled environment at constant 
temperature of 20 ± 2 ◦C and a relative humidity of 60 ± 5% for 
another 27 d. The lengths of the specimens were measured at curing ages 
of 1, 3, 7, 14, 21, and 28 d respectively using a cement paste length 
comparator. Subsequently, the drying shrinkage of the specimens was 
calculated for each age as follows: 

εx =
L0 − Lx

160
(2)  

whereεx represents the drying shrinkage (dimensional change) at the age 
of x d, Lx is the length of the specimen at the age of x d, and L0 is the 
initial length of the specimen. 

Table 4 
Mix proportions of mortar specimens (%).  

Sample ID. Water Cement Sand P-CS NE-CS SH-CS 

Ref 11.1 22.2 66.7 0 0 0 
P_3% 11.1 22.2 64.7 2 0 0 
NE_3% 11.1 22.2 64.7 0 2 0 
SH_3% 11.1 22.2 64.7 0 0 2  

L. Lv et al.                                                                                                                                                                                                                                        
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3.4.5. Compression test 
To investigate the effect of cenosphere-based manufactured aggre

gates incorporation on the mechanical properties of the mortar, the 
compressive strength of the prepared mortar specimens was measured as 
per ASTM C109 [42]. Each of the data was obtained on an average of 3 
replicate tests. 

3.4.6. Self-healing efficiency evaluation 

3.4.6.1. Triggering effect. The rupture of the SH-CS upon cracking is the 
prerequisite to the realization of self-healing function of SH-CS in con
crete. Therefore, to prove the feasibility of applying the as-prepared self- 
healing manufactured aggregate in concrete, the fracture surfaces of the 
specimens generated in the compressive strength test were observed 
using an optical microscope (OM) to verify the rupture of the SH-CS 
upon crack. 

3.4.6.2. Crack healing. To test the self-healing capability of the SH-CS at 
different stages of preparation in mortar, four series of specimens, Ref, 
P_3%, NE_3%, and SH_3% were prepared as described in Section 3.3. 
Following the crack introduction process, all the cracked specimens of 
P_3%, NE_3%, SH_3%, and Ref were subjected to the healing process by 
immersing the specimens in tap water at 20 ◦C. After healing in the 
water for 28 days, a stereo microscope was used to observe the crack 
healing effect and record the crack width change at the marker point. 
The following formula was used to calculate the crack healing rate: 

φ =
Wi − Wx

Wi
× 100% (3)  

where φ denotes the crack mouth sealing ratio (%), Wi is the initial 
crack width (μm), and Wx is the crack width after healing for 28 d (μm). 

3.4.6.3. Water absorption. According to the testing protocol described 
in ASTM C1585–13 [43], a modified water absorption test described in a 
previous study [44] was performed on the healed specimens, i.e., Ref, 
P_3%, NE_3%, and SH_3%. The Ref specimens were used as a reference 
for the maximum water absorption capability of cracked mortar. Before 
the test, the specimens were placed in a drying oven at a temperature of 
40 ℃ for three days to remove the moisture. Then, the surface of the 
specimens where contact with water was sealed with adhesive 
aluminium tape, except for the crack mouth and adjacent area. The 
initial mass of the sealed specimens was measured to an accuracy of 
0.01 g and was recorded to calculate the water absorption rate. 
Following that, two supports (reinforcing bars were used as supports in 
this case) were placed parallel to the bottom of the water tank. The water 
tank was filled with tap water, with the water level 3 mm above the top 
of the supports. Once the test surface of the specimens was placed on the 
supports, the timer was started immediately. The time and weight were 
recorded at 60 s, 5 min, 10 min, 20 min, 30 min, and every hour until 
4 h soon after the specimen immersed in water. The water absorption 
rate (I) can be calculated as: 

I =
mt

a × b
(4)  

where the absorption rate, I, is defined as the change in mass in grams 
(mt) divided by the cross-sectional area of the test specimen (a, mm2) 
and the density of water (b). Since the change in water density is 
neglected, a constant value of 0.001 g/mm3 was used for b. The sorp
tivity index (S, mm/s1/2) is defined as the slope of the line that best fits 
the absorption I plotted against the square root of time (s1/2). This slope 
was obtained using least squares, linear regression analysis of the plot of 
I versus square root of time (s1/2). All the points from 1 min to 4 h were 
used for the regression analysis. For each data point, three replicate 
samples were tested. 

3.4.6.4. Mechanical recovery. The flexural strength of the uncracked 
specimens (first round) and the cracked specimens healed in water for 
28 d (second round) was tested to characterise the mechanical recovery 
performance of SH-CS in mortar. It should be noted that the specimens 
tested here are mortar specimens with two steel bars embedded. In the 
first round, the specimens were pre-cracked and the flexural strength for 
each batch of specimens was recorded. After healing in water for 28 d, 
the healed specimens were tested for the second round until failure. Due 
to the presence of steel bars, the flexural strength obtained from the 
second-round test of Ref specimens was regarded as the residual 
strength, which includes the pull-out strength of the steel bars and the 
strength resulting from the further hydration cement matrix. This value 
should therefore be excluded when calculating the mechanical recovery 
rate of the healed specimens. The flexural strength recovery rate (Fsr) 
resulted from the self-healing effect can be calculated as: 

Fsr =
f2 − fRef

f 1
× 100% (5)  

where f1 is the flexural strength for the virgin specimen (first round 
three-point bending test), f2 is the flexural strength for the healed 
specimen (second round three-point bending test), and fRef is the re
sidual strength of Ref sample. 

3.4.6.5. Healing mechanism. To reveal the healing mechanism of SH-CS 
in concrete, the chemical composition of the repair products at the 
fracture surface was characterised using XRD, FTIR, TGA and ESEM. For 
XRD, TG, and FTIR analysis, the repairing product was first collected 
with a file by scraping the repairing product from the fracture surface of 
the 28 d healed specimens and then ground in a corundum mill for 
15 min. To prevent any further reaction, the powder of the repairing 
product was immersed in acetone for 24 h and then filtered by vacuum 
to extract the acetone. Finally, the filtrate was dried in an aerated oven 
at 60 ◦C for 24 min and vacuum sealed in a plastic sample bag until the 
test. 

XRD analysis was performed using a Bruker D8 in a θ - 2θ configu
ration with a monochromatic CuKα radiation equipped with the LYN
XEYE detector. The voltage and the current of the generator were set to 
40 kV and 40 mA, respectively. The 2θ range of the measurement was 
set to 5◦ to 80◦ with a step size of approximately 0.02◦. The FTIR spectra 
of the samples were collected using an FTIR (Nicolet IS5, Thermo Fisher 
Scientific Inc.) in transmission mode in the spectral range of 
4000–600 cm− 1 and a resolution of 1 cm− 1. TG analysis was conducted 
using a thermogravimetric analyser (STA6000, Perkin Elmer Inc.) under 
flowing nitrogen (40 mL/min). The temperature was increased from 30 
to 1000 ℃ at a heating rate of 10 ℃/min. The microstructure of the 
healing product was directly observed on the fractured surface of the 
healed specimens using an environmental scanning electron microscope 
(Quanta TM 250 FEG, FEI, United States) with an acceleration voltage of 
10 kV. 

4. Results and discussion 

4.1. Hydration heat 

Fig. 6 presents the heat evolution and the accumulative heat of pure 
cement paste (Ref specimens) and cement paste containing 9% of P-CS, 
NE-CS and SH-CS, respectively. As seen in Fig. 6a, the total heat released 
from NE-CS specimens was generally higher than that of the rest of 
specimens. This can be attributed to the leaking of sodium silicate from 
the NE-CS into the cement slurry as the NE-CS is not coated with a water- 
proofing layer. The leaked sodium silicate reacted with calcium hy
droxide in the cement slurry, which promotes the formation of C3S and, 
therefore, generates more hydration heat during the first 100 h of 
cement hydration. Previous studies have also reported that the hydra
tion rate of Portland cement could be promoted after including sodium 
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silicate in the cement mixture [45,46]. Although the accumulative hy
dration heat of Ref, P-CS and SH-CS mixed sample is almost the same at 
the end of test, the hydration heat released by the specimen mixed with 
SH-CS is significantly lower than that of the sample mixed with NE-CS. 
This proves that the encapsulation of NE-CS with lithium silicate coating 
can effectively protect the sodium silicate from leaking out of the 
cenospheres to the matrix during mixing. 

The heat release rate of cement paste specimens with and without 
various types of cenosphere is shown in Fig. 6b. Compared with NE-CS, 
P-CS and Ref, the prominent exothermic peaks of SH-CS sample had the 
lowest value in the exothermic rate, suggesting that the inclusion of SH- 
CS could, to some extent, reduce the heat releasing rate of cementitious 
materials. In contrast, the exothermic rate of cement containing NE-CS 
was apparently higher than other specimens and shifted to the left, as 
releasing sodium silicate from NE-CS promotes hydration. It is also 
interesting that the exothermic peak of P-CS samples shifted to right of 
Ref, which can be ascribed to the less water available for cement hy
dration as part of the mixing water was absorbed to wet the surface of P- 
CS [31]. 

4.2. Workability 

Fig. 7 illustrates the workability of each mortar mix. The P_3% group 
exhibited the highest workability (231 mm), which is 2.7% higher than 
the Ref sample. This can be attributed to the inclusion of spherical mi
crospheres, which reduces the friction between sand particles and the 
cement matrix, thus reducing the cohesion of the slurry and conse
quently enhancing its flowability. As for NE_3%, due to the absence of 
encapsulation, sodium silicate in NE-CS is prematurely mixed into the 
cement slurry. The chain-like structural tetrahedral ion groups in so
dium silicate that bonded with calcium in the cement reduces the 
flowability of the cement slurry. As a result, the flowability of NE_3% 
mortar decreased by 20% compared to the control group. In contrast, the 
flowability of the SH_3% group mortar only decreased by 6.7% 
compared to the control group, indicating that the addition of SH-CS 
into the slurry did not significantly impact the workability of cement 
mortar. 

Fig. 6. Effects of P-CS, NE-CS and SH-CS incorporation on (a) total heat of hydration, and (b) rate of heat evolution during hydration.  

Fig. 7. Fluidity of Ref, P_3%, NE_3% and SH_3%.  
Fig. 8. Effect of different aggregates incorporation on the setting time 
of mortar. 
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4.3. Setting time 

Fig. 8 shows the setting time for Ref, P_3%, NE_3% and SH_3%. Based 
on these curves, the initial and final setting time for each of these 
specimens is given as follows: Ref - 2.2 h and 6.3 h, P_3% - 1.9 h and 
5.5 h, NE_3% - 0.8 h and 3.8 h, and SH_3% - 1.7 h and 5.8 h, respec
tively. The incorporation of NE-CS showed the most significant effect in 
shortening the initial and final setting time of mortar. This can be 
attributed to the unintentional leakage of the healing agent, sodium 
silicate, into the cement matrix. The sodium silicate with high alkalinity 
could dissolve in the mixing water during the mortar setting and became 
an accelerator to the hydration process, as previously documented [45]. 
Unlike the specimens incorporated with NE-CS, the accelerating effect of 
P-CS was originated from the decreased water-to-cement ratio as the 
P-CS absorbed part of the water, which should have participated in the 
cement hydration. A previous study reported that a lower 
water-to-cement ratio resulted in the acceleration of cement hydration 
[47]. In line with result of hydration heat, the setting time of cement 
mortar is only slightly shortened by the inclusion of SH-CS. Compared to 
Ref, the initial and final setting time of SH_3% specimens were retarded 
by about 0.5 h. The results presented here demonstrate that the incor
poration of SH-CS has a negligible effect on the setting time of mortar 
and can be incorporated safely as manufactured aggregate. 

4.4. Dry shrinkage 

The drying shrinkage of mortars containing P-CS, NE-CS, SH-CS, and 
the control group is presented in Fig. 9. Among all sample groups, P_3% 
exhibited the lowest value of drying shrinkage, ending at 291.67 με at 28 
d. The reduction in drying shrinkage can be ascribed to the absorption of 
water by P-CS that reduced the total water available for cement hy
dration, consequently lowering the drying shrinkage of the specimens. 
This observation aligns with the findings by Feng et al. [33]. In com
parison to the control group, the drying shrinkage of NE_3% and SH_3% 
groups at 28 d of curing increased by 52.9% and 29.4%, respectively. 
Both of two groups exhibited higher value of drying shrinkage, which 
can be attributed to the increase in the porosity of the mortar system due 
to the pre-releasing of sodium silicate that facilities the evaporation of 
free water within the system. 

4.5. Compressive strength 

Fig. 10 shows the compressive strength of mortar samples with P-CS, 

NE-CS, and SH-CS at 3, 7, and 28 d. Although the compressive strength 
increased with curing age, Ref exhibited the highest compressive 
strength compared to P_3%, NE_3%, and SH_3% specimens. Specifically, 
P_3% showed an insignificant decrease in compressive strength 
compared to the reference specimen, which can be attributed to the 
lower compressive strength of the hollow cenospheres in the mortar 
specimens compared to sand particles [33,48]. Furthermore, a signifi
cant difference in compressive strength could be characterized by 
comparing Ref and NE_3%. A 22% lower compressive strength value 
than the Ref specimen was monitored on NE_3% at 28 days. It can be 
assumed that, soon after the release of sodium silicate from the NE-CS 
during cement hydration, the SiO3

2- in the sodium silicate reacted with 
the Ca2+ in the slurry, resulting in the formation of calcium silicate 
hydrate (C-S-H gel) on the surface of cement particles. The generated 
hydration product filled between cement particles hindered the further 
hydration and strength development of cement. Similar phenomena 
were reported in [49,50]. As for SH_3%, mortar specimens with SH-CS 
exhibited significantly higher compressive strength compared to the 
NE_3% specimen at the hydration age of 3, 7 and 28 d. This means that 
encapsulating NE-CS with lithium silicate can effectively avoid the un
intentional release of sodium silicate. 

To further illustrate the impact of the self-healing agent inclusion on 
the mechanical strength of cementitious materials, the 28 d compressive 
strength of SH_3% reported in this study was compared with those of 
mortars containing self-healing agent at the same or similar weight 
ratio. As shown in Fig. 11, the strength reduction of SH_3% was the 
lowest in comparison with other reported encapsulation methods [16, 
23,24,51–54]. This comparison confirms the excellent mechanical per
formance of the prepared self-healing manufactured aggregate in 
mortar. 

4.6. Self-healing efficiency 

4.6.1. Rupture of SH-CS upon crack 
The self-healing function of the prepared manufactured aggregate is 

reached through the rupturing of cenosphere particles. To this end, the 
specimens of SH_3% were fractured and then subjected to OM to visu
alize the rupture behaviour of SH-CS upon crack. The fracture surface of 
the cementitious mortar embedded with SH-CS is shown in Fig. 12. It is 
evident from the image that the dried healing agent (sodium silicate) 
was appropriately stored in the cenosphere, indicated by the bright area 
in the inset image. Furthermore, the ruptured SH-CS has a firm 

Fig. 9. Effect of different aggregates incorporation on the drying shrinkage 
of mortar. 

Fig. 10. Compressive strengths of blank mortar (Ref) and mortar with P-CS, 
NE-CS and SH-CS. 
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interlayer transition zone with the cement matrix, suggesting that the 
prepared SH-CS self-healing manufactured aggregate can protect the 
healing agent during the mixing and casting process while it can rupture 
during the crack propagation. 

4.6.2. Crack sealing effect 
The change in crack width is a commonly used index in character

ising the self-healing ability of concrete [55,56]. Fig. 13 shows the initial 
crack width (X-axis) and the crack width after 7 and 28 d of healing in 
water (Y-axis). As depicted in Fig. 13a, Ref sample showed some extend 
of self-healing, with a roughly 10% reduction in crack width after 28 d of 
exposure to water. A prior study attributed this phenomenon to the 
further hydration of unreacted cement, leading to the formation of 
insoluble precipitates at the opening of the crack [57]. However, due to 
the limited amount of unhydrated substances, the self-healing ability of 
the Ref sample only became apparent primarily for cracks with widths 
ranging from 150 to 250 µm. The introduction of P-CS had a minimal 
impact on the self-healing ability of mortar (Fig. 13b), with crack repair 
performance similar to that of the Ref specimens. In contrast, a 
remarkable decrease in crack width (about 50%) was characterised on 
NE_3% specimens with crack widths less than 300 µm as shown in 
Fig. 13c. As for cracked specimens containing 3% SH-CS (Fig. 13d), most 
cracks with crack widths between 150–300 µm were completely healed 

after 28 d of water curing. Nevertheless, the self-healing ability of both 
specimens decreased significantly when the crack width exceeded 
300 µm. 

Fig. 14 summarised the average crack sealing ratio of mortar speci
mens containing various types of cenospheres after 7 and 28 d of water- 
based healing. In comparison to NE_3% and SH_3%, the Ref specimens 
exhibited the lowest crack sealing ratio, indicating that sodium silicate 
played a significant role in effectively crack healing in cementitious 
material, aligning with conclusions drawn in a previous study [20]. 
Furthermore, up to 71% of the crack-opening area in SH_3% was sealed 
with the healing product, which is significantly higher than that of 
NE_3%, P_3% and Ref samples, respectively. This result strongly sug
gests that including prepared SH-CS facilitates the excellent self-healing 
capacity of cement mortar. 

To visually demonstrate the self-healing effects of different mixtures, 
changes in the crack mouth area were recorded using optical microscopy 
(OM). Fig. 15 displays typical images captured at marked positions of 
the cracked Ref, P_3%, NE_3%, and SH_3% specimens before and after 
exposure to water healing for 7 and 28 d. On the Ref, P_3%, and NE_3% 
specimens, crack closure behaviour is not evident, as only a limited area 
at the crack mouth displayed signs of sealing through the precipitation 
of repair products. In contrast, the crack opening area of the SH_3% 
specimens were completely healed after 28 d of water healing. Addi
tionally, in line with the trend depicted in Fig. 14, the crack-sealing 
effect of specimens containing SH-CS became more pronounced as the 
healing time extended from 7 to 28 d. 

While the images in Fig. 15 showed the effect of SH-CS in sealing 
cracks at the opening area, the crack-filling capacity remains unclear. In 
fact, the crack-filling capacity, often overlooked in existing research, is a 
vital parameter in assessing self-healing performance in cementitious 
materials [20,58]. Fig. 16 illustrates the morphology of fracture surfaces 
for various mixtures after 28 d of water healing, and the corresponding 
repaired area relative to the total fracture surface area is quantified in  
Fig. 17. 

In Fig. 16a and b, the repairing products precipitated on Ref and 
P_3% specimens are primarily concentrated around the crack opening 
area, constituting only 26% and 28% of the entire cross-sectional area. 
These healing products are believed to mainly consist of CaCO3 pre
cipitation. As for NE_3% (Fig. 16c), due to the insufficient supply of 
Na2SiO3 resulting from a lack of encapsulation, the repaired area 
covered not up to 50% of the fracture surface. In contrast, the repair 
products of the SH_3% specimens (Fig. 16d) are uniformly distributed 
across the fracture surface, accounting for 95% of the fracture surface 
area, as displayed in Fig. 17. The formation of healing products can be 
attributed to the release of SiO3

2- ions from the evenly dispersed SH-CS 
and their reaction with portlandite present in the cement hydration 
products. 

4.6.3. Water absorption 
Water absorption is a critical parameter for assessing the durability 

of concrete and has also been employed in evaluating the self-healing 
efficacy of fractured concrete [59]. Fig. 18 displays the cumulative 
water absorption results for the Ref specimens and those specimens 
containing P-CS, SH-CS, and NE-CS after 28 d of water curing. After 4 h 
of the water absorption test, the Ref specimens exhibited the highest rate 
of water absorption compared to the specimens incorporating SH-CS and 
NE-CS. The calculated sorptivity index values for Ref, P_3%, NE_3%, and 
SH_3% were 0.132, 0.123, 0.109, and 0.079, respectively. This indicates 
that the inclusion of SH-CS, by substituting 3% of sand in the mixture, 
resulted in a substantial 41% reduction in the water absorption index 
value. This reduction can be ascribed to the presence of repair products 
formed within the cracks, which have a positive effect on decreasing the 
water adsorption index. Furthermore, the calculated water adsorption 
index of NE_3%, 0.109, is lower than that of Ref, which can be attributed 
to the partial filling of the pores and cracks in the mortar matrix due to 
the release of sodium silicate from the unencapsulated cenospheres and 

Fig. 11. Comparison of 28 d compressive strengths of mortar containing SH-CS 
with the existing study containing other types of self-healing particles. 

Fig. 12. OM images of the fractured surface of a mortar specimen with 
embedded SH-CS. 
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the formation of C-S-H gel. 

4.6.4. Mechanical recovery 
Fig. 19 presents the flexural strength data obtained from three-point 

bending tests for various groups of mixtures. The terms "1st round 
strength" and "2nd round strength" refer to the flexural strength of the 
intact specimens and the flexural strength of the cracked specimens after 
healing, respectively. Based on the results of the first-round tests, the 
inclusion of P-CS and SH-CS had a limited influence on the flexural 
strength of the mortar. The flexural strength of the Ref group was 
approximately 9.1 MPa, which was equivalent to that of the P_3% and 
SH_3% specimens. Notably, the flexural strength of NE_3% was only 
7.6 MPa, indicating a 16% decrease compared to the Ref. The sodium 
silicate released from NE-CS was believed to offset the negative effect 
caused by the inclusion of cenosphere [33]. In the second-round test, the 
residual flexural strength resulted from the self-healing effect, and the 
pull-out strength of pre-embedded steel bars was measured. The residual 
flexural strength of SH_3% was 5.6 MPa, which is significantly higher 
than the residual strength of the Ref sample (3.67 MPa). This implies 
that the self-healing effect of SH-CS contributing to 22% of this strength 
recovery. It is consistent with a previous finding that an optimal 18% 
flexural strength recovery in concrete after 28 d of healing using poly
ethylene glycol granule capsules [60]. 

Fig. 13. Crack sealing effect of (a) Ref (b) P_3% (c) NE_3% and (d) SH_3% at different crack widths.  

Fig. 14. Average crack sealing ratio of different specimens after healing for 7 
and 28 d. 
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4.6.5. Healing mechanism 
To explore the healing mechanism of SH-CS in cementitious mate

rials, the mineral composition of the repairing products collected on the 
fracture surfaces was analysed using XRD, the results are shown in  
Fig. 20. The predominant mineral crystal phases formed within the self- 

healing products consist of quartz, portlandite and calcite. It is worth 
noting that due to the inadvertent inclusion of gravel during the 
collection of repaired products, characteristic peak of quartz was 

Fig. 15. Cracked opening area of different specimens at healing periods of 0, 7 and 28 d.  

Fig. 16. Fracture surface of (a) Ref, (b) P_3%, (c) NE_3% and (d) SH_3% after the specimens were cured in water for 28 d.  

Fig. 17. Average repaired area of the fractured surface of Ref, P_3%, NE_3%, 
SH_3% after healing in water for 28 d. 

Fig. 18. Cumulative water absorption of the cracked mortar specimens before 
and after the healing of cracks. 
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detected in all repair products, in consistent with that reported in 
literature [14]. Additionally, the diffraction peak at 2θ= 30◦ which 
corresponds to calcite, was evident in all specimens. This can be 
attributed to the carbonation of calcium hydroxide during the healing 
process. Remarkably, the intensity of the calcite peak in SH_3% was 
lower than that observed in the Ref and NE_3% samples. This observa
tion is ascribed to the formation of C-S-H gel through a synthetic reac
tion between calcium hydroxide and sodium silicate that reduced 
calcium hydroxide available for carbonation. This reduction aligns with 
the weaker peak intensity of calcium hydroxide, as evidenced by the 
diffraction peak of SH_3% at 2θ = 51◦in. The characteristic peak of 
C-S-H were not discernible in the XRD patterns due to its poor crystalline 
nature. However, as indicated in the magnified portion of the figure, a 
broad hump-shaped peak between 18–35◦ was only evident in the XRD 
patterns of SH_3%. This was believed to correspond to the amorphous 
phase of C-S-H gel, as reported in previous research[61]. 

To further analysis of the mineral composition, TG and its derivate 
coefficient (DTG) curves of the healing product were measured and 
plotted in Fig. 21. The mass loss in the range of 50 to 200 ◦C generally 
relates to the dehydration of ettringite and the evaporation of chemi
cally bound water in the C-S-H gel layer [62]. Comparing SH_3% with 
the Ref and NE_3% samples, a notable mass loss between 150–230 ◦C 
was observed in SH_3%, suggesting the presence of a higher amount of 
C-S-H gel in the healing product. This observation aligns with the XRD 
pattern displayed in Fig. 22, where a broad peak associated with C-S-H 
was evident in SH_3%. The mass loss occurring between 450 to 600 ◦C is 
generally attributed to the decomposition of metastable calcium car
bonate [63]. Additionally, some researchers have linked the weight loss 
peak at around 580 ◦C to the decomposition of C-S-H [64]. Given that 
the weight loss of SH_3% within the 450–600 ◦C range is significantly 
greater than that of the Ref and NE_3%, it is deduced to the decompo
sition of interlayered calcium carbonate within the C-S-H structure. The 
mass loss within the 600–750 ◦C range results from the decomposition of 
well-crystallized calcium carbonate. The intensity of the weight loss 
peak in this range follows the order of Ref, NE_3%, and SH_3%, which 
corresponds to the observations in the XRD pattern. 

Fig. 22 shows the FTIR spectra of the healing products collected from 
Ref, NE_3%, and SH_3%. Characteristic spectral bands associated with 
the C-O stretching bond are characterized in the range of 870–890 cm− 1 

and 1400–1500 cm− 1. These spectral bands are indicative of the pres
ence of carbonate phases in the healing products. Additionally, the 
spectral band corresponding to Si-O stretching was observed in the 
range of 950–1100 cm− 1, suggesting the existence of calcium silicate 

Fig. 19. Flexural strength of mortar samples before and after healing.  

Fig. 20. XRD diffractograms for all healing products.  

Fig. 21. (a) TG and (b) DTG of the healing products developed in specimens stored under water.  
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hydrate (C-S-H) in the samples. Notably, the stretching band of Si-O in 
the healing products of SH_3% (SH_3%: 1016 cm− 1) was more signifi
cant compared to the Ref and NE_3% samples (Ref: 979 cm− 1, NE_3%: 
987 cm− 1). As per previous reports [65,66], a higher wavenumber for 
the Si-O stretching bands implies a higher degree of polymerization 
within the silicate chain and a greater content of SiO2. These findings 
further validate the formation of the healing product, C-S-H, on the 
fracture surface of SH_3%. It should be noted that quantitative analysis is 
not feasible based on the FTIR results. 

The healed crack surface was then observed in the ESEM to charac
terise the microstructure of the crack surface embedded with SH-CS and 
NE-CS, respectively. As shown in Fig. 23a, the interlayer transition zone 
(ITZ) between the SH-CS and cement matrix exhibits a continuous and 

cohesive texture with the precipitation of fibrous products. This product 
was believed to be the formation of the healing product, C-S-H, as 
described in Eq. 1. Besides, sheet-like particles have also been observed 
in Fig. 23(b), which is associated with the formation of calcite crystals. 
On the other hand, compared with SH-CS (Fig. 23a), NE-CS showed 
worse binding with the cement matrix as an interlayer gap can be 
observed in Fig. 23c. Moreover, cellular-like C-S-H product is not visible 
in Fig. 23d. This can be inferred that the applied lithium silicate coating 
not only effectively prevents the leakage of healing agents during mixing 
but also enhances the bonding between the conosphere and the cement 
matrix. These observations are in alignment with the results obtained 
from XRD (Fig. 20), TG (Fig. 21) and FTIR (Fig. 22), indicating that the 
inclusion of SH-CS contributes to the formation of healing products, C-S- 
H gel and calcite within the cracked specimens. The schematic diagram 
of the healing process is displayed in Fig. 24. 

4.7. Cost analysis 

This study aimed to enhance the cost-effectiveness of existing self- 
healing concrete solutions. Consequently, a cost analysis of SH-CS and 
the corresponding self-healing concrete was conducted to establish a 
benchmark for potential large-scale implementation of this technology 
in practical engineering applications. The results of the analyses are 
summarized in Table 5 and Table 6. The calculation is based on the 
manufacturing procedure described in Section 2.2. The energy and 
equipment costs have yet to be included in this section. As shown in 
Table 6, although the cost of producing the SH-CS is significantly higher 
than the natural river sand, the calculated overall cost of self-healing 
concrete with 3 wt.sand% of SH-CS has increased by 100 CNY/m3, 
which is about 22% higher than the standard C40 concrete. Considering 
its apparent self-healing effectiveness and minor loss in performance, 
the increase in cost is acceptable for large-scale applications of concrete 
with high cracking control demands. It must be noted that the precise 
calculation of the cost is difficult due to the regional differences in 
material prices. 

Fig. 22. FTIR spectra of the healing products developed in specimens stored 
under water. 

Fig. 23. ESEM images of the healed surfaces embedded with SH-CS (a, b) and NE-CS (c, d). The images on the right (b, d) are the enlarged images of the dash box on 
the left (a, c). 
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5. Conclusions 

In this paper, sustainable manufactured aggregate (SH-CS) that em
ploys waste-derived hollow cenospheres as carriers of healing agent was 
developed through a three-step fabrication process. Based on the 
experimental results, the following conclusions can be drawn:  

(1) The mean particle size of the prepared SH-CS is about 0.5- 
1.0 mm, i.e., within the size distribution of fine natural aggre
gate. This enables SH-CS to be used in mortar or concrete as 
partial replacement for fine aggregate (i.e., sand). The incorpo
ration of SH-CS had a minor effect on the hydration heat, setting 
time and compressive strength of cement mortar. The setting time 
and compressive strength were reduced to only about 0.5 h and 
4.7% by replacing 3 wt.% sand with SH-CS in the mixture.  

(2) By replacing 3 wt.% of sand in the mixture with prepared SH-CS, 
up to 71.12% of the cracking area in mortar with a crack width of 
0.3 mm could be sealed and as much as 95% of the fractured 
surface was covered through the release of sodium silicate, fol
lowed by the formation of C-S-H in the crack space. In addition, 
the inclusion of SH-CS led to around 41% drop in the water 
adsorption index. Although the flexural strength of SH_3% was 
found to decrease by 2.3% with the inclusion of SH-CS, a 
maximum of 63% of its original flexural strength (8.9 MPa) could 
be achieved, of which SH-CS contributed 22% to this strength 
recovery.  

(3) The self-healing products formed on the fracture surface during 
the healing process mainly comprised C-S-H and Calcite. 

Amorphous C-S-H gel was produced with the consumption of 
portlandite and sodium silicate.  

(4) The cost of SH-CS products on a large scale is estimated to be 
about 6.6 CNY per kg which only goes up by about 29% of the 
price of the concrete per cubic meter. Considering the excellent 
performance of SH-CS in crack sealing, the proposed self-healing 
manufactured aggregate has great potential for practical appli
cation in large-scale concrete structures. 

Although the prepared SH-CS manufactured aggregates with high 
cost-effectiveness have shown great potential in enhancing the dura
bility of cementitious materials, the self-healing effect was only signif
icant to cracks less than 0.3 mm in this study. This is expected to be 
overcome by better proportion of the Ca/Si ratio in the fractured micro- 
region through materials design. In addition, field studies should be 
conducted in actual concrete structures exposed to natural 
environments. 
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