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A B S T R A C T   

Due to low activity or long mineralization time, traditional mineral agents for self-healing concrete generally 
need a long time to achieve a desired repair efficiency. Inspired by epoxy resin AB glue which can consolidate in 
a short time when mixing the two components together, a novel type of fast-responsive capsules based on two 
soluble components was designed for self-healing concrete. Component A (sodium carbonate) and component B 
(calcium acetate) were encapsulated in two different groups of capsules, respectively, coated with three layers 
consisting of epoxy resin and fine sands to achieve superior waterproof and alkali resistance properties. After 
rupture of the capsules, the rapid response with respect to core material dissolution and precipitation can be 
realized in presence of water, by which the cracks below 200 μm can be healed in 3 days. Super absorbent resin 
(SAP) embedded in the capsules could expand in contact with water, and further improve the self-healing effi-
ciency of the capsules by blocking the crack.   

1. Introduction 

Concrete is the most important civil engineering material owing to 
its low cost and proper overall performance. However, concrete, as a 
brittle composite cementitious material, is prone to crack due to me-
chanical loads or exposure to aggressive environments. Furthermore, 
cracks promote the ingress of detrimental agents such as chloride and 
sulfate ions, which would accelerate the concrete deterioration and 
rebar corrosion, thus greatly shortening the service life of concrete 
[1–5]. 

In the past years, self-healing concrete has attracted extensive in-
terest for sustainable constructions. Traditional concrete has been found 
to have a autogenous self-healing capacity due to further hydration of 
cement particles and carbonation of calcium hydroxide leached from the 
matrix [3,6,7], while the efficiency of autogenous healing is rather 
limited [8,9]. Therefore, some innovative materials, such as bacteria 
[10,11], superabsorbent polymers (SAP) [12], polymer adhesive agents 
[13], and mineral admixtures [14,15], have been extensively explored 
for self-healing concrete. 

Bacteria can promote the precipitation of calcium carbonate in 
cracks by degrading urea to produce carbonate [7] or capturing carbon 

dioxide from the air [16]. Several studies showed that impermeability, 
strength, and maximum width of healable crack can be improved with 
the bacteria series [10,17,18]. Despite being encapsulated or immobi-
lized in a protective carrier beforehand, bacterial activity and survival 
time are limited [19,20] due to high pH (over 12) and densification of 
pore structure [21]. Another problem is that nutrients for bacterial 
development like extract yeast [22] and sucrose [23]might cause 
retardation of cement hydration. 

Superabsorbent polymers (SAP) can expand up to hundreds of times 
their original volume because of the cross-linked hydrophilic structure. 
Hence, SAP can be used to heal concrete cracks since it promotes 
rehydration with absorbed water [24] and improves impermeability of 
concrete [25]. However, the mechanical properties of concrete mixed 
with SAP could be reduced due to macro-pore formation [26]. 

Polymer adhesive agents, such as the combination of epoxy resin and 
hardener, can seal and bridge cracks. The two components (i.e., epoxy 
resin and hardener) are usually stored separately in different groups of 
microcapsules for a desired shelf life in concrete. When microcapsules 
break upon the formation of cracks in the cement matrix, the two 
components are released to the cracks and heal the cracks after hard-
ening. Although polymer adhesive agents can repair cracks quickly, they 
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are mostly expensive and incompatible with cement matrix. Moreover, a 
proper mixing of the two-part adhesives in the cracks is difficult to 
ensure, which may lead to unsatisfactory polymerization [27]. 

The mineral admixtures are inorganic materials, their reaction 
products have good compatibility with cementitious matrix, showing an 
advantage over bacteria and adhesives as healing agents. For example, 
the expansive powder minerals (magnesium oxide, bentonite, and 
quicklime) were encapsulated in concentric glass macrocapsules for self- 
healing concrete and could seal the cracks within a range of 360–380 μm 
after a 28-day healing time [28]. The compounds of silicon dioxide, 
montmorillonite clay, and sodium aluminum silicate hydroxide were 
also studied [29]. It has been reported that the water tightness [30] and 
mechanical properties [31] could be improved considerably after heal-
ing. However, these traditional mineral admixtures usually have a poor 
mobility in cracks and require a long time to achieve a stable repair 
effect. During this process, aggressive ions like Cl− can diffuse contin-
uously into the concrete through incompletely healed cracks, which 
extremely shortens the service life of concrete. Hence, it is profound to 
research some mineral admixtures, such as sodium carbonate and cal-
cium acetate, that can seal the cracks quickly. In order to maintain the 
potential of these mineral admixtures, techniques of encapsulation have 
been extensively investigated already. For instance, hollow glass fibre 
and polymer microcapsule can protect the minerals effectively. 

Fig. 1. Structure diagram of self-healing capsule.  

Fig. 2. Schematic illustration for the application of 
double-capsule healing system (Refer to Table 2 for 
CA/SC type capsule). (1) The cracking of concrete 
and the entry of water and CO2 from outside; (2) The 
dissolution of core materials could release Ca2+, 
CO3

2− , and SAP, which could migrate and swell in 
presence of water; (3) The consequent interaction of 
Ca2+ with CO3

2− leads to the formation of CaCO3 
particles to fill between SAP, and then both seal the 
crack; (4) The synergistic effect of CaCO3 particles 
and SAP could promote the crack repair.   
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Nonetheless, the proper dispersion of the hollow glass fibre in concrete is 
challenging [32], and the bond between the polymer microcapsule and 
the concrete matrix is usually weak [33]. By contrast, the gran-
ulation/film coating technology seems to be promising due to its 
simplicity and relatively large capacity to store the mineral healing 
agents [34,35]. 

In this study, a type of fast-responsive capsules based on two soluble 
components (i.e., sodium carbonate (Na2CO3), calcium acetate (Ca 
(CH3COO)2)) is developed for self-healing concrete. Superabsorbent 
polymers (SAP) is also incorporated in the capsules to enhance the 
cracking healing efficiency. Poly (ethylene glycol) (PEG), which is a 
phase change material with excellent solubility in water, is used for 
granulation. The PEG is in liquid form at elevated temperature and binds 
the crystal powders together. Then the bulk material becomes solid 
while cooling down. The wall material composed of epoxy resin and fine 
sand (Fig. 1) is designed to ensure the waterproof property of the cap-
sules. A pure epoxy resin layer is introduced between two quartz sand 
layers. Thus, the core material can be well preserved in concrete before 
cracks develop. The rapid response, namely core material dissolution 
and reaction product precipitation, can be realized after the rupture of 
capsules in presence of water, as shown in Fig. 2. In the alkaline liquid 
environment (pH > 7) of cement-based materials, the associated 
chemical reaction of the healing agents is shown in Eq. (1). 

Ca(CH3COO)2 +Na2CO3̅̅̅̅̅ →
H2O, OH−

CaCO3 + 2CH3COONa (1)  

2. Materials and methods 

2.1. Materials 

Portland cement classified as PO.42.5 (Chinese company Hailuo) 
with a specific area of 0.37 cm2/g and specific gravity of 3.1 g/cm3 was 
used for mortar specimens. The chemical composition of cement 
determined by X-ray fluorescence spectrometry (ARL Perform’ X 4200, 
Thermo Fisher, America) was listed in Table 1. ISO standard sand pro-
vided by Xiamen ISO standard sand Co., Ltd was used for mortar 
specimens. 

PEG (Sinopharm Chemical Reagent Co., Ltd) with an average mo-
lecular weight of 1000 and melting temperature of approximately 37 ◦C, 
calcium acetate (Ca(CH3COO)2, Shanghai Titan Scientific Co., Ltd) and 
sodium carbonate (Na2CO3, Shanghai Titan Scientific Co., Ltd) were 
used as core materials of the capsules. Epoxy resin and hardener (M02 
type, Kunshan chemical company) was designed with an epoxy resin to 
hardener ratio of 10 : 3. The epoxy mixture has a viscosity of 700–1100 
mPas, curing time of 3–4 h (25 ◦C), and a operating time of 20–30 min. 
River sand with a size of 0.15–0.3 mm was applied on the coating of 
capsules to improve bond between the capsules and cementitious 
matrix. 

2.2 Capsules preparation. 
This study developed three types of capsules as self-healing agents 

for cement-based materials (Table 2). Based on the core materials, the 
capsules can be denoted as CA (calcium acetate), SC (sodium carbonate), 
and CC (composite core materials including calcium acetate and sodium 
carbonate). Among them, capsules CA and SC should be utilized 
together, forming a double-capsule healing system, while capsule CC 
was applied to the cement matrix alone (single-capsule healing system). 
In all three capsules, PEG was introduced to bind the loose crystal 
powders together without affecting their physicochemical properties. 
SAP was incorporated in those capsules. The influence of SAP on self- 
healing efficiency of the capsules was also investigated. 

In this study, a modified manufacturing method of capsules ac-
cording to the previous study was used [36]. The preparation process of 
the capsules was as follows. The pelletization process was similar to the 
method in the study aforementioned, but the difference lay in the 
composition and structure of wall materials.  

- Pelletization process: 

Firstly, the crystal powders (i.e., calcium acetate and sodium car-
bonate) and PEG (according to the ratio of Table 2) were preheated to 
40 ◦C. The powders were stirred at a low speed for 30 s in a mortar mixer, 
then PEG liquid was added into the mixture and stirred at a low speed for 
60 s, then at high speed for 120 s. After mixing, the core material was cast 
on a plate and placed at 20 ◦C, RH = 40% environment for hardening. 
After 6 h, the hardened core materials were crushed, and the particles 
with a size of 2.36–4.75 mm were sieved out for further treatment.  

- Coating process:  

(a) Coating of a sand layer: 

The particles obtained from the pelletization process were mixed 
with small amount (according to the ratio of Table 2) of epoxy mixture 

Table 1 
Chemical composition of cement (wt%).  

Oxide CaO SiO2 Al2O3 SO3 Fe2O3 MgO K2O Others 

Composition(%) 62.66 21.61 5.74 3.76 3.19 1.83 0.76 0.45  

Table 2 
Mix composition of capsules.  

Type of 
capsule 

Core materials Wall materials  

Sodium 
carbonate 

Calcium 
acetate 

PEG SAP Epoxy 
mixture 

Fine 
sand 

SC 1.00 – 1.00 0.1 0.20 0.50 
CA – 1.00 1.70 0.1 0.27 0.67 
CC 1.00 0.80 2.23 0.18 0.40 1.01  

Table 3 
Description of different types of capsules.  

Types of 
capsules 

Structure Purpose 

CA-A SC- 
A CC-A 

To research the effect of 
SAP 

CA-B SC-B 
CC-B 

To research the difference 
between double-wall 
structure and composite- 
wall structure 

CA-C SC-C 
CC-C 

To research the difference 
between double-wall 
structure and composite- 
wall structure  
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for 5 min. After standing for about 0.5 h, the particles coated with epoxy 
resin were mixed with fine sand in a coating machine at a speed of 45 r/ 
min for 10–15 s. Note that the sand also plays a role in separating the 
particles coated with epoxy resin. After 12-h hardening of epoxy resin, 
capsules with a 2.36–4.75 mm diameter were sieved out and stored 
under 40% relative humidity 20 ◦C.  

(b) Coating of a pure epoxy resin layer: The particles obtained from 
step (a) were mixed with the epoxy mixture for 5 min to ensure 
the even distribution of epoxy on the surface of the particles. 
Those particles were then separated from each other to wait for 
the solidification of epoxy, forming a waterproof shell around the 
particles.  

(c) Another coating of a sand layer 

Presumably, the structure of wall materials has a great influence on 
the healing effect and efficiency of those capsules for self-healing con-
crete. Therefore, three types of capsules, as shown in Table 3, were 
fabricated for further experimental research. A-type capsules (CA-A, SC- 
A, and CC-A) represented those without SAP but with a composite-wall 
structure prepared through steps (a), (b), and (c). B-type capsules (CA-B, 
SC-B, and CC-B) represented those with SAP and with a double-wall 
structure fabricated merely through steps (a) and (c). Another epoxy 
resin layer was introduced by applying step (b) to B-type capsules to 
obtain the C-type ones (CA-C, SC-C, and CC-C). 

2.2. Waterproof property and alkali resistance of wall materials 

In the process of cement hydration, the maximum pH value of 
cement paste can reach about 13 [37]. Hence, the sodium hydroxide 
solution (pH ≈ 13) was prepared to simulate the pore solution of Port-
land cement paste. Then the capsules (CA-B, SC-B, CC-B, CA-C, SC-C, and 
CC-C type) were submerged in the sodium hydroxide solution, and the 
conductivity of the supernatant liquid was tested to evaluate the 

Table 4 
Mix design of mortar.  

Code Mix description Cement 
(g) 

Sand (g) Water 
(g) 

Capsule 
(g) 

PC Plain mortar as control 450 1350 225 – 
DC Mortar incorporated SC-A 

and CA-A (double-capsule 
healing system, 
composite-wall structure, 
without SAP) 

450 1209.45 225 CA-A: 52 
SC-A: 37 

DDS Mortar incorporated SC-B 
and CA-B (double-capsule 
healing system, double- 
wall structure, with SAP) 

450 1209.45 225 CA-B: 52 
SC-B: 37 

SCS Mortar incorporated CC-C 
(single-capsule healing 
system, composite-wall 
structure, with SAP) 

450 1209.45 225 CC-C: 
88.5 

DCS Mortar incorporated SC-C 
and CA-C (double-capsule 
healing system, 
composite-wall structure, 
with SAP) 

450 1209.45 225 CA-C: 52 
SC-C: 37  

Fig. 3. A schematic of the test set-up for crack fabrication: (a) splitting; (b) flexural test.  
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waterproof efficiency of the different wall materials with a liquid to solid 
mass ratio of 20. A conductivity meter (DDS-11A, Lighting, China) was 
used to measure the conductivity of the supernatant liquid after the 
capsules were submerged in the solution for 10 min, 20 min, 30 min, 40 
min, 50 min, 60 min, 3 h, 5 h, 7 h, 1 day, 2 days, 3 days, 5 days and 7 
days. 

2.3. Mortar specimen preparation and crack fabrication 

Five series of specimens with the ratio of cement: sand: water was 1: 
3: 0.5 were made and the mix design of mortar is listed in Table 4. Except 
for the group PC, the capsules were incorporated as a partial substitution 
of sand at 6% by mass for all groups. According to Chinese standard GBT 
17671-1999, water and cement were mixed for 30 s at a low speed. 
Then, the sand and capsules were added and continuously mixed for 30 s 
at a high speed. After pausing for 90 s, the mortar was mixed for another 
60 s at a high speed. Afterwards, the mortar was cast into cubic molds 
(50 mm × 50 mm × 50 mm) for the X-ray CT test and prism molds (40 
mm × 40 mm × 160 mm) for the X-ray CT test and water permeability 
test. The specimens were demolded after 24 h and cured in a curing 
room (20 ± 2 ◦C, RH ≥ 95%). 

After 7 days of curing, the cubic specimens were pre-cracked by 
splitting as shown in Fig. 3(a). The dent above the cube was made by 
cutting for controlling crack propagation. The prism specimens were 
subjected to a flexural test to create cracks (Fig. 3(b)). The loading rate 
of the bending machine was 25 N/s to control the crack width. Before 
the flexural test, four sides of prisms were wrapped with tape along the 
long axis of prisms to keep their integrity. Then the five groups of mortar 
specimens were immersed in water separately at room temperature for 
healing. 

Fig. 4. Electrical conductivity of suspensions of solution with different types 
of capsules. 

Fig. 5. Fracture section diagram of CA-B capsule mortar specimens.  

Fig. 6. Nano-CT images of the CC-C type capsule. (a): The 3D image of the capsule; (b): The 2D image of the internal structure of the capsule (A: wall material; B: 
Core material). 

Fig. 7. Distribution of capsules in mortar matrix (capsules are shown in red). 
(For interpretation of the references to colour in this figure legend, the reader is 
referred to the Web version of this article.) 
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2.4. Structure of the capsule and distribution in mortar matrix 

The 3D X-ray microscope (Xradia 510 Versa, Zeiss) (60× kV scanning 
voltage, 0.4 × objective, 8.17 μm resolutions) was used for observing the 
structure of capsules (CC–C type), and to estimate the volume ratio of 
the core material to the wall material. The 3D images were reconstructed 
and analyzed with ORS Dragonfly software (ver.2020.02, Canada). The 
morphology of capsules was observed by using a stereomicroscope. To 
detect the distribution of capsules in mortar matrix, the uncracked prism 

specimens obtained from section 2.5 were subjected to X-ray CT test 
(195 kV scanning voltage, 0.19 mA current). 

2.5. Evaluation of the self-healing effect 

2.5.1. Visualization of crack filling 
A stereo microscope with Mshot software was utilized to observe and 

measure the surface crack width before and after healing. The cubic 
specimens of different groups were submerged separately throughout 

Fig. 8. Crack width analysis.  

Fig. 9. The image of crack surface with SAP.  
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the entire healing stage. Nine sites on each crack in the specimens were 
selected for measurements before healing and after healing for 1 day, 3 
days, 5 days, and 7 days. The distance between each site was about 3 
mm. The sealing efficiency was calculated with the following equation: 

γ=
Wi − Wt

Wi
× 100% (2)  

where γ is the sealing ratio [%]; Wi is the initial crack width [μm]; Wt is 
the crack width after healing for t days [μm]. 

Furthermore, the interior of cracks of cubic specimens in group DCS 
after 1 day healing was measured by performing X-ray CT test (195 kV 
scanning voltage, 0.19 mA current). The ORS Dragonfly software 

(ver.2020.02, Canada) was used to reconstruct 3D images of cubic 
specimens. 

2.5.2. Permeability of cracked specimens 
Water permeability test was conducted on pre-cracked prism speci-

mens using modified equipment described in RILEM method No. II. 4 
[38]. The water head was 100 cm from the upper surface crack. Before 
the measurements, the lateral sides of specimens were sealed by 
paraffin. An electronic balance was used to measure the mass of water 
penetrating through mortar crack after. The testing duration was 10 min 
for each specimen with a healing time of 0 day, 1 day, 3 days, 5 days, and 
7 days. After each test, the prism specimens were immersed in water for 
further healing. Referring to the methods of Zhengwu Jiang [39] and E. 
Tziviloglou [40], the recovery ratio of water tightness (RWT) was used 
to characterize the improvement of impermeability of specimens after 
repair with the following equation: 

RWT =
Wn− h(t) − Wh(t)

Wn− h(t)
(3)  

Where RWT is the recovery ratio of water tightness [%]; Wn-h(t) is the 
average mass of water penetrating through the unhealed cracks of three 
specimens [g]; Wh(t) is the average mass of water penetrating through 
the cracks of three specimens after healing [g]; t is the healing time 
[day]. 

2.5.3. Analysis of self-healing products 
After healing for 7 days, the fragments of group DC, SCS, and DCS 

were obtained by cutting. The microstructure of healing products was 
investigated by scanning electron microscope (SEM, FEI 3D, America) 
equipped with energy dispersive spectroscopy (EDS). To avoid any in-
fluence of immersion in absolute ethyl alcohol on SAP morphology, all 
the samples were only dried in a freezer dryer for 48 h. 

The x-ray diffraction (XRD) analysis was conducted using a D8 
automatic XRD equipped with Cu Ka radiation (30 kV and 30 mA, scan 

Fig. 10. Average sealing ratio over time for each mix.  

Fig. 11. Representative image of efficient crack sealing patterns over time for each mix.  
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interval 5–70◦ (2 theta), 0.02◦ and 0.15 s per step) to determine the 
composition of healing products. After healing for 7 days, the cracked 
specimen was placed into a beaker filled with water and the white 
precipitate attached to the fracture surface was obtained by using an 

ultrasonic cleaner, following the method used in Ref. [41]. The samples 
for the XRD test were dried in a vacuum oven at 60 ◦C for 48 h. They 
were ground, and particles smaller than 75 μm were obtained by sieving. 

3. Results and discussion 

3.1. Waterproof property and alkali resistance of wall materials 

The conductivity of the supernatant liquid is shown in Fig. 4. Within 
420 min, the conductivity curves of all group of the capsules were 
basically the same as the reference solution (i.e., alkali solution), indi-
cating that the wall material with a certain thickness could effectively 
resist the erosion of alkaline solution during this period. However, the 
conductivity curves of CA-B, SC-B, CC-B (double-wall structure) sud-
denly increased significantly at 1 day and kept increasing afterwards. 
Sodium carbonate and calcium acetate in the core material are soluble 
substances, which could release sodium ions, carbonate ions, and cal-
cium ions, and significantly improve the conductivity of the solution. 
Therefore, it can be inferred that the double-wall structure was capable 
of preventing lye erosion to a certain extend. However, as the immersion 
time increased, the solution entered the interior of the capsule driven by 
the capillary force formed in the interfacial gap between epoxy resin and 
sand. This was further proved in the mortar specimens. Fig. 5 shows the 
rupture surface of the specimens incorporated with CA-B capsules cured 
for 3 days, and the core material of the capsule has partially dissolved. 
Hence, the double-wall structure cannot effectively guarantee the repair 
potential of self-healing capsules. In contrast, the conductivity curves of 
the other three groups (CA-C, SC-C, and CC-C (composite-wall struc-
ture)) were consistent with the reference solution, indicating that the 
sodium carbonate and calcium acetate in the core material were effec-
tively protected by encapsulation. Hence, compared to the double-wall 
structure, the composite-wall structure endowed the capsules with 
excellent waterproof efficiency and alkali resistance due to the pure 
epoxy resin layer that enhanced the protection of core materials against 
alkali solution. 

3.2. Structure and distribution of the capsule 

Each coating layer of the capsules was designed for different pur-
poses. The inner sand layer was aimed to improve the strength of the 
wall material to avoid the rupture of the capsule when mixing mortar 
mixtures; the middle epoxy resin layer was to improve the waterproof 
and alkali resistance of the wall material to maintain the repair potential 
of core material; the outermost sand layer was designed to increase the 

Fig. 12. X-CT image of crack interior of cubic specimens in group DCS. (a): The 
2D image of the cubic specimen interior; (b): The 3D image of internal structure 
of cubic specimen. 

Fig. 13. Average recovery rates of water tightness values.  

Fig. 14. The comparison between the original appearance of cracks after 
healing for 1 d and the area soaked in water for another 1 h (SCS specimen). 
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roughness and thus increase the bonding force between the capsules and 
the cement matrix to improve the cracking efficiency of the capsule 
when cracks occurred [7]. Fig. 6(a) shows the CC-C type capsule with a 
rough surface, and Fig. 6(b) shows the internal structure of the capsules. 
The thickness of the wall material was about 400–1000 μm. Note that 
the epoxy resin layer cannot be clearly distinguished between the two 
sand layers in the figures, explained by the fact that the epoxy resin filled 
the uneven surface of the first sand layer when the pure epoxy resin layer 
was introduced. 

The distribution of capsules in the mortar matrix is shown in Fig. 7. It 
can be found that the capsules were evenly distributed horizontally in-
side the mortar matrix. However, few capsules were distributed in the 
lower part of the specimen and the capsules appeared to float up. As a 
matter of fact, the apparent density of the several types of capsules was 
similar, about 1685 kg/m3. In contrast to that of cement mortar, more 
than 1900 kg/m3, the capsules had lower apparent density and tended to 
float up during vibration. In essence, the capsules belong to lightweight 
aggregates. In engineering, a proper distribution of lightweight aggre-
gate can be ensured by increasing the viscosity of mortar [42], 
increasing the stirring time, and adopting the pressure vibration mold-
ing technology [43], while this is out of the scope of this study. 

3.3. Evaluation of the self-healing effect 

3.3.1. Visualization of crack filling 
The reduction of crack width over the healing time is demonstrated 

in Fig. 8(a–e) for each mix. The initial crack width was between 50 and 
500 μm. In this study, the change in crack width was used to evaluate the 
efficiency of self-healing. It was observed that the PC specimens has only 
limited self-healing capacity, since the crack width was basically un-
changed after healing for 1 day and the crack smaller than 100 μm has 
been closed after healing till 7 days. For the other mixtures, the crack 
width up to about 200 μm has been basically sealed within 3 days. In 
general, after 7 days of healing, both large and small cracks presented 
satisfactory self-healing effects and the vast majority of cracks were 
sealed completely. Therefore, the specimens incorporating the capsules 
developed in this paper showed high self-healing efficiency compared to 
other capsule-based self-healing techniques, which usually require 
longer time to seal the crack [28,36]. In addition, for specimens incor-
porated with capsules, some crack widths from 50 to 300 μm suddenly 
decreased to 0 μm, possibly due to long observation intervals, which also 
proved the rapidity of the capsules healing. Some SAP was observed in 
the crack surface (Fig. 9), showing that the SAP in core materials could 
migrate in cracks. 

The average sealing ratio was shown in Fig. 10. Overall, the average 
sealing ratio showed a drastic increase after healing for 3 days, indi-
cating that the functional components could be effectively released 

within 3 days. Based on the analysis of crack width, it was found that the 
trend of average sealing ratio of DC and DCS specimens over the healing 
time was similar. The average sealing ratio of SCS specimens was the 
highest among all five mixtures, up to 96% after healing for 7 days. This 
can be explained by the smaller widths (mostly below 300 μm) of cracks 
in SCS specimens, which were easier to heal (see Fig. 8(e)). In contrast, 
the average sealing ratio of DDS specimens was the highest after healing 
for 1 day, but the lowest ultimately. This may be explained by the fact 
that compared with the composite-wall structure, the double-wall 
structure has poor waterproof property (Fig. 4) and the core material 
has partially dissolved into the pores around the capsules (Fig. 5). 
Therefore, when the cracked specimens were immersed in water, the 
core dissolution and migration in DDS was triggered faster compared 
with other groups. However, part of the dissolved functional compo-
nents may be consumed during cement hydration process, resulting in 
low sealing efficiency in later period. 

The representative images of efficient crack sealing patterns over 
time for each mix were shown in Fig. 11. The crack surface of the PC 
control group was almost unchanged, but the cracks in other group were 
all sealed in the end. In addition, the healing products on the surface of 
the crack were loose, and the friction during the photographing caused 
some damage to the healing products. This was plausible, because the 
healing products were obtained by chemical deposition, and did not 
develop high mechanical properties. 

The reconstructed 3D image of the DCS specimen is shown in Fig. 12. 
The capsules in uncracked areas were intact. It indicates that the capsule 
with a composite-wall structure had sufficient mechanical properties 
against the mixing process of mortar mixtures which would cause pre- 
mature rupture of capsules. Furthermore, the healing product was uni-
formly deposited on the fracture surface. It is worth noting that due to 
the low resolution of X-CT, CT images can only show the position and 
morphology of the bulk healing product, but cannot accurately quantify 
the volume of the product. Moreover, the SAP and calcium carbonate 
cannot be easily distinguished accurately by the technique used in this 
study. 

3.3.2. Permeability of cracked specimens 
The recovery ratio of water tightness (RWT) was shown in Fig. 13. 

For PC specimens, the water tightness recovery ratio at 1 day was about 
5%, and increased to approximately 20% after autogenous healing for 7 
days, which is similar to the results in previous study [36]. In contrast, 
the RWT of specimens incorporated with capsules was much higher than 
that of PC specimens. The RWT of DC specimens was 34% after healing 
for 1 day, followed by minor improvement in the next 6 days. The RWT 
of SCS and DDS specimens showed similar results, which was about 55% 
after healing for 1 day and increased to 75% at 7 days. The RWT of DCS 
specimens was the highest among them, which achieved 68% at 1 day to 

Fig. 15. Schematic illustration of early healing pro-
cess of the single-capsule healing system (take CC-C 
capsule for example) and double-capsule healing 
system (take CA-C capsule for example). The single- 
capsule healing system: (1) The surface dissolution 
of core material, partial precipitation of CaCO3 par-
ticles; (2) The SAP wrapped in CaCO3 particles hin-
ders the dissolution of the core materials. The double- 
capsule healing system: (3–4) The dissolution of core 
materials and SAP swelling process is carried out 
smoothly in the early stage.   
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84% at 7 days. Hence, after incorporating the capsules, the permeability 
of cracked specimens reduced tremendously within a short time 
compared to the previous study [28]. Moreover, comparing DC with 
DCS specimens, it was found that the incorporation of SAP in the core 
materials of capsules can significantly improve the water tightness of 
cracked specimens after healing, which is consistent to the findings in 
literature [44,45]. Compared with SCS, DCS specimens, the 
double-capsule system has a higher water tightness recovery ratio, 
indicating that the products of the double-capsule system were more 
evenly distributed in the cracks. The RWT gap between DDS and DCS 
specimens further verified that the composite-wall structure has better 
waterproof property and alkali resistance. SAP played a vital role in the 

Fig. 16. After healing for 1 d, (a) SEM image of the crack surface being sealed of DC specimens; (b) SEM image of precipitation inside the crack of DC specimens; (c) 
SEM image of SAP surface covered by precipitation inside SCS specimens; (d) SEM image of precipitation inside SAP of SCS specimens; (e–f) SEM image of healing 
product inside the crack of DCS specimens. 

Table 5 
Element composition of the selected region in SEM images of Fig. 15.  

Region C (Atomic %) O (Atomic %) Ca (Atomic %) Si (Atomic %) 

b 20.1 58.6 21.3 – 
c 16.1 61.1 22.8 – 
d 14.8 83.0 2.1 0.1 
f-1 41.0 56.0 1.8 – 
f-2 24.2 65.1 20.7 –  

J. Gao et al.                                                                                                                                                                                                                                      



Cement and Concrete Composites 133 (2022) 104711

11

plugging of the crack interior from this session. The recovery can be 
ranked in this order DCS > SCS = DDS > DC > PC. Therefore, it could be 
concluded that capsules developed in this study could realize fast 
response and healing effect for cracked mortar specimens submerged in 
water. 

In particular, difference in RWT between SCS and DCS specimens 
was about 8% since the core materials of SCS contained both sodium 
carbonate and calcium acetate, causing precipitation immediately after 
submersion in water. The generated micron-sized calcium carbonate 
was attached to the surface of SAP (Fig. 16(c–d)) on the surface of the 
core materials, hindering the contact with water. Therefore, in the 
interior parts of the capsules, the dissolution of ions, precipitation of 
calcium carbonates and water absorption of SAP were hindered. This 
explanation can be supported by the comparison between the original 
appearance of cracks after healing for 1 day and the area submerged in 
water for another 1 h (SCS specimen) as shown in Fig. 14. In contrast, 
since the functional components of DCS specimens were encapsulated in 
two types of capsules, the dissolution of core materials and SAP swelling 
process took place smoothly in the early stage, resulting in a better RWT. 
The schematic illustration of early healing process of the single-capsule 
healing system (take CC-C capsule for example) and double-capsule 
healing system (take CA-C capsule for example) was shown in Fig. 15. 

3.3.3. Analysis of self-healing products 
The SEM images of crack surface and interior of DC, SCS, and DCS 

specimens were shown in Fig. 16. Fig. 16(a) shows that the crack could 
be sealed completely by products. Fig. 16(b) shows the morphology of 
healing products around the capsule inside the crack of DC specimens 
after healing for 1 day. Healing products mainly had a cubic structure 
and partially had a spherical structure with particle sizes ranging from 1 
to 7 μm. It could be confirmed by EDS (Table 5) that the products were 
calcium carbonate. The signs of crystal growth and mutual cementation 
between the healing products could be seen in Fig. 16(b). As shown in 
Fig. 16(c–d), for SCS specimens, SAP was not only tightly wrapped by 
precipitates, but also has a large amount of calcium carbonate in the 
internal pores, which hindered the swelling of SAP. It has been reported 
that Ca2+ in the solution can bind with carboxylate groups in the acry-
late chains of SAP, forming additional cross-links [46]. Although the 
swelling of SAP was inhibited, the cross-links between SAP and calcium 
ions can enhance the adhesion between calcium carbonate and SAP and 
improve the stability of the repair products. For DCS specimens (Fig. 16 
(e–f)), the main elements of cubic precipitating inside the SAP were C, O, 
and Ca, indicating that the precipitates were CaCO3. The 

three-dimension crosslinked network was SAP with main elements of C 
and O. 

To determine the difference in the composition of healing produts 
among all mixtures, the white precipitate was collected and analyzed. 
Fig. 17 shows the XRD results for each mix, it was found that the healing 
products of each mix were calcium carbonate, which existed in the form 
of calcite and vaterite. Furthermore, the calcite phase was found in DC, 
SCS, DDS, and DCS samples. Unlike SCS, DC, and DCS samples, the 
vaterite phase was identified at peaks of 25◦, 27◦, 33◦, 44◦ and 50◦ in the 
DDS sample. From the previous study, the calcite phase is preferable in 
terms of stability [47]. 

4. Conclusions 

In this study, a fast-responsive self-healing technology based on 
capsules is developed with sodium carbonate (Na2CO3) and calcium 
acetate (Ca(CH3COO)2) as healing agents. Poly (ethylene glycol) (PEG), 
a phase change material, is used for granulation of the healing agents. 
The composite-wall structure is composed of a sand layer, a pure epoxy 
resin layer and another sand layer. For the purpose of determining the 
structure of the capsules and distribution in the matrix, the Nano-CT and 
X-CT test were performed, respectively. Furthermore, the waterproof 
efficiency and alkali resistance of different wall materials were investi-
gated through electrical conductivity. Ultimately, the self-healing effi-
ciency of mortars incorporated capsules was evaluated by analyzing the 
crack width, average sealing ratio, and water tightness recovery rates. 
The SEM and XRD were used to observe the morphology and phases of 
healing products. The conclusions of this study were summarized as 
follows:  

1. The waterproof property and alkali resistance of composite-wall 
structure was superior to double-wall structure. The introduction 
of a pure epoxy resin layer could significantly enhance the water-
proof property of the capsules.  

2. It was identified that the sealing of crack surface was attributed to 
the formation of calcium carbonate. In general, after 7 days of 
healing, both large and small cracks exhibited a satisfactory sealing 
effect and the vast majority of cracks were sealed completely for 
specimens with capsules. 

3. SAP played a vital role in the plugging of the crack interior. Incor-
poration of the capsules with SAP could drastically increase recovery 
rates of water tightness of cracked specimens. The recovery ratio of 
water tightness of DCS specimens was the highest among them, 
which had an RWT from 68% at 1 day to 84% at 7 days.  

4. Healing products had particle sizes ranging from 1 to 7 μm mainly 
with a cubic structure and partially with a spherical structure. The 
healing products of each mix were calcium carbonate, which existed 
in the form of calcite and vaterite. 
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