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In addressing the concerns regarding structural performance degradation and diminished service life result-
ing from concrete crack formation during utilization, this study has developed a cement-based self-healing
material. This material utilizes a composite complexing agent composed of tartaric acid derivatives, sodium
hexametaphosphate, ethylenediaminetetraacetic acid tetrasodium salt, and vinyl acetate-ethylene redispersible
latex powder. The material composition was optimized, and its self-healing performance and mechanism
were systematically studied. The findings indicated that when the composite complexing agent content was
set at 6% by mass of cement, there was a substantial decrease in the porosity, from 34.2% to 14.2%. In
comparison with the control group, specimens with a 6% composite complexing agent exhibited an 8.3
MPa increase in compressive strength and a substantial enhancement in crack sealing, with a rate increase
from 73.1% to 99.7%, following 28 days of water curing.
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INTRODUCTION

Concrete, a pivotal material in contemporary construc-
tion, finds extensive application in various infrastructure
and building projects'. However, it is susceptible to crack
formation under the influence of multifaceted factors,
including external loads and environmental erosion. These
cracks permit the intrusion of harmful substances, such
as water, chloride ions, and sulfates, which can lead to
a reduction in concrete strength, durability, and perme-
ability, thus compromising its ability to meet engineering
requirements*~*, Consequently, crack repair has emerged
as the predominant approach to address the durability
concerns of concrete™ ¢, However, conventional repair
methodologies encounter challenges such as substantial
expenses, intricate procedures, and challenges in specific
application scenarios. Therefore, enhancing concrete’s
inherent capacity for spontaneous crack repair has been
demonstrated to reduce maintenance expenditures and
significantly extend the service life of concrete structu-
res. This has emerged as a pivotal research direction in
concrete technology in recent years.

The study of concrete crack self-repair involves
a variety of techniques, including electrodeposition’,
capsule-based self-healing®'’, magnesium oxide expan-
sive agent self-healing" ™", shape memory alloy self-
-healing'*'%, fiber-reinforced concrete self-healing'” '8,
biologically-inspired self-healing'” ?, and permeability
crystallization-based self-healing technology*" *2. Among
them, the permeability crystallization technology began
in 1942 with the development of permeability crystalli-
zation materials by German chemist Lauritz Jensen®.
By adding specific chemical components to concrete,
these materials can penetrate into crack regions when
cracks form, stimulating unhydrated cement particles to
undergo further hydration reactions, thereby achieving
automatic crack repair. In recent years, this technology
has received widespread attention and in-depth research.

Ren et al.** demonstrated in their study that crystalline

additives effectively improved the concrete’s pore struc-
ture and minimized its porosity. Zhang® investigated
the effects of four ionic complexing agents, including
sodium hexametaphosphate, polyaminocarboxylate te-
trasodium, ethylenediaminetetraacetic acid tetrasodium,
and diethylene triamine pentaacetic acid pentasodium,
and explored the promoting effect of calcium formate on
crack self-healing performance. Xia et al.?® investigated
the role of complexing agents, including tartaric acid
derivatives, in enhancing the self-repairing properties
of cracks. They analyzed the mechanisms behind the
effectiveness of these agents. Zhang et al.?” investigated
the influence mechanism of various ion chelators on the
mechanical, transport, and microstructure properties of
cement-based materials.

In this study, a composite complexing agent based on
tartaric acid derivatives, sodium hexametaphosphate,
and ethylenediaminetetraacetic acid tetrasodium salt
was developed as the core component of self-healing
materials. The optimal formulation of the complexing
agent was determined by orthogonal experiments, and
its effect on the pore characteristics and fundamental
properties of the cement paste was systematically eva-
luated by mercury intrusion porosimetry and thermal
analysis. Then, the application effect of the composite
complexing agent in crack self-healing was verified by
compressive strength experiments and permeability tests.
Finally, the types of products generated in the crack
region and their repair mechanisms were analyzed using
X-ray diffraction technology. The objective of this study
is to provide a theoretical and experimental basis for the
use of composite complexing agents in the self-healing
technology of cement-based materials.
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MATERIALS AND METHODS

Experimental Materials and Formulations

Raw Materials

The following substances are considered the primary
raw materials: ordinary Portland cement, deionized
water, tartaric acid derivatives (DPA), sodium hexame-
taphosphate (SHMP), ethylenediaminetetraacetic acid
tetrasodium salt (EDTA-4Na), vinyl acetate-ethylene
(VAE) redispersible latex powder, fly ash, water reducers,
retarders, and other admixtures.

Cement, the main component of the self-healing mate-
rial, was sourced from Jiahua Special Cement Co., Ltd.
The composition is provided in Table 1.

Sodium hexametaphosphate, ethylenediaminetetraace-
tic acid tetrasodium salt, and redispersible latex powder
were selected from Shandong Yousuo Chemical Co.,
Ltd., and are analytical-grade reagents.

Tartaric acid derivatives were selected from Wuhan
Xinwei Welding Chemical Co., Ltd., and are analytical-
-grade reagents.

The fly ash composition is shown in Table 2.

Specimen Preparation Method

(1) Preparation of DPA Reagent

In this study, a water-soluble polymerization method
was used to polymerize the carbon-carbon double bonds
in DPA. Although the resulting polymer is a low mole-
cular weight substance, its unique spatial configuration
effectively protects the carboxyl group (-COOH) and
prevents it from prematurely participating in reactions.

During the initial mixing of the cement, the steric
hindrance effect of the DPA polymer can moderately
regulate the chelation between the carboxyl group and
calcium ions, preventing excessive chelation that could
lead to retarded setting. This ensures normal setting and
hardening of the cement paste. As the cement system
sets and the environment becomes highly alkaline, it
promotes controlled hydrolysis of the DPA polymer.
The hydrolysis products exhibit delayed activity, allowing
them to quickly migrate to microcracks and participate in
reactions. The development of novel hydration products
that bridge these cracks has been shown to significantly
increase the concrete’s ability to self-heal and improve
its long-term durability.

Reagent Preparation Method:

1. Dissolution and Dispersion

Weigh a certain amount of DPA into a three-necked
flask and add deionized water. Heat and stir using
a magnetic stirrer to ensure that the DPA is completely
dissolved and uniformly dispersed. The flask is equipped
with a condenser, a nitrogen inlet tube, and a magnetic

Table 1. Composition of Cement (%)

stirrer. The condenser controls the temperature, the
nitrogen inlet maintains an anaerobic environment to
prevent oxidation, and the stirrer maintains the unifor-
mity of the solution.

2. Initiator Solution Preparation

Weigh ammonium persulfate (APS) and sodium bisul-
fite (SBS) at room temperature, dissolve in deionized
water, and prepare the initiator solution. Ammonium
persulfate decomposes in the solution to generate free
radicals that initiate the polymerization reaction, while
sodium bisulfite works synergistically with ammonium
persulfate to stabilize the reaction and prevent side
reactions.

3. Initiator Addition

Slowly add the initiator solution to the reaction system
through a constant pressure dropping funnel. The addi-
tion rate must be precisely controlled to ensure a stable
reaction rate. During the reaction, turn on the magnetic
stirrer to ensure uniform mixing of the reactants and to
avoid localized overheating or uneven reactions.

4. Heating and Polymerization Reaction

As initiator is added, gradually increase the temperature
to the preset reaction temperature, typically 60-70 °C.
This temperature range effectively promotes free radical
generation and maintains smooth polymerization. During
the reaction, nitrogen is continuously added to remove
oxygen from the solution and prevent oxidation from
inhibiting the free radical polymerization process.

5. Reaction Completion and Termination

The polymerization reaction lasts for a certain time
(typically adjusted according to the characteristics of
the reaction system), at which point the polymer has
formed. The reaction is terminated by cooling the mi-
xture to room temperature. This process can be further
controlled by adding an appropriate terminator (such as
diphenylmethane).

6. Product Treatment

Upon completion of the reaction, the reaction pro-
duct must be removed from the flask and a purification
procedure must be performed. First, the product must
be washed with water to remove unreacted monomers,
solvents, and initiators. Then, the product must be filtered
through filter paper or a filtration membrane to remove
solid contaminants. Finally, the product must be dried
to remove moisture and residual solvents.

7. Grinding and Drying

The dried product is solid and granular and requires
further processing through a grinder to produce fine,
uniform polymer powder particles, called SH, for use
in subsequent experiments or applications.

The reaction equation is as follows (Fig. 1):

S|02 Fe203 Alzos MgO CaO 803 Kzo NaZO
21.05 3.90 5.30 1.75 62.25 2.65 0.20 0.25
Table 2. Composition of Fly Ash (%)
Si02 F8203 A|203 MgO CaO 803 Kzo Na20
58.00 4.82 21.52 1.37 7.92 0.14 1.12 0.88
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Figure 1. The reaction equation for SH

(2) Cement Paste Preparation

The cement and fly ash are weighed and mixed in
a dry mixer for one minute. VAE is then added, and
the dry mixing is continued for an additional minute.
SH, SHMP, and EDTA-4Na are dissolved in a portion
of water to prepare a solution, which is then mixed with
the remaining water. The mixture is slowly added to the
dry materials and stirred at low speed for two minutes.
Following this, the machine should be stopped to scrape
the walls, and the stirring should be continued at high
speed for two minutes until the mixture has reached
homogeneity. The mixture should then be poured into
a cylindrical mold measuring 100 mm in diameter and
50 mm in height, and the mixture should be vibrated
to compact. It is imperative to maintain a curing tem-
perature of 25 =5 °C and to ensure that the relative
humidity is maintained at a minimum of 90%. After
24 hours, the mixture should be demolded, and tests for
basic properties, permeability, etc., should be conducted.

(3) Crack Formation in Cement Paste

The apparatus consists of a pressure machine combined
with a custom-made wedge knife, which is used to create
cracks in the cement paste with a “V”-shaped fracture
method. The crack width is precisely controlled by filling
with metal fine wires?, as illustrated in Figure 2.
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Figure 2. Schematic Diagram of Microcrack Formation in
Cement Paste

(4) Cement Paste Curing Environment

A water solution with a pH of 7.85 and a Ca(OH),
solution with a saturation level and a pH of 12.53 were
used as curing environments for the crack healing expe-
riments. During the curing process, a wet-dry cycling
method was applied, with each cycle lasting 24 hours. The
environmental temperature was controlled at 25+5 °C,

Table 3. Orthogonal Experiment Factor Level Table
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and the relative humidity was controlled at 80% +5%.
The curing solution was replaced every 7 days to ensure
the stability and accuracy of the experimental conditions.

Formulation Design and Selection

(1) Formulation Design

The base formulation for the cement paste includes
a water-to-cement ratio of 0.35 and a fly ash content of
20% by mass relative to cement. Different dosages of
complexing agents (SH, SHMP, EDTA-4Na) and VAE
affect the properties of self-healing cementitious mate-
rials, making it necessary to conduct in-depth research
to optimize the material formulation. Orthogonal expe-
riments, which select representative experimental points
based on orthogonality and study multiple factors and
levels, allow for efficient and effective experimental conc-
lusions to be drawn while reducing the number of trials®.
In this experiment, a four-factor three-level orthogonal
design was adopted, with the crack sealing rate after 28
days of curing as the evaluation index. A compression
strength of less than 42.5 megapascals after 28 days of
cure was used as an exclusion criterion. A comprehensive
review of the extant literature has been conducted to
ascertain the composition of the self-healing material
and the levels of candidate factors® 2 The results of
these investigations are delineated in Table 3.

The orthogonal experiment design table is shown in
Table 4.

Table 4. Orthogonal Experiment Table

No SH SHMP EEJ:" VAE

(%) (%) (%) (%)
Test 1 I I I I
Test 2 I I I I
Test 3 I m I m
Test 4 I I I m
Test 5 I I il I
Test 6 I m I I
Test 7 m I I I
Test 8 I I 1 m
Test 9 m m I I

(2) Formulation Optimization

The experimental method for evaluating permeability
is delineated in Section 2.4.2, and the findings of the
experiment are exhibited in Table 5.

Based on the experimental findings, the average sealing
rate for each factor at various levels was calculated, as

Factors
Levels
SH (%) SHMP (%) EDTA-4Na (%) VAE (%)
I 0 0 1 1
I 0.5 0.05 3 3
m 1 0.1 5 5
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Table 5. Compressive strength and permeability test results following 28 days of curing

No. I I I v \4 VI VI VI X
Sealing Rate (%) 72.60 80.20 94.40 84.30 85.40 89.10 99.60 94.20 99.10
Compressive Strength (MPa) 37.32 44.51 42.83 46.36 51.93 47.81 43.67 45.60 49.60

presented in Table 6, while the changes in compressive
strength are provided in Table 7.

The experimental results reveal that the factors impac-
ting the sealing rate of the self-healing material, ranked by
significance, are SH, SHMP, EDTA-4Na, and VAE. The
key determinants of the self-healing material’s strength,
ranked by their impact, are SH, SHMP, EDTA-4Na, and
VAE. Under the premise of ensuring a compressive
strength = 42.5 MPa, the optimized material formula-
tion is as follows: SH accounts for 0.5% of the cement
mass, SHMP accounts for 0.05% of the cement mass,
EDTA-4Na accounts for 3% of the cement mass, and
VAE accounts for 5% of the cement mass.

Experimental Methods

Based on the above formulation conclusions, the
composite complexing agents were mixed in the ratio of
SH: SHMP: EDTA-4Na: VAE = 10:1:60:100. Specimens
were prepared with the composite complexing agent mass
ratio to cement mass at 0%, 2%, 4%, and 6%, denoted
as C0, C2, C4, and C6, respectively.

Structural Characterization

The FTIR analysis of the synthesized SH was con-
ducted using the WQF-520 FTIR spectrometer model
from Beijing Reilly Analytical Instrument Co., Ltd. The
wavenumber range was 4400-400 cm', with 10 scans and
a resolution error of 5 cm'.

Basic Performance Characterization

Mercury Intrusion Porosimetry

The cement paste samples were meticulously trimmed
into cubic blocks measuring precisely 1 centimeter. The-
se samples were then subjected to a drying process in
a desiccator, a controlled environment that facilitated
the attainment of a constant weight. The distribution of
pore sizes in the samples was measured using the Mi-

Table 6. Orthogonal Experiment Calculation Results of Sealing Rate

cromeritics AutoPore IV 9500 series automatic mercury
intrusion porosimeter, supplied by Micromeritics (Shan-
ghai) Instruments Co., Ltd. The test pressure range was
from 0 to 414 MPa (60,000 psi). The test followed the
ASTM D4404 standard, and the test temperature was
25 °C. It should be noted that the experimental process
needs to be repeated to confirm whether the sample is
damaged, damaged samples of the test results will not
have the reliability, if necessary, can be considered for the
sample to add a certain degree of protection to improve.

Thermal Analysis Test

Thermogravimetric analysis (TGA) was employed
to investigate the impact of the composite complexing
agent on the hydration process. The experiment was
conducted using a NETZSCH STA449F3 thermogra-
vimetric analyzer produced by NETZSCH, Germany.
The degree of hydration was evaluated by calculating
the content of chemically bound water for the cement-
-based material**2,

Self-healing Performance Characterization

Compressive Strength Test

To examine how various composite complexing agents
influence the mechanical performance recovery of ce-
ment-based materials, compressive strength tests were
conducted to assess their performance. The curing
durations were established as 3, 7, 14, 21, and 28 days.
The experiment was carried out using a WHY-1000 mi-
crocomputer-controlled fully automatic pressure testing
machine. Four specimens were set for each mix ratio as
a group. Based on the principle of data validity, data with
deviations exceeding =10% of the average value were
discarded, and the final average compressive strength
was calculated.

Factors SH SHMP EDTA-4Na VAE
Levell (%) 82.40 85.50 85.30 85.70
Level2 (%) 86.27 86.60 87.87 89.63
Level3 (%) 97.63 94.20 93.13 90.97
Range (%) 15.23 8.70 7.83 5.27

Table 7. Orthogonal Experiment Calculation Results of Compressive Strength
Factors SH SHMP EDTA-4Na VAE

Level1 (MPa) 41.55 42.45 43.58 46.28

Level2 (MPa) 48.70 47.35 46.82 45.33

Level3 (MPa) 46.29 46.75 46.14 44.93

Range (MPa) 7.15 4.90 3.25 1.35




Permeability Evaluation

The efficacy of crack self-repairing was assessed by
comparing the permeability of cement paste cracks be-
fore and after healing. The cement paste samples with
cracks were fixed in metal sleeves using resin to ensure
that water only leaked through the cracks at the ends
of the cement paste specimens. The water penetration
through the cement paste was measured for 1 minute at
various time intervals, specifically on days 3, 7, 14, 21,
and 28, and the sealing rate of the cracks in the cement
paste was calculated using formulas (1). In an effort to
eradicate human error, a total of five sets of specimens
were meticulously selected for each mix ratio. The final
experimental results were then calculated as the average
of these five sets, thereby ensuring the most accurate
and reliable outcomes. The crack sealing rate of cement
paste micro-cracks is calculated using formula (1).

K. . —K
E — initial curing n days % 100% (1)

initial

Where:
E — Crack sealing rate
K Initial permeability, um?.

initial —
K The permeability after self — healing for

curing n days —
n days, um?2.

XRD

The cement paste crack self-healing material samples
were oven-dried, followed by grinding into a fine po-
wder. This powder was then sifted through a 60 mesh
sieve to prepare the samples for XRD testing. Then,
the products of the cement paste were analyzed using
an XRD instrument (X’Pert MPD PRO, Netherlands).

RESULTS AND ANALYSIS

Structural Characterization

By comparing and analyzing the infrared spectra in
Figure 3, several key features can be observed:

First, in the high-frequency region, the absorption bands
at 3325 cm™ and 3320 cm™ correspond to the characte-
ristic stretching vibrations of hydroxyl groups (-OH). In
the mid-frequency region, the strong absorption peaks
at 1646 cm™ and 1645 cm™ represent the stretching
vibrations of the carbonyl group (C=0) in the amide
group. In the fingerprint region, the peaks at 992 cm™
and 915 cm™ are typical of the out-of-plane bending
vibrations of the C-H bonds in mono-substituted alkenes.
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Figure 3. Infrared Spectra of DPA and SH
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A comparison of the spectra of SH and DPA reveals
two significant changes. Firstly, the out-of-plane bending
vibration peak of the C-H bond in mono-substituted
alkenes at 992 cm™!, which was originally present in
the SH spectrum, completely disappears. Secondly, the
absorption intensity of the -OH stretching vibration peak
and the amide C=0 stretching vibration peak in SH is
significantly enhanced.

These spectral changes confirm that DPA has undergo-
ne a successful polymerization reaction, resulting in the
target product, SH. The disappearance of the characte-
ristic peak at 992 cm™ directly reflects the involvement
and transformation of the olefinic group during the
polymerization process.

Basic Performance Characterization

Mercury Intrusion Porosimetry Analysis

Following the confirmation that the samples had
not been damaged, the test results were plotted in
Figure 4. As demonstrated in Figure 4(a), significant
differences were observed in the pore size distribution
and cumulative intrusion volume among the samples.
The CO sample exhibited a pronounced peak in the
macropore range (>103 nm), indicating the presence
of more macroporous structures. As the proportion of
the composite complexing agent (CO — C6) increases,
the peak in the macropore range gradually diminishes,
while the peak in the mesopore and micropore range
(<102 nm) progressively strengthens, particularly notable

£00.05 |- PV:—C0—C2—C4—C6 |, &8
TEJ CL-- CO-- C2-- C4-- Cé6 0.4 E’
=0.04 | i &
g 103 §
<0.03 | g
b lo2 &
£ 0.02 ---1 °
=¥ o i =
3 /401 =
20.01 W5 :
2 0,00 L s S el g ©
. 10° 10* 10° 10*> 10

Pore diameter(nm)

(a) Distribution Curve of Pore Sizes

30 F
g5 [
15 F
10 F

(%)

Porosit

co c2 Cc4 C6

Specimen

(b) Porosity Experimental Results

Figure 4. Mercury Intrusion Test Results for Cement Stones
with Varying Quantities of Composite complexing
Agents
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in the C4 and C6 samples. These results indicate that
incorporating the composite complexing agent facilitates
the gradual occupation of macropores and promotes the
development of additional mesoporous and microporous
structures.

Furthermore, the cumulative intrusion volume exhibits
a decrease from 0.4 mL/g for CO to 0.15 mL/g for C6,
indicative of a substantial reduction in total pore volume
with increasing amounts of the composite complexing
agent. Additionally, a shift in the pore size distribution
towards smaller pores is observed. This phenomenon
further corroborates the hypothesis that the composi-
te complexing agent exerts a profound effect on the
reorganization and densification of the pore structure.
Additionally, there is an increase in the proportion of
non-harmful pores (<20 nm) and a concomitant decrease
in the proportion of detrimental pores (>200 nm). This
results in a substantial enhancement of the material’s
mechanical properties®.

As illustrated in Figure 4(b), the porosity of the sam-
ples exhibits a clear trend of decreasing porosity with
increasing composite complexing agent concentration.
The CO sample has the highest porosity at 34.2%, while
the C6 sample has the lowest porosity of 14.2%, which
is more than half of the initial value. This indicates
a substantial decrease in porosity with increasing com-
posite complexing agent concentration. This decrease

is closely related to the compaction and closure effects
of the pore structure. This trend is consistent with the
observed changes in cumulative intrusion volume, thereby
confirming the intrinsic relationship between reduced
porosity and material densification.

The alterations in the pore size distribution are prima-
rily attributable to the crystal precipitation that ensues
from the incorporation of the complexing agent, which
serves to fill the original pores. As illustrated in Figure 5,
the decline in the proportion of large particles and the
rise in small particles in cement result in a substantial
enhancement of inter-particle rearrangement and the
generation of cementation products. This process ef-
fectively fills the original pores, thereby leading to the
densification and reduction in porosity of the material.

Figure 6 presents the TG/DTG curves at 3 days and
28 days of hydration. By comparing these curves, the
following observations can be made:

(1) Early Hydration Stage (3 days)

In the 50-200 °C range, an increase in the content of the
composite complexing agent (CO — C6) is accompanied
by a gradual decrease in mass loss. This phenomenon
indicates a reduction in the content of C-S-H gel and
ettringite®’. The underlying mechanism of this effect is
attributed to the ability of complexing agents such as SH,
SHMP, and EDTA-4Na to form stable complexes with
Ca?*, thereby inhibiting the early hydration reactions.
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Figure 5. Mechanism Diagram of Pore Distribution Changes
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Figure 6. TG/DTG Curves of Different Contents of Composite Complexing Agents at Various Hydration Stages



In the 420-470 °C range, the DTG curve shows
a weakening of the Ca(OH), decomposition peak® as
the amount of composite complexing agent increases,
suggesting a decrease in the content of Ca(OH), in the
early hydration products.

In the 660-740 °C range, corresponding to the
decomposition of CaCO,* the mass loss decreases as
the composite complexing agent content increases. It
has been demonstrated that incorporating the compo-
site complexing agent results in a decrease in the early
carbonation degree.

The C6 sample shows the least mass loss across all
temperature ranges, indicating that the high dosage
of the composite complexing agent most significantly
inhibits early hydration.

(2) Later Hydration Stage (28 days)

The discrepancy in mass loss within the 50-200 °C
range becomes less pronounced, and as the composite
complexing agent content increases (C0O — C6), the mass
loss gradually rises, indicating that, as the curing time
progresses, the previously suppressed hydration reactions
gradually recover, and the incorporation of the composite
complexing agent enhances the hydration degree of the
samples to a certain extent.

The variation in the Ca(OH), decomposition peak
within the 420-470 °C range exhibits a decline, indicating
that the generation of Ca(OH), in subsequent stages
approaches a state of equilibrium.

In the 660-740 °C range, the decomposition of CaCO,
becomes more consistent, indicating minimal differences
in carbonation degree among the samples in the later
stage. This phenomenon is attributed to the densification
structure that is governed by the composite complexing
agent.

The TG curves from C0 to C6 show a more consistent
trend, indicating that, after 28 days, the differences in
the hydration degree of the samples become smaller.

The influence of the composite complexing agent on
hydration is observed to shift from significant inhibition
to mild enhancement over the course of a period ranging
from three days to 28 days. This change suggests that
the effect of the complexing agent is time-dependent:
initially, it temporarily inhibits hydration by complexing
with Ca2*, and then, as the complexes gradually decom-
pose, they release Ca2* to promote continued hydration.

This hydration process regulation mechanism corre-
sponds to the previously mentioned evolution of pore
structure: early hydration inhibition helps reduce the
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Figure 7. Hydration Degree of Self-Healing Materials Conta-
ining Different Composite Complexing Agents
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disorderly growth of hydration products, while slow hy-
dration in the later stages contributes to the formation
of a more compact microstructure.

As shown in Figure 7, the hydration degree of ce-
ment-based materials containing different composite
complexing agents was investigated using the chemical
combined water method for specimens with different
curing ages. During the preliminary setting phase, which
lasted for a period of three days, the incorporation of
composite complexing agents led to a substantial decre-
ase in the hydration level of the materials. Specifically,
compared to the control group C0, the hydration degrees
of specimens C2, C4, and C6 were reduced by 5.6%,
11.3%, and 16.3%, respectively. This indicates that with
the increasing content of composite complexing agents,
their inhibitory effect on hydration degree gradually
strengthens. This phenomenon occurs because, during the
initial hydration process, composite complexing agents
form calcium complexes, which impede the dissolution
of cement minerals and decrease the concentration of
Ca?* in the liquid phase. Consequently, this hinders the
hydration reaction.

However, in the later curing stage (28 days), the effect
of composite complexing agents on hydration degree
shows the opposite trend. As the curing age extends, the
hydration degrees of specimens C2, C4, and C6 increase
by 4.2%, 6.5%, and 10.0%, respectively, compared to
the control group C0. This phenomenon indicates that,
although there was an inhibitory effect initially, over time,
the calcium complexes, transported by water, move and
expose the unhydrated cement particles they encapsulate
to water, allowing continued hydration. Additionally, the
complexation-substitution reactions between the comple-
xing agents and calcium ions may have also promoted
the hydration process in the later stage.

Self-Healing Performance Characterization

Compressive Strength Evaluation

As demonstrated in Figure 8, in the initial healing
phase (3 days), specimens containing composite comple-
xing agents exhibit a conspicuously elevated compressive
strength recovery rate in comparison to the C0. Specifi-
cally, after 3 days of healing in water, the compressive
strength of CO reaches 63.4% of its 28-day strength,
while specimens C2, C4, and C6 with different doses of
composite complexing agents achieve 65.8%, 66.3%, and
68.0% of their respective 28-day strengths. This finding
suggests that the incorporation of the composite com-
plexing agent enhances the recovery of early mechanical
properties in cement stone, with the acceleration effect
becoming more pronounced at higher dosages.

The curing environment has a significant impact on
the composite complexing agent’s promotion of self-
-healing. Following a 28-day water-curing process, the
compressive strengths of specimens C0, C2, C4, and
C6 were recorded as 41.3 MPa, 45.5 MPa, 48.1 MPa,
and 49.6 MPa, respectively. However, after a 28-day
period of curing in a calcium hydroxide solution, the
corresponding compressive strength values increase to
47.5 MPa, 52.3 MPa, 55.2 MPa, and 56.0 MPa, which
are 17.8%, 16.9%, 13.9%, and 15.1% higher than those



24 Green Sciences, Vol. 27, No. 2, 2025

s

& 50+

2

= -

=T a—

=40 -

& 7ol -

;ﬁ /;:;,j__,,. -

230t 1//

E o P s— C0—e—C2
& o —a—C4 —»—C6
S 20 1 1 1 1 L

Healing age (d)

(a) Water

60

E =

n e o |
355 —

= —

S50 F —= L g
CD
g -
=45+
vl
©
=40 F
@
Sl ¢ " C0—=—C2
& ¢/ +—C4—v—C6
830 L L 1 1 I . L L

Healing age (d)

(b) Calcium Hydroxide Solution

Figure 8. Compressive Strength During the Healing Process in Different Curing Environments

in the water curing environment. This phenomenon sug-
gests that the Ca?*-rich alkaline environment promotes
the activation mechanism of the composite complexing
agent, thereby enhancing the self-repairing effect of
cementitious materials.

Permeability Evaluation

As illustrated in Figure 9, the impact of the composite
complexing agent on the crack sealing rate of cement-
-based materials tested in two distinct environments,
water (a) and calcium hydroxide saturated solution (b),
is examined. The findings suggest that the incorporation
of the composite complexing agent significantly enhances
the crack self-repairing capacity of materials. Meanwhile,
the experimental results show that, whether in aqueous
solution or in saturated calcium hydroxide solution, as
the self - healing time progresses, the self — healing rate
of cracks exhibits an upward trend. Moreover, with the
increase in the dosage of the composite complexing agent,
there is a tendency for the self-repairing rate to increase.

In the water curing environment, the sealing rate of
cracks in the control group CO increased from approxi-
mately 31.5% at 3 days to about 73.1% at 28 days. In
contrast, the sealing rates of specimens C2, C4, and C6
with the composite complexing agent increased from
35.5%, 38.2%, and 39.5% at 3 days to 86.4%, 95.3%,
and 99.7%, respectively, at 28 days. This indicates that
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the presence of the composite complexing agent not
only improves the early healing rate but also significantly
enhances the final sealing effect.

In the calcium hydroxide saturated solution curing
environment, all specimens exhibited enhanced crack
sealing performance, with the sealing rate of cracks in the
control group CO increasing from approximately 38.5% at
3 days to approximately 81.6% at 28 days. For specimens
C2, C4, and C6, the sealing rates increased from 43.1%,
46.1%, and 47.6% at 3 days to 90.7%, 96.8%, and 99.8%,
respectively, at 28 days. This outcome suggests that the
calcium-rich alkaline environment further enhances the
efficacy of the composite complexing agent, resulting in
accelerated early healing rates and elevated final sealing
rates. It is noteworthy that the C6 specimen exhibited
the most optimal performance in the calcium hydroxide
solution, achieving a sealing rate of 99.8% at 28 days.
This outcome fully validates the exceptional self-healing
capabilities of the composite complexing agent under
conducive conditions.

XRD Analysis

As illustrated in Figure 10(a), the characteristic peaks
of Ca(OH), (26 = 18.0°, 28.6°, 34.0°, 47.0°) undergo
a gradual decrease in intensity with increasing content
of the complexing agent. This observation indicates that
the complexing agent accelerates the consumption of

100 + e {
P o
a-\; '/é/. -_.______.e_
= S 7 AT g
% !;/
2 60F o g
2 Y/ = =—C0—e—C(C2
L ]
0F « —d—C4 —v—C6
0 10 20 30

Healing age (d)

(b) Calcium Hydroxide Solution

Figure 9. Sealing Rate During the Healing Process in Different Curing Environments
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Figure 10. XRD Diffractograms of Self-Healing Products from Cracks After 28 Days of Curing in Different Environments

Ca(OH),. Concurrently, the peak intensity of CaCO; (20
= 29.4°,36.0°, 39.5°, 47.5°) exhibited an increase with the
addition of the complexing agent, reaching its maximum
at the C6 specimen. This observation indicates that the
complexing agent facilitates the reaction between Ca**
and CO;* in water, leading to an enhanced formation of
CaCO;. In accordance with the findings reported in rele-
vant literature, the predominant phase of CSH(PEG-0)
was identified as Jennite (PDF card 18-1206, chemical
formula Ca,SiO,5(OH), - 8H,0). The diffraction reflec-
tions were located at 8.40°, 29.92°, 31.78° 35.74°, and
49.70°, respectively. The peak intensities of C-S-H (20
= 29.3°, 31.8°, 50.0°) and AFt (26 = 9.1°, 15.7°, 22.8°)*
also increased with the content of the complexing agent,
further indicating that the complexing agent promoted the
hydration of the cement matrix, enhancing the material’s
densification and crack repair capacity.

By comparing Figure 10(a) and 10(b), it is evident
that the amount of CaCO, generated in the calcium
hydroxide saturated solution is significantly higher than
in the water curing environment. The elevated concen-
tration of calcium ions within the solution is the primary
factor contributing to this phenomenon, as it facilitates
more efficient complexation reactions. Overall, the crack
repair effect under the calcium hydroxide saturated
solution curing environment is much better than that
under water curing.
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Figure 11. Schematic Diagram of the Self-Healing Mechanism of
Cement Stone Cracks

As demonstrated in Figure 11, the mechanism of the
composite complexing agent in crack repair of cement-
-based materials primarily involves a complexation-
-precipitation reaction. The active components of the
composite complexing agent react with Ca?* to form
complexes, consuming a significant amount of Ca(OH),
and producing unstable complexes. These complexes
further transform into stable CaCO,, C-S-H, and AFt
precipitates, which fill cracks and pores, enhancing the
material’s densification and strength. Particularly in the
calcium hydroxide saturated solution, the abundant Ca2*
provides a sufficient calcium source for the complexation
reaction, significantly accelerating the consumption of
Ca(OH), and the formation of CaCQO,, thus improving
the self-healing effect.

In the context of water-curing environments, the re-
duced concentration of Ca’* ions leads to constrained
complexation reactions and the subsequent formation of
self-healing products, consequently yielding diminished
crack repair efficacy. Conversely, the calcium hydroxide
saturated solution offers a heightened concentration of
Ca’* ions, enabling more comprehensive complexation
reactions and the generation of additional self-healing
products (e.g., CaCO,, C-S-H, and AFt), thereby mar-
kedly enhancing the crack repair outcome.

Furthermore, the composite complexing agent has
been shown to promote the ongoing hydration of
unhydrated cement particles. This process results in the
formation of more C-S-H and AFt. This phenomenon
not only facilitates crack repair but also contributes to
the enhancement of the material’s compressive strength
and durability. This mechanism provides a theoretical
foundation for the utilization of composite complexing
agents in cement-based materials.

CONCLUSION

The findings indicate that self-healing cementitious
materials based on the composite complexing agent
demonstrate remarkable hydration performance, pore
structure optimization, and crack self-healing capabi-
lities. This study offers novel insights and theoretical
underpinnings that provide a foundation for the design
and development of self-healing cement stone materials.
The conclusions were as follows:
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(1) Through orthogonal experiments, the optimal
mixture ratio of the composite complexing agent was
determined as follows: SH accounts for 0.5% of the
cement mass, SHMP for 0.05%, EDTA-4Na for 3%,
and VAE for 5% of the cement mass.

(2) The composite complexing agent significantly im-
proved the pore characteristics of cement stone. When
the amount of composite complexing agent was 6% of
the cement mass, the porosity of cement stone decreased
from 34.2% to 14.2%, and larger pores were converted to
smaller ones, greatly enhancing the material’s density and
improving the overall performance of the cement stone.

(3) The composite complexing agent demonstrated
a marked reduction in the early (3-day) hydration de-
gree of cement stone. Specifically, the hydration degree
of samples containing 6% of the agent was found to be
16.3% lower than that of the control group. However,
the composite complexing agent significantly enhanced
the hydration degree of cement stone in the later stage
(28 days and beyond). Specifically, samples with the
composite complexing agent exhibited a 10% higher
hydration degree compared to the control group.

(4) The composite complexing agent effectively achie-
ved crack self-healing. Following a 28-day period of
water curing, the compressive strength of the specimen
containing a 6% composite complexing agent exhibited
an increase of 8.3 megapascals (MPa) in comparison
with the control group. Concurrently, the crack sealing
rate demonstrated a notable rise, increasing from 73.1%
to 99.7%. Additionally, the self-healing performance in
calcium hydroxide saturated solution exhibited superiority
over that in water curing environment.

(5) XRD analysis indicated that the primary healing
products in the cracks were CaCO; and C-S-H, followed
by AFt and a small amount of Ca(OH),. The composite
complexing agent effectively combined with Ca2* and
released it during the curing process of cement stone
cracks, reacting with CO;?>" and unhydrated cement
particles to form the healing materials.

The effects of long-term environmental factors (e.g.,
temperature and humidity alternation, chemical attack)
were not considered in this study, and the self-healing
stability of the composite fitters under complex stress
conditions was not verified. In the future, it is necessary
to combine accelerated aging tests with multi-axial lo-
ading experiments to optimize the material formulations
and explore the potential for engineering applications.
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