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Traditional stress-controlled release microcapsules used for asphalt self-healing suffer from poor strength,
low thermal stability, and inconsistent release rates, limiting their practical application. This study proposes
the design of high-strength, thermally stable stress-controlled release microcapsules to enhance asphalt’s self-
healing performance. By using high-performance polymer materials as the shell and employing the solution
impregnation method for microcapsule synthesis, the proposed microcapsules exhibit improved stability
in high-temperature environments. The shell thickness, core content, and preparation conditions such as
temperature, pH, and solvent selection are optimized to achieve precise control over the release rate and
amount. Customizable microcapsules are developed to meet varying self-healing needs. These microcapsules
are uniformly dispersed in the asphalt matrix through heating and stirring, ensuring an even distribution for
effective self-healing. Experimental verification under different stress conditions confirms their stress-controlled
release capabilities and crack-healing performance. Results demonstrate a crack closure degree of 0.87 at a
stress frequency of 6 Hz, a compressive strength recovery rate of 0.82, and a repair time of 14 minutes. The
microcapsules achieve a release rate accuracy between 0.90 and 0.97 across the stress frequency range, providing
superior control over the healing agent release. This research offers a promising solution for improving asphalt

durability.
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1. Introduction

Asphalt is a key material for road construction. Long-
term exposure to external stress and high-temperature
environments can easily cause microcracks, resulting in
performance degradation. With the in-depth research on
self-healing materials, asphalt self-healing technology com-
bined with stress-controlled release microcapsules has grad-
ually attracted attention. This type of microcapsule can
release repair agents when cracks are generated, repair
damaged areas, and extend the material’s service life [1, 2].
Optimizing microcapsule design and achieving precisely,

controlled release under different environments is an im-
portant research direction for improving the self-healing
ability of asphalt.

In the application of asphalt self-healing technology, the
design of traditional microcapsules faces the problem of
controlling the release rate and amount. Existing microcap-
sules mainly release repair agents through shell rupture to
repair cracks. Still, the strength and stability of the shell
material are insufficient, and it is difficult for microcapsules
to maintain stable release performance under high temper-
atures and external forces [3, 4]. The release amount of


https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
http://dx.doi.org/10.6180/jase.202602_29(2).0020

456 Yong Liu et al.

these microcapsules is uneven and uncontrollable during
storage, and the repair effect in practical applications is not
ideal. In complex stress environments, the effectiveness of
microcapsules is particularly limited. Traditional methods
mostly rely on macro-control of ambient temperature or
Time, and it is difficult to adjust the release behavior in
real Time according to the actual stress state, resulting in
uneven material repair effects and failure to meet the needs
of efficient and adaptive self-healing [5, 6].

There are many problems in the preparation process of
microcapsules. The existing preparation methods have a
relatively rough control over the shell thickness, material
selection and type of inclusions of microcapsules, making it
difficult to accurately control the performance of microcap-
sules [7, 8]. Some studies have attempted to improve the
self-healing effect of microcapsules by changing the compo-
sition of microcapsules, but there is a lack of effective stress
regulation mechanism. The release behavior of microcap-
sules under complex stress fields is still unstable, and the
predictability and repeatability of the crack repair process
are poor [9, 10]. This limitation makes the reliability of
traditional microcapsules in the face of environmental fac-
tors such as high temperature and stress a great challenge,
reducing its application prospects in asphalt repair.

With growing infrastructure maintenance demands, tra-
ditional repair methods lack flexibility and efficiency, mak-
ing it difficult to meet diverse road environment require-
ments. This study designs a stress-controlled release mi-
crocapsule to enhance asphalt’s self-healing ability, ensur-
ing precise and efficient crack repair under varying stress
and high-temperature conditions. Unlike conventional mi-
crocapsules, which struggle with controlled release, the
proposed design dynamically adjusts the release rate and
amount of repair agents based on crack severity and envi-
ronmental factors. Using high-strength, thermally stable
polymer materials for the shell, the microcapsules maintain
stability under extreme conditions, overcoming the limita-
tions of traditional designs. By optimizing shell thickness
and core content, an adaptive controlled-release mecha-
nism is achieved. Additionally, uniform dispersion within
the asphalt matrix ensures consistent performance. These
innovations improve asphalt durability, offering a flexi-
ble, efficient self-healing solution for road maintenance.
The use of microcapsule technology, that release healing
chemicals when stress is sensed, unites materials science,
chemical engineering, and mechanical engineering in this
work. Asphalt’s mechanical behavior and material qualities
are enhanced as well by this multidisciplinary approach.
Additionally, the self-healing asphalt serves to promote
sustainability by prolonging the life of roads, lowering

the need for repairs, and lessening the environmental ef-
fect of road maintenance. From a financial standpoint,
it reduces traffic interruptions and repair expenses. The
study presents a novel approach that might revolutionize
infrastructure maintenance by improving road durability,
enabling autonomous fracture repair, and developing the
field of self-healing materials. This research contributes to
advancing asphalt self-healing technology, promoting its
practical application in infrastructure development.

1.1. Related Work

Scholars have extensively studied asphalt self-healing ma-
terials, with many focusing on microcapsule-based ap-
proaches. Microcapsules, introduced through solution
impregnation, have demonstrated crack repair effective-
ness [11, 12]. Additionally, bio-based spores encapsulat-
ing regeneration agents enhance asphalt elasticity and
self-healing properties via vacuum encapsulation [13].
Temperature-controlled release mechanisms have also been
explored [14, 15]. However, challenges such as poor ther-
mal stability and uncontrolled release rates persist, limiting
their practical application under extreme conditions. Fur-
ther research is needed to address these limitations.
Traditional microcapsule self-healing asphalt materials
face limitations in thermal stability, mechanical strength,
and precise release control. Researchers have improved mi-
crocapsules by using high-strength polymer shells, enhanc-
ing durability in high-temperature environments [16, 17].
Li X developed polydopamine composite microcapsules
with silica modification, increasing hardness, elasticity, and
substrate compatibility [18]. Adjusting shell thickness and
content type has enabled controlled release, but challenges
remain in achieving precise dosage control and uniform
dispersion [19, 20]. This study introduces stress-controlled
release microcapsules to optimize self-healing efficiency,
ensuring accurate release rates and amounts. The approach
enhances asphalt durability, addressing gaps in existing
methods and advancing self-healing asphalt technology.
The Warm-Mix-Asphalt (WMA) and stress-controlled
release microcapsules aligns well as it improves durability
of the asphalt. WMA'’s improved rutting resistance and
lower resilient modulus which provide a flexible founda-
tion, while microcapsules activate under stress to release
healing agents, preventing damage. This synergy offers
environmental benefits, reduces maintenance needs, and
extends asphalt lifespan by enhancing its ability to self-
heal under varying traffic and temperature conditions. The
evaluation of physical properties like resilient modulus (de-
formation under repeated loading) and rutting (resistance
to deformation under traffic loads) in warm asphalt mix-
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tures are emphasized. The focus here is on assessing the
performance of asphalt mixtures under specific conditions,
such as those found in Iraq [21].

The method of strengthening recycled concrete aggre-
gate (RCA) mixtures with waste alumina to improve the
mechanical qualities of asphalt. Based on the study, adding
alumina substantially enhances the binder concentration
and overall strength of the asphalt, increasing its resilience
to stress. In addition to encouraging environmentally
friendly road building methods, this strengthens the as-
phalt’s structural integrity, producing more durable and
long-lasting combinations that need less maintenance. Nan-
otechnology is being used in order to combat asphaltic
pavement rutting, with a recent study showing the effec-
tiveness of industrial carbon nanotubes (CNT) as a strength-
ening additive. Four dosages of CNT were added to two
bitumen grades, 40/50 and 60/70 [22, 23].

2. Materials and methods

2.1. Microcapsule Design and Synthesis
2.1.1. Selection and Regulation of microcapsule shell materials

Under high-temperature application conditions, the shell
strength and durability of the microcapsule structure are
enhanced, focusing on the use of polymer materials with
high strength and excellent thermal stability to construct
the shell of the microcapsule. These selected polymers can
effectively withstand high-temperature environments and
keep the microcapsule structure intact.

Thermal stability is the primary consideration in se-
lecting shell materials. Polyester and polyurethane series
polymers have excellent thermal stability and mechani-
cal strength properties and are currently ideal shell mate-
rial options. Finely controlling the molecular structure of
these polymers can enhance their stable performance under
high-temperature conditions to a certain extent. These key
temperature points of the selected materials must be signif-
icantly higher than the actual use temperature of asphalt
so that the shell material does not lose its necessary rigid
support during high-temperature operations. The heat re-
sistance of polyester materials and the structural stability
of polyurethane materials allow them to maintain good
shape and performance in the temperature environment
where asphalt is located.

The solution immersion method is used to achieve the
thickness regulation of the shell, the polymer solution into
the main material, the control of the solution concentration
and immersion time to adjust the thickness of the shell, the
solution concentration and immersion time have a signif-
icant impact on the thickness of the shell, the following

formula can describe the relationship between them:

d:r~t:<%>-t (1)

r is the shell deposition rate, k is a constant, and 7 is the
viscosity of the solution. By precisely controlling the so-
lution concentration and immersion time, the thickness of
the shell can be precisely adjusted.

The shell material also adds a cross-linking agent to
enhance the strength of the microcapsule and physical or
chemical cross-linking is used to improve the structural
strength of the material. The crosslinking agent’s selec-
tion and concentration control also affect the microcapsule
shell’s overall performance. The crosslinking reaction in-
creases the crosslinking degree of the polymer chain, im-
proves the thermal stability and high-temperature resis-
tance of the shell, and effectively enhances the service life
of the microcapsule to a certain extent; the thermal stability
and strength of the shell material are shown in Table 1.

2.1.2. Selection and Regulation of mMicrocapsule Contents

The Selection of microcapsule contents and their compat-
ibility with shell materials directly affect the functional-
ity and application effect of microcapsules. The contents
of stress-controlled release microcapsules must be able to
self-heal and repair and must also work effectively under
specific stress and temperature environments. The study
ensures that they can effectively perform self-healing func-
tions in asphalt by accurately selecting the type and concen-
tration of the contents. The study selected a thermosetting
repair agent with good fluidity and reactivity to give the
stability and functionality of the contents. The repair agent
can flow quickly and repair the cracks when the microcap-
sule is broken. The inclusions’ type highly depends on
their compatibility with the shell material. The interaction
between the polymer shell and the inclusions has a certain
influence on the microcapsules’ overall stability and release
performance. Using polyurethane and polyester composite
materials as inclusion carriers effectively improves the sta-
bility of the inclusions and the bonding strength with the
shell. Table 2 shows the effect of inclusion concentration
on the self-healing performance of microcapsules.

In Table 2, Crack Healing Time (hours) is referenced as
the time it takes for the crack to heal after treatment, with
different repair agent concentrations listed. For example,
at 10% repair agent concentration, the crack healing time
is 6 hours. The concentration control of the inclusions
mainly relies on the solution impregnation method, and
the concentration of the repair agent is changed to achieve
the content adjustment of the microcapsule. The change
of the content concentration affects the structural integrity
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Table 1. Thermal stability and strength of shell materials.

Shell Material Glass Transition ~ Melting Tensile Maximum Operating
Type Temperature Point  Strength (MPa) Temperature (°C)
Polyester Material 120°C 240°C 45 250°C
Polyurethane Material 80°C 210°C 50 230°C
Polyacrylic Material 90°C 180°C 42 200°C

Table 2. Effect of inclusion concentration on the self-healing performance of microcapsules.

Repair Agent Concentration (%) (%?rile( glslallg)g Crack Closure (%) Recovery Strength (MPa)
10 6 70 25
20 5 80 30
30 4 85 32
40 3 90 34

of the microcapsule and also affects its self-healing ability.
Too high or too low a concentration can led to an abnormal
release rate and affect the repair effect. It is very important
to adjust the content concentration accurately.

Experiments also verified the interfacial bonding
strength and release characteristics of the microcapsule
contents and shell. By changing the solvent and pH value
of the contents, the solubility of the contents was optimized
so that they could be quickly released after the microcap-
sule ruptured and react with the cracks in the asphalt to
repair them. The Selection and concentration of the repair
agent and its compatibility with the shell are key factors in
designing efficient microcapsules. The Regulation of the
above two aspects, the Selection of shell materials, and the
design of inclusions can ensure the stability and efficient
self-healing effect of the microcapsules in high-temperature
environments, laying the foundation for subsequent re-
search on stress-controlled release mechanisms.

Fig. 1 shows the crack repair process of microcapsules
under stress, emphasizing the stability of microcapsules
and the effectiveness of repair agents in high-temperature
environments, realizing the self-healing function of asphalt.
This structural design ensures the long-term effectiveness
and efficient self-healing ability of microcapsules in asphalt,
significantly improving the service life and anti-wear per-
formance.

2.2. Regulation of Microcapsule Release Characteristics

The preparation process, temperature, pH value, and sol-
vent selection of microcapsules can be changed to adjust
their release rate and amount; microcapsules of different
specifications can be designed to meet asphalt’s different
self-healing requirements.
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Fig. 1. Microcapsule structure and function.

2.2.1. Regulation of microcapsule release rate

The choice of solvent is a key factor. The polarity and solu-
bility of the solvent have a significant effect on the structure
of the microcapsule shell. The use of low-polarity solvents
can make the polymer shell structure more compact; on
the contrary, high-polarity solvents tend to enhance the
solubility of the polymer, resulting in more pores in the
microcapsule shell, thereby accelerating the release process
of the repair agent. To quantitatively describe the release
rate of the microcapsule, it can use a specific mathematical
formula to estimate it.

aQ

E—k'(cin_cout)'A (2)

% represents the repair dose released by the microcap-
sule per unit time, k is the release rate constant, Cj, is
the content concentration, Coyt is the external environment
concentration, and A is the surface area of the microcapsule.
Adjusting the temperature, pH value and solvent selection
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can regulate the release rate constant and achieve precise
control of the release characteristics of the microcapsules.

2.2.2. Regulation of the release amount of microcapsules

Both immersion time and pH play key roles in controlling
the performance of microcapsules for asphalt self-healing.
Immersion time affects the thickness of the microcapsule
shell, with longer times leading to thicker shells that en-
hance mechanical strength and thermal stability, providing
better protection for the repair agent and improving the
microcapsule’s effectiveness under stress. Additionally,
the pH of the environment influences the solubility of the
repair agent; a lower pH (around 4) accelerates the degra-
dation of the shell, causing faster release of the repair agent,
while a neutral pH stabilizes the shell, resulting in a slower
and more controlled release. These adjustments allow for
the fine-tuning of microcapsule behavior to optimize crack
repair in asphalt under varying conditions. The effect of
pH adjustment on the release of microcapsules is also sig-
nificant. The solubility characteristics of the shell material
and the contents of the microcapsules are different at dif-
ferent pH values. When the pH value is adjusted to the
microcapsule shell material’s degradation critical value,
the shell’s solubility can increase sharply, and the release
amount can increase accordingly. When the pH value is
4, the degradation rate of the shell material is significantly
accelerated, and the release amount of the repair agent
increases significantly; in a relatively neutral pH environ-
ment, the shell is relatively stable, and the release amount
is relatively low. Table 3 shows the effect of pH adjustment
on the microcapsule shell.

The release number of microcapsules can also be quanti-
tatively described using the following formula:

Q = Mmax - <1 - eik.t) 3)

Q represents the repair dose released by the microcapsules,
Mmax represents the maximum release amount, and ¢ repre-
sents the Time. Adjusting the temperature, pH value, and
solvent selection can affect the maximum release amount,
accurately control the release number of microcapsules,
and meet the repair needs of different asphalt self-healing
processes.

The above process regulation can accurately control
the release rate of microcapsules and adjust their release
amount under different environmental conditions to opti-
mize the self-healing performance of asphalt. The strategy
of precisely controlling the release characteristics can de-
sign microcapsules of different specifications according to
actual needs and maximize their effectiveness under differ-
ent stress conditions.

2.3. Composite of Microcapsules and Asphalt
2.3.1. Uniform dispersion of microcapsules in asphalt

The microcapsules are evenly dispersed in the asphalt ma-
trix by combining high-speed stirring and ultrasonic treat-
ment. High-speed stirring can accelerate the mixing of
microcapsules and asphalt, effectively breaking the surface
tension of the asphalt matrix and evenly dispersing the mi-
crocapsules in the asphalt; ultrasonic treatment enhances
the dispersibility of microcapsules through the vibration
of high-frequency sound waves and avoids the agglomera-
tion of microcapsules in the asphalt matrix; This method
allows the microcapsules to be distributed in the asphalt at
a uniform density, which can play the greatest role in the
subsequent self-healing process.

The uniform distribution of microcapsules in asphalt
is very important for the subsequent self-healing process,
allowing the microcapsules to quickly release the repair
agent when cracks occur, achieving more efficient crack
repair; the uniform distribution of microcapsules in asphalt
can be quantified using the following formula:

1 (e
o= 5 () "

D is the distribution uniformity, # is the number of samples,
x; is the position of the i th microcapsule, i is the uniform
distribution center of the microcapsule, and ¢ is the stan-
dard deviation. This formula can evaluate the distribution
uniformity of microcapsules in the asphalt matrix to ensure
that it meets the design requirements.

2.3.2. Optimization of the self-healing performance of microcap-
sule composite asphalt
The self-healing performance of composite asphalt materi-
als is also closely related to external environmental condi-
tions such as temperature and stress. The fluidity of asphalt
is enhanced at higher temperatures, which is conducive to
the release of the repair agent in the microcapsules; changes
in stress can also directly affect the release behavior of the
microcapsules. Simulating different stress conditions can
effectively evaluate the self-healing ability of composite as-
phalt. This process enables the microcapsules to release the
repair agent according to the design requirements under
stress conditions, optimizing the self-healing performance
of asphalt; the self-healing performance of microcapsule
composite asphalt can be quantified using the following

formula: 5
R = recovered (5)

Sinitial
The optimization of the above composite process can im-
prove the dispersibility of microcapsules in the asphalt ma-
trix and enhance asphalt’s self-healing performance. Finely
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Table 3. Effect of pH Adjustment on the Microcapsule Shell.

Polymer Solution

Shell Stability ~ Shell Dissolution Rate

pH Value Concentration (%) (hours) (mg/min)
4 10 4 0.075
5.5 10 8 0.028
7 10 8 0.022
9 10 6 0.035

controlling the composite process of microcapsules can en-
able asphalt to quickly release repair agents when cracks
occur during use, achieve efficient self-healing effects, and
extend the service life of asphalt materials.

2.4. Verification of Stress-Controlled Release Mechanism

In the experiment, different tensile or compressive stresses
were applied to study microcapsules’ rupture and repair
process under stress. Changes in stress can affect the rup-
ture mechanism of the microcapsule shell and the release
rate of the internal repair substance. The microcapsule’s
crack healing behavior is manifested as changes in crack
closure under different stress conditions. The crack length
and healing process can be monitored in real Time.

The crack healing process is quantified using the key
indicator of crack closure, which is calculated by the fol-
lowing formula:

Crack Length After Healing
Initial Crack Length

Crack Closure = (6)

Taking into account the change in the release rate of mi-
crocapsules under stress, the compression effect of stress on
the microcapsule shell is used here to control the way and
intensity of stress application to meet different self-healing
needs. The repair time and repair effect under different
stresses is compared to verify the stress-controlled release
mechanism of microcapsules. The following formula can
describe the change in release rate:

it = k((g/5)/Pa) - " %

ri1 is the release rate of the repair substance. The release rate
under different stresses is calculated to obtain the response
characteristics of the microcapsules under stress and verify
the effectiveness of its stress-controlled release mechanism.

These experimental methods can verify the self-healing
ability of microcapsules under different stress conditions
and provide a reliable experimental basis for their practical
application. ¢ is the applied stress (Pa).k is a constant that
depends on the units of release rate and stress. n is an
exponent that describes the relationship between release
rate and stress and is dimensionless.

2.5. Experimental Methodology for Stress Testing

The experimental methodology for stress tests involves de-
signing microcapsules with strong, thermally stable poly-
mer shells and fluid repair agents. The microcapsules are
synthesized using the solution impregnation method, with
the shell thickness controlled by adjusting solution con-
centration and immersion time. To simulate real-world
conditions, tensile and compressive stresses are applied
to the asphalt samples at varying frequencies. Crack heal-
ing effectiveness is evaluated by monitoring crack closure,
strength recovery, and repair time.

The release rate of repair agents is measured under
stress conditions, and the results demonstrate that the mi-
crocapsules outperform traditional ones in crack healing,
strength recovery, and faster repair times. The release rate is
precisely controlled, ensuring effective agent release when
needed. These experiments validate the performance of the
microcapsules, showing their enhanced ability to self-heal
asphalt under stress conditions, making them suitable for
practical applications in road maintenance.

3. Results and discussion

3.1. Method Effect Evaluation

3.1.1. Shell Thickness Analysis and Distribution Uniformity Eval-
uation of Microcapsules in Asphalt Matrix

Fig. 2 how shell thickness, soaking duration, and solution
concentration relate to the creation of microcapsules. The
thickness of the shell rises with increasing soaking time
and solution concentration. This suggests that a thicker
shell is produced by accelerating the deposition of shell
components with a longer immersion period and a higher
concentration. The plot highlights how crucial it is to maxi-
mize these two variables in order to regulate the microcap-
sule’s strength and thermal stability. Manufacturers can
customize the shell thickness for particular applications by
varying both parameters, guaranteeing the performance
and efficiency that are needed.

Table 4 shows the evaluation of the distribution uni-
formity of microcapsules in the asphalt matrix under dif-
ferent stirring conditions. By adjusting the stirring speed
and stirring Time, the distribution uniformity of microcap-
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Table 4. Evaluation of the uniformity of microcapsule distribution in asphalt matrix.

Treatment Microcapsule Distribution Stirring Stirring Standard
Method Uniformity Speed (rpm) Time (min) Deviation
Low-speed stirring, Short Time 0.85 200 10 0.03
High-speed stirring, Short Time 0.92 600 10 0.02
Low-speed stirring, Long Time 0.88 200 30 0.05
High-speed stirring, Long Time 0.95 600 30 0.01

Shell Thickness (mm)

Fig. 2. Shell thickness analysis.

sules reached the optimal value of 0.95 under high speed
and long stirring conditions, and the minimum standard
deviation was 0.01, indicating that the distribution of mi-
crocapsules in the asphalt was more uniform; Under the
conditions of low-speed stirring or short-time stirring, the
distribution uniformity of microcapsules is low and the
standard deviation is large, indicating that the dispersion
of microcapsules in asphalt is poor. These results show
that appropriate stirring speed and Time are crucial for the
uniform distribution of microcapsules and help improve
the self-healing properties of asphalt.

3.2. Self-healing Effect Evaluation Indicators

The evaluation indexes of the self-healing effect mainly
include three aspects: crack closure degree, compressive
strength recovery rate and repair Time. Crack closure de-
gree is used to quantify the degree of crack healing, com-
pare the length of the crack after healing with the initial
crack length, and evaluate the repair ability of microcap-
sules in the self-healing process. The compressive strength
recovery rate reflects the recovery of the compressive prop-
erties of the asphalt sample after microcapsule repair and
embodies the material’s ability to recover its mechanical
properties; the repair time is the Time required for the mi-
crocapsules to achieve effective repair, which can measure

its repair speed. These indicators are used to compare
the performance of traditional stress-controlled release mi-
crocapsules and the microcapsules proposed in this paper
under different stress frequencies, and the self-healing ef-
fect of the microcapsules is comprehensively evaluated to
reveal their advantages and potential application value in
improving the self-healing properties of asphalt.

Fig. 3(a) compares traditional microcapsules’ crack clo-
sure rate and compressive strength recovery rate and the
microcapsules proposed in this paper under six different
stress frequencies. The bars at each stress frequency point
represent the crack closure of the traditional microcapsules
and the microcapsules in this paper, respectively, and the
broken lines represent the compressive strength recovery
rates of the two microcapsules. The crack closure of the
traditional microcapsules fluctuates and is relatively low,
while the microcapsules in this paper show a relatively
stable and gradually increasing crack closure at each fre-
quency. At a stress frequency of 6 Hz, the crack closure de-
gree of the microcapsules in this paper is 0.87, significantly
better than that of traditional microcapsules. Regarding
compressive strength recovery rate, the recovery rate of
the microcapsules in this paper is higher than that of tradi-
tional microcapsules at each frequency point, which is 0.82
at a stress frequency of 6 Hz. This appears to represent the
percentage of crack closure after healing, though the spe-
cific experimental conditions or formula used to calculate
this degree.

The data clearly show the significant advantages of the
microcapsules in this paper in crack repair and strength
recovery, proving that they have better self-healing effects
under high-stress conditions.

Fig. 3(b) shows the repair time of traditional stress-
controlled release microcapsules and those proposed in this
paper under six different stress frequencies. Each frequency
point corresponds to two columns, representing the repair
time of traditional microcapsules and those proposed in
this paper. The data show a certain fluctuation. The repair
time of traditional microcapsules shows a certain volatility
with increased stress frequency. The repair time of the mi-
crocapsules in this paper is shorter overall. The repair time
is 14 minutes at a frequency of 6 Hz, which is shorter, indi-
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Fig. 3. (a) Comparison of crack closure rate and strength recovery rate of different stress-controlled release microcapsules2.

(b) Comparison of the repair time of different stress-controlled release microcapsules. (c) Comparison of release rate

accuracy of controlled-release microcapsules at different stress frequencies

cating better self-healing performance. The microcapsules
in this paper can cope with stresses of different frequen-
cies more efficiently and have stronger adaptability and
faster repair speed. Traditional microcapsules for asphalt
self-healing face issues like poor thermal stability, weak
mechanical strength, and inconsistent release. Advanced
methods like nanomaterials enhance asphalt’s strength,
durability, and healing efficiency but are costly and hard to
integrate. Bio-based systems offer environmental benefits
and better compatibility with asphalt but struggle with ex-
treme conditions. Self-healing bitumen blends provide an
integrated solution with lower maintenance costs but lack
precise control over healing. Combining these methods
could optimize asphalt self-healing performance.

3.3. Evaluation of Release Rate Accuracy

The release rate of microcapsules under different stress
frequencies was determined experimentally, the deviation
between the actual release rate and the designed target rate
was calculated, and the rate control accuracy of microcap-
sules under different environments was quantified.

Fig. 3(c) shows the release rate accuracy comparison be-
tween traditional and microcapsules proposed in this paper
at six different stress frequencies. The release rate accuracy
of traditional microcapsules gradually decreases with the
increase of stress frequency, from 0.95 to 0.87. The control
ability is weakened under a high-frequency stress environ-
ment, which is related to the stress response ability of mi-
crocapsule materials. The microcapsules proposed in this
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paper show more stable and higher release rate accuracy
in the entire stress frequency range, between 0.90 and 0.97,
and can still maintain high accuracy under high-frequency
conditions. The microcapsules in this paper can more ac-
curately control the release rate, effectively improve its
self-healing performance in complex stress environments,
and demonstrate its potential and advantages in practical
applications.

3.4. Stress Application to Microcapsules

In order to simulate actual asphalt conditions, stress was
given to the microcapsules in the experiments using both
compressive and tensile forces. There were fluctuations
in the frequency of the cyclic application of the stress. As
an example, the microcapsules achieved an 87% crack clo-
sure rate at a frequency of 6 Hz, healing cracks in 14 min-
utes. The ability of the microcapsules to release the healing
substance in an adaptable manner under various stress
situations was demonstrated by the direct relationship be-
tween the repair agent’s release rate and the frequency and
intensity of the applied stress. In dynamic environmen-
tal conditions, this stress-controlled release mechanism is
essential for enhancing asphalt’s self-healing capabilities.

High material prices and intricate production proce-
dures are involved in the economic and scalability elements
of producing microcapsules for asphalt self-healing. Pro-
cess optimization, material consistency, and specialized
equipment are necessary for scaling up. Despite the high
upfront expenditures, the investment may be recovered
over time by lower maintenance costs. Microcapsule in-
tegration into current asphalt manufacturing, regulatory
compliance, and market acceptance are necessary to facil-
itate large-scale implementation. For the technology to
be practical for broad adoption, certain obstacles must be
overcome.

4. Conclusions

This paper designs and synthesizes high-strength, ther-
mally stable stress-controlled release microcapsules, ap-
plies them to asphalt self-healing research and has achieved
important results. By precisely controlling the shell thick-
ness, content type and preparation process of the micro-
capsules, the research successfully improved the stability
and strength of the microcapsules in high-temperature en-
vironments and solved the performance degradation prob-
lem of traditional microcapsules under storage and high-
temperature conditions. The release rate and number of mi-
crocapsules are finely regulated to meet the diverse needs
of asphalt self-repair; the microcapsules are combined with
the asphalt matrix, and the uniform distribution is ensured

by heating and stirring to greatly enhance the self-repair
ability of asphalt. In the stress-regulated release mechanism
test, microcapsules can accurately release repair agents un-
der different stress environments, effectively promoting
the self-repair of asphalt cracks. The evaluation results of
the self-repair effect show that the microcapsules devel-
oped in this study are superior to traditional microcapsules
in terms of crack closure degree, compressive strength re-
covery ratio and repair efficiency, highlighting its obvious
advantages in improving the self-repair performance of
asphalt. The evaluation of the release rate accuracy also
further verifies the rate control stability of microcapsules
under different conditions, laying a solid foundation for its
practical application.

The stress-regulated microcapsule technology enhances
asphalt self-repair, overcoming current challenges. Fu-
ture advancements in microcapsule design and preparation
can expand their potential in road maintenance and high-
performance materials.
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