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Protective effect of a
silane-cement-based permeable
crystalline composite coating on
concrete structures under
freeze-thaw chloride
environments
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Fu Tao2*
1Weifang Development Co., Ltd., Shandong Hi-speed Group, Weifang, Shandong, China, 2School of
Transportation Engineering, Shandong Jianzhu University, Jinan, Shandong, China

In this study, the effects of surface treatment on concrete members with a
silane-cement-based penetrant crystal composite coating were investigated.
The protective effect of this composite coatingwas assessed via indoor durability
tests and its influence on the service life of concrete structures was predicted.
The results indicate that the silane-cement-based penetrant crystal composite
coating can significantly reduce freeze-thaw damage to concrete, effectively
delaying its onset while enhancing the resistance to chloride infiltration.
While freeze-thaw cycles progressively weaken concrete’s survival capacity, the
composite coating notably improves chloride ion erosion resistance—especially
during early cyclic stages—by inducing microstructural densification and
forming a surface protective layer. This may be attributed to the changes in the
concretemicrostructure during the initial stages and the protective layer formed
by the coating on the surface. The coating permeability allows it to penetrate
deep into the concrete, creating an effective barrier that minimises external
chloride salt intrusion. This synergistic effect surpasses single-component
coatings by integrating silane’s hydrophobicity with penetrant crystals’ self-
healing properties, demonstrating superior resistance to coupled freeze-thaw
and chloride attacks. In summary, the silane-cement-based penetrant crystal
composite coating extends the service life of concrete structures and provides
robust protection under harsh conditions, laying the groundwork for their
practical use in engineering applications.

KEYWORDS

silane impregnation, cement-based osmotic crystallisation, composite coating, freeze-
thaw damage, chloride ion penetration resistance

1 Introduction

Concrete is a structural and functional material widely used in modern engineering
construction in a wide variety of structures, including houses, roads, bridge harbours,
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.dams, reservoirs, and underground engineering. In the 21st century,
concrete constitutes more than 90% of the total amount of global
engineering construction material (Jiang, 2022). In northern China,
owing to the long winter time duration, low temperatures, and
large diurnal temperature range, concrete undergoes repeated
freeze-thaw cycles, resulting in increasingly significant concrete
deterioration (Zhang et al., 2021), which affects its service life.

To ensure the safe performance and service life of buildings, it
is particularly important to improve concrete durability. According
to the protective measure action mechanisms for the durability
degradation of concrete components, they are mainly divided
into two types: external protection and internal enhancement,
both at home and abroad. In terms of external protection, in
addition to traditional concrete surface treatment technologies,
there are new protective coating materials and technologies.
In terms of internal enhancement, incorporating fibres and
cementitious penetration crystals as common additives can
significantly enhance the toughness and crack resistance of concrete.
Among these, silane-impregnated and crystalline cementitious
penetration materials have been widely used and studied
(Lu, 2022).

Hydrolysis occurs in the presence of liquidwater orwater vapour
inside a silane-impregnated concrete structure to produce silanols,
which are further dehydrated and condensed to form siloxane chains
owing to the alkaline environment within the concrete structure.
The hydroxyl groups of the concrete matrix and siloxane chains
are tightly connected through hydrogen bonding, and the hydroxyl
groups of the siloxane chains are further dehydrated and condensed
to form more stable Si-O bonds. The Si-O bond can be firmly
attached to the concretematerial surface and form a tough protective
film, effectively improving the concrete durability. Simultaneously,
the alkyl group in the siloxane chain prevents liquid water intrusion
owing to its hydrophobicity, which further reduces the possibility of
freeze-thaw damage and chloride erosion of concrete (Woo et al.,
2007). Gao et al. (2011) found that the mass and strength loss
rates of concrete after silane impregnation decreased, indicating
that the freeze-thaw resistance of concrete was greatly improved.
Tanaka and Miyagawa (2012) studied the results of both non-
silane-impregnated and silane-impregnated concrete and found that
the latter was more stable and durable. The drying shrinkage and
chloride diffusion coefficient of silane-impregnated recycled low-
shrinkage concrete were significantly reduced. Liu et al. (2023)
conducted indoor chloride ion erosion resistance tests and simulated
long-term seawater erosion tests on concrete with enhanced silane-
impregnated coating durability. They found that the chloride ion
erosion resistance of concrete showed a rapid and then slow increase
with an increase in curing age, and the chloride ion diffusion
coefficient of concrete exhibited a better negative correlation
with curing age.

Recently, cementitious osmotic crystalline waterproofing
materials have rapidly developed. The active chemicals in the
waterproofing materials play a key role in the waterproofing
properties of the material. To offer permanent waterproofing,
cementitious osmotic crystalline waterproofing agents have a
wide range of applications (Li et al., 2021). Guo et al. (2020)
studied the effect of cementitious osmotic crystalline waterproofing
materials on concrete durability in a salt-spray erosion environment
and showed that cementitious osmotic crystalline waterproofing

materials can effectively improve the impermeability of
concrete. Yan et al. (2020) conducted freeze resistance experiments
on concrete specimens with single cementitious penetration
crystalline, inorganic waterproofing, and cementitious penetration
crystalline composite coatings. Their results showed that the
relative dynamic elasticity modulus of the specimens had a similar
decreasing trend, and the relative dynamic elasticity modulus of the
composite-coated concrete specimens was higher than that of the
blank control and composite-coated concrete specimens after 300
freeze–thaw cycles.

In domestic and international studies, the maximum chloride
ion concentration inside concrete that does not damage the
passivation film of steel reinforcements is defined as the critical
chloride ion concentration (Angst et al., 2009). This study mainly
focused on the diffusion characteristics of chloride ions inside a
concrete structure, analysed the transport process and mechanism
of chloride ions, and constructed a corresponding chloride ion
transport model to more accurately assess and predict the
durability of concrete structures. Therefore, the establishment of a
mathematical model to analyse the factors affecting the chloride ion
penetration rate inside concrete structures after freeze-thawdamage,
the study of the time required for the chloride ion concentration to
increase to the critical concentration after freeze-thaw damage, and
predicting the service life of concrete structures under the composite
effect of freeze-thaw of chloride and salt have become key research
topics (Deng, 2022).

Researchers have studied the effect of single silane and
cementitious osmotic crystalline coatings on the durability of
concrete components, simulated and analysed the penetration
process and transport mechanism of chloride ions in concrete
components through a variety of finite-element software and
mathematical models, and predicted the service life of concrete
structures. However, research on the durability enhancement effect
of composite coatings on concrete components and service life
prediction under chloride-salt freeze-thaw environments is limited.
In this study, three kinds of durability tests, namely, rapid freeze-
thaw cycle, rapid chloride ion penetration, and chloride-salt freeze-
thaw composite tests, were designed to investigate the effect of
silane-cementitious permeable crystalline composite coatings on the
durability of concrete structures.

2 Durability performance tests

2.1 Test materials

2.1.1 Concrete materials
All test specimens were selected as C40 concrete strength class,

and the concrete mix ratios are listed in Table 1.
Standard cubic specimens with dimensions of 150 × 150 ×

150 mm were prepared using the same concrete batch. After a 28-
day curing period, concrete cube compressive strength tests were
performed according to the relevant provisions in the Standard for
Test Methods of Physical and Mechanical Properties of Concrete
(Standardization Administration of China (2019)). The results for
the compressive strength of the concrete cube specimens after
28 days are presented in Table 2.
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TABLE 1 Concrete mix ratio design.

Concrete strength class Water/kg/m3 Cement/kg/m3 Sand/kg/m3 Stone/kg/m3 Water-reducing
agent/kg/m3

C40 168 432 558 1,242 432

TABLE 2 Cubic compressive strength of concrete specimens after 28 days.

Specimen number Concrete strength class 28-day Compressive
strength/MPa

Average 28-day
compressive strength/MPa

C40-1 C40 45.3

45.4C40-2 C40 44.2

C40-3 C40 46.7

TABLE 3 STP1701-E15 silane material properties.

Material
number

Si-1 Si-2 Si-3 Technical
indicator

Silane content/% 99.4 99.0 99.0 ≥98.9

Siloxane content/% <0.3 <0.3 <0.3 ≤0.3

Chloride ion
content/%

0.0002 0.0002 0.0001 ≤0.01

2.1.2 Silane impregnation
Owing to its hydrophobicity, silane can effectively isolate water,

water vapour, and other chloride-carryingmedia after impregnation
on the concrete surface, thereby improving the chloride ion
penetration resistance of the concrete structure (Wang et al., 2021).
The silane used in the test was STP1701-E15, which is a hydrophilic,
solvent-free silane; its material properties are listed in Table 3.

2.1.3 Cementitious penetration crystallisation
Cement-based osmotic crystalline waterproof materials use

silicate cement, quartz sand, and other inorganic materials as
substrates, active compound infiltration, and a variety of additives
dry mixed into a greenish-grey powder waterproof material. The
cementitious osmosis crystalline waterproof material is a green,
non-toxic, odourless, and pollution-free product. Additionally, it
is a rigid waterproof material, containing a wide variety of active
substances. Finally, the active substances in the material through the
water act as a carrier to the internal concrete infiltration, forming
insoluble crystals in the concrete and blocking the pore channels,
making the concrete dense and waterproof. The performance of the
cement-based osmotic crystalline materials are listed in Table 4.

2.2 Test piece design and fabrication

2.2.1 Test piece design
Based on the standard requirements of the Test

Methods for Long-Term Performance and Durability of

Ordinary Concrete (Standardization Administration of China,
2009), combined with the specific objectives of the test, two groups
of specimens were designed for conducting the rapid freeze-thaw
cyclic (“Ft”) and rapid chloride penetration (“Cl”) tests. For the rapid
freeze-thaw cyclic test, 100 × 100 × 400 mm concrete specimens
were used; for the rapid chloride penetration test, concrete cylinders
with a diameter of 100 mm ± 1 mm and a height of 50 mm ± 2 mm
were used.

These specimen groups include concrete specimens without
silane impregnation (“Bs”) and concrete specimens with silane-
cementitious penetration crystallisation composite coating
(“Si+Cb”), with “1” indicating that the specimen is the No. 1
specimen, with each group consisting of three specimens. For
example, “Ft-Bs-1” is the No. 1 specimen of the blank control
group without anti-corrosion coating for the rapid freeze-thaw
cycle test; “Ft-Si+Cb-1” is the No. 1 specimen of the silane-
cementitious osmotic crystalline composite coating group for
the rapid freeze-thaw cycle test; “Cl-Bs-1” is specimen No.
1 of the blank control group without anti-corrosion coating
for the rapid chloride ion penetration test; and “Cl-Si+Cb-
1” is specimen No. 1 of the silane-cementitious osmotic
crystalline composite coating group for the rapid chloride ion
penetration test.

2.2.2 Test piece production
Weprepared and cured standard specimens in a standard curing

room according to test specifications and operational requirements.
Before the rapid freeze-thaw test, the concrete specimens were
transferred from the standard curing room to a curing pool for
4 days after the curing age reached 24 days. When the curing age
reached 28 days, we removed the specimens from the curing pool
and dried their surfaces. The concrete specimens without silane
impregnation treatment were removed from the water directly
and subjected to the rapid freeze-thaw cycle test. For the silane-
cementitious osmotic crystalline composite coating specimens, the
first cementitious osmotic crystalline coating was a control dosage
of 800 g/m2; after completing the coating, the specimens were
sprinkled with water for maintenance for 3 days. The specific
method anddosage are as follows: the completed concrete specimens
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TABLE 4 Properties of cement-based permeable crystalline materials.

Material number Cb-1 Cb-2 Cb-3 Technical indicator

Water content/% 0.36 0.34 0.33 ≤1.5

Fineness/% 0.11 0.10 0.11 ≤5

Chloride ion content/% 0.006 0.005 0.006 ≤0.10

Flexural strength/MPa 4.1 4.3 4.2 ≥2.8

Compressive strength/MPa 32.7 33.1 32.9 ≥15.0

Wet substrate bond strength/MPa 1.2 1.1 1.2 ≥1.0

FIGURE 1
Rapid freeze-thaw cycle test specimens.

are taken out of maintenance, with cold air blowing onto the
saturated surface for drying; then, the silane impregnation material
is brushed two times, the silane material amount was controlled
at 300 g/m2; after the first silane impregnation material dries, the
second brush coating is applied. After completing the above steps,
the test blocks were dried naturally and subjected to the rapid freeze-
thaw cycle test.The rapid freeze-thaw cycle test specimens are shown
in Figure 1.

For the specimens subjected to the rapid chloride penetration
test, when a conditioning age of 21 days was reached, the
specimens were removed from the curing bath and processed
with a cutting machine to standard sizes. These standard-
sized specimens were then placed back in the curing bath
and immersed until the required curing age for the test was
reached. After curing for 28 days, the standard specimens were
removed, and the surface was dried. For concrete specimens
without silane impregnation, the rapid chloride penetration
test were performed directly. For concrete specimens with
silane-cementitious osmotic crystalline composite coatings,
the treatment and material dosage were based on the rapid
freeze-thaw cycle test standards. After the specimens were
completely dry, the rapid chloride penetration test was
performed. The rapid chloride penetration test specimens are
shown in Figure 2.

2.2.3 Rapid freeze-thaw cycle test
In accordance with Test Methods for Long-Term Properties and

Durability of Ordinary Concrete (Ministry of Housing and Urban-
Rural Development of the People's Republic of China (2009)), the
fast freezing method was selected for the freeze-thaw cycle test, and
the central freezing temperature during the freeze-thaw cycle was
set at −15°C, the peak thawing temperature was 8°C ± 2°C, and the
duration of one cycle was 2.5–4 h. The relative dynamic modulus of
elasticity and mass loss rate of the concrete specimens were used to
assess their frost resistance. The rapid freeze-thaw test equipment
and dynamic elastic modulus tester are shown in Figures 3a,b,
respectively.

2.3 Chloride rapid penetration test

The chloride ion diffusion coefficient can truly express the
erosion ability of chloride ions inside a concrete structure by
directly reflecting the chloride ion penetration rate inside the
concrete structure. It is widely adopted as the key parameter
for evaluating the durability of concrete components. The non-
stationary chloride ion migration tester is shown in Figure 4a,
the intelligent vacuum-water-saturation machine for concrete
is shown in Figure 4b, and the microcomputer-controlled
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FIGURE 2
Rapid chloride ion penetration test specimens.

FIGURE 3
Rapid freeze-thaw test equipment.

electro-hydraulic servo universal testing machine is shown
in Figure 4c.

2.4 Chloride salt freeze-thaw composite
test

The chlorine salt freeze-thaw composite test was conducted
on cylindrical concrete specimens with a diameter of 100 mm ±
1 mm and height of 50 mm ± 2 mm. According to the maximum
number of freeze-thaw cycles for each group of specimens,
50 freeze-thaw cycles were used in this study to design a
group of chlorine salt freeze-thaw composite test specimens.
Among them, “Ft+Cl” denotes the chlorine salt freeze-thaw
composite test specimen; “Bs” denotes the silane-free impregnated
concrete specimen; “Si+Cb” denotes the silane-cementitious
osmotic crystalline coating concrete specimen; “Si+Cb” denotes
the silane-cementitious osmotic crystalline coating concrete
specimen; and “Bs” denotes the silane-free impregnated concrete
specimen. In the composite coating concrete specimen name,
“50” means 50 freeze-thaw cycles. For example, “Ft+Cl-Bs-50-1”

represents the silane-impregnated concrete specimen without silane
impregnation specimen for group 1 of the chlorine-salt freeze-thaw
composite test; “Ft+Cl-Si+Cb” represents the silane-impregnated
concrete specimen for group 1 of the chlorine-salt freeze-thaw
composite test; “Ft+Cl-Si+Cb-50-1” represents specimen No. 1
of the silane-cementitious penetration crystallisation composite
coating concrete specimen group of the chloride salt freeze-thaw
composite test.

After the specimens reached the corresponding number of
freeze-thaw cycles via the fast-freezing method, they were subjected
to a rapid chloride penetration test to analyse the non-steady-
state chloride migration coefficient of the concrete specimens
after freezing and thawing. The treated concrete specimens were
placed in a specimen box and subjected to rapid freeze-thaw cycle
testing. The test conditions were the same as those in the previous
rapid freeze-thaw cycle test. After each specimen group reached
the corresponding number of freeze-thaw cycles, the specimens
were removed, vacuumed, and subjected to the rapid chloride
penetration test. After test completion, the unsteady-state chloride
migration coefficient of the concrete specimens was calculated from
the test data.
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FIGURE 4
Rapid chloride penetration test equipment.

TABLE 5 Mass loss rate (%) of concrete specimens.

Freeze-thaw cycles/times Average quality loss rate
of Bs/%

SD of Bs/% Average quality loss rate
of SI+Cb/%

SD of SI+Cb/%

0 0 0 0 0

25 0 0.21 0.02 0.02

50 0.35 0.4 0.04 0.03

75 0.51 0.26 0.09 0.04

100 1.59 0.11 0.12 0.03

125 2.47 0.45 1.12 0.19

150 2.86 0.43 1.93 0.17

175 3.92 0.49 2.57 0.11

200 4.89 0.33 3.05 0.06

225 3.44 0.1

250 3.93 0.15

275 4.17 0.2

300 4.64 0.23

3 Durability test results

3.1 Rapid freeze-thaw test

3.1.1 Quality loss rate analysis
The changes in the mass loss rate during rapid freeze-thaw

cycling of the silane-free impregnated concrete specimens and
silane-cementitious osmotic crystalline composite-coated concrete
specimens are shown in Table 5.

The mass loss rate trends of the concrete specimens without
silane impregnation and with silane-cementitious osmotic
crystalline composite coating are shown in Figure 5.

As can be seen in Figure 5, due to the dual protection of
silane impregnation and cementitious penetration crystallisation,
the quality of the composite-coated concrete specimens did not
decrease significantly until 100 freeze-thaw cycles, the quality loss
rate remains within 0.15%, and the specimens do not exhibit a
phenomenon in which their quality after freezing and thawing is
greater than the initial quality due to the cementitious penetration
crystallisation curing in a water environment. After 100 freeze-
thaw cycles, the mass loss reduction of the composite-coated
concrete specimens was 92.5% compared with that of the non-
silane-impregnated concrete specimens. From 125 to 225 freeze-
thaw cycles, the mass loss rate of the specimens at this stage
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FIGURE 5
Mass loss rate change of specimens during the rapid freeze-thaw cycle test.

FIGURE 6
Specimen damage images.

was significantly reduced owing to the significant shedding of
cementitious penetration crystals caused by the destruction of water
molecules. At 225 freeze-thaw cycles, the mass loss reduction of
the composite-coated concrete specimens was 29.7% compared
with that of the non-silane-impregnated concrete specimens. When
the number of freeze-thaw cycles reached 250, the specimen
surface was completely exposed, and part of the mortar on the
specimen surface started to flake off owing to the action of water
molecules. The quality loss rate of the specimen was further
reduced, and the quality loss rate of the composite-coated concrete
specimen decreased by 19.6% compared with that of the non-
silane-impregnated concrete specimen. As the number of freeze-
thaw cycles continued to increase, the composite-coated concrete

specimen cement mortar and fine aggregate also began to exhibit a
large spalling. At this time, the quality loss rate began to increase;
however, at 300 freeze-thaw cycles (i.e., at the end of the test),
the quality loss rate of the specimen reached 4.64%, which is not
yet more than the end of the test standard. It can be seen that
the composite coating can significantly reduce the quality loss of
concrete structures during freeze-thaw cycles compared with non-
silane impregnation, and the effect is better in the early stages than
in the later stages.

The conditions of the Concrete specimens without a silane-
cementitious osmoticcrystalline composite coating and the concrete
specimens with a silane-cementitious osmoticcrystalline composite
coating after freeze-thaw cycles are shown in Figure 6.
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TABLE 6 Relative dynamic modulus of elasticity (%) of concrete specimens.

Freeze-thaw cycles/times Average relative dynamic
modulus of elasticity of

Bs/%

SD of Bs/% Average relative dynamic
modulus of elasticity of

Si+Cb/%

SD of Si+Cb/%

0 100 0 100 0

25 100.79 0.93 99.78 0.17

50 97.25 2.63 99.52 0.21

75 90.78 2.09 99.3 0.1

100 83.51 3.73 99.08 0.1

125 79.44 6.12 97.33 0.16

150 75.09 2.71 91.96 0.64

175 66.15 1.38 85.3 0.45

200 59.78 2.32 78.89 0.5

225 76.14 0.23

250 70.72 0.9

275 66.91 0.55

300 64.3 0.42

3.1.2 Relative dynamic modulus analysis
The relative dynamic modulus of elasticity of the

concrete specimens without silane impregnation and with the
silane-cementitious permeable crystalline composite coating
are listed in Table 6.

The relative kinetic elasticity model changes of the silane-
free impregnated and silane-cementitious osmotic crystalline
composite-coated concrete specimens are shown in Figure 7.

The determination of the dynamic elastic modulus of concrete
specimens is shown in Figure 8.

The relative dynamic elastic modulus of the silane-cementitious
penetration crystallisation composite coating concrete specimens
did not decrease between 0 and 100 freeze-thaw cycles and remained
above 99%; when the number of freeze-thaw cycles reached 100,
the relative dynamic elastic modulus increased by 18.6% compared
with that of the concrete specimens without silane impregnation.
When the number of freeze-thaw cycles ranged from 125 to 225, the
cementitious protective layer was detached owing to the action of
water molecules, and the protective ability of the internal concrete
specimen was significantly weakened. The decreasing trend of the
relative dynamic elasticity modulus increased significantly at this
time, and the relative dynamic elasticity modulus decreased to
76.14% when the number of freeze-thaw cycles reached 225. When
the number of freeze-thaw cycles reached 250, the cementitious
protective layer was peeled off, the protective film formed by
silane impregnation in the concrete pores slowed down the freeze-
thaw damage caused by water molecules, the decreasing trend of
the relative dynamic elastic modulus started to weaken, and the
relative dynamic elastic modulus decreased to 70.72%. Before the
test reached its end at 300 freeze-thaw cycles, silane impregnation

continued to play a role, and the relative kinetic elastic modulus
decline remained relatively slow. At the end of 300 freeze-thaw
cycles, the relative dynamic modulus of the composite-coated
concrete specimens decreased to 64.30%, which still did not reach
the end of the test. This shows that the composite coating can
significantly improve the freeze-thaw damage resistance of concrete
structures compared with that of non-silane impregnation concrete.

Overall, the silane-cementitious osmotic crystalline composite
coating can, to a certain extent, reduce the quality loss of concrete
components due to freeze-thaw damage, while being able to delay
the concrete specimen freeze-thaw damage produced by the time
node. Additionally, the effect during the early stages is better than
that during the late stages.

3.1.2.1 Chloride rapid penetration test
The rapid chloride penetration test results for the

concrete specimens without silane impregnation and with the
silane-cementitious permeable crystalline composite coating
are listed in Table 7.

As can be seen in Figure 9, the non-steady-state chloride ion
diffusioncoefficientof thenon-silane-impregnatedconcrete specimen
is 9.65 × 10−12 m2/s, as shown in Figure 10. The non-steady-
state chloride ion migration coefficient of the silane-cementitious
penetration crystallisation composite-coated concrete specimen is
lower compared with that of the non-silane-impregnated concrete
specimen due to the dual protection of the cementitious protective
layer and silane-impregnated protective film, which reduces the non-
steady-state chloride ionmigration coefficient by 54.3%. Additionally,
it can be seen that the composite coating can improve the chloride
ion erosion resistance of the concrete structure.This indicates that the
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FIGURE 7
Relative dynamic elastic modulus change of the rapid freeze-thaw cycle test specimens.

FIGURE 8
Dynamic elastic modulus determination for composite-coated
concrete specimens.

composite coating can improve the ability of the concrete structure to
resist chloride ion attack.

The chloride ion penetration depth determination process and
the corresponding results are shown in Figure 10.

3.1.2.2 Chloride salt freeze-thaw composite test
The chloride salt freeze-thaw composite test results for the

concrete specimens without silane impregnation and with silane-
cementitious osmotic crystalline composite coating are presented
in Table 8 and Figure 11, and a comparison of the non-steady-state
chloridemigration coefficients between the silane-free-impregnated
and silane-cementitious osmotic crystalline composite-coated
concrete specimens is shown in Figure 11.

At 50 freeze-thaw cycles, the non-steady-state chloride ion
migration coefficient of silane-free impregnated concrete specimens

increased to 11.46 × 10−12 m2/s, a 18.8% an increase. This indicates
that a certaindegreeof freeze-thawdamageoccurred in the specimens.
When the number of freeze-thaw cycles reached 100, the non-steady-
statechloride ionmigrationcoefficient increasedto13.94×10−12 m2/s,
a 21.6% increase relative to that at 50 cycles. This is because the
cement mortar and fine aggregate on the specimen surface were
severely spalled, and the specimen’s compactness decreased, which
aggravated of the freeze-thaw damage. The chloride ion erosion
resistance of the specimen began to decrease, and the non-steady-
state chloride ion migration coefficient increased. As the number of
freeze-thawcycles increasedto150, twoof thesilane-free-impregnated
concrete specimens fractured, whereas the other specimen did not;
however, it suffered extremely serious freeze-thaw damage, resulting
in a serious decline in its chloride ion erosion resistance. At this
time, the non-steady-state chloride ion migration coefficient of
the specimen increased to 19.29 × 10−12 m2/s, a 38.4% increase
relative to that at 100 cycles.

When the number of freeze-thaw cycles reached 50, the non-
steady-state chloride ion migration coefficient of silane-cementitious
osmotic crystalline composite-coated concrete specimen increases
from 4.41 × 10−12 to 4.87 × 10−12 m2/s, which is due to the
freeze-thaw damage of the cementitious protective layer on the
specimen surface, and chloride ions infiltrate to the interior of the
cementitious layer under the action of the voltage, resulting in an
increase in the non-steady-state chloride ion migration coefficient
of the specimen. When the number of freeze-thaw cycles reaches
100, freeze-thaw damage of the cementitious protective layer further
occurs, and the invading chloride ions gradually increase and begin
to contact the concrete specimen surface; consequently, the non-
steady-state chloride migration coefficient of the specimen increases
to 5.95 × 10−12 m2/s, a 22.2% increase compared with that at the
50 cycles. When the number of freeze-thaw cycles reaches 150, the
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FIGURE 9
Non-steady state chloride migration coefficient of rapid chloride penetration test specimen.

FIGURE 10
The chloride ion penetration depth determination process and the corresponding results.

cementitious protective layer is substantially detached due to freeze-
thaw damage, and chloride ions start to penetrate into the pore
space of the concrete specimen, at which time the chloride ion
migration coefficient enhancement increases, and the non-steady-
state chloride ion migration coefficient of the specimen increases
to 8.42 × 10−12 m2/s, a 41.5% increase. As the number of freeze-
thaw cycles continues to increase, the silane protective film inside the
concretepores is damageddue to repeated freeze-thawcycles, atwhich
time the chloride ions continue to erode into the specimen’s interior
under the action of the voltage, and the non-steady-state chloride ion
migration coefficient reaches 12.36 × 10−12 m2/s, a 46.8% increase.
With increasing chloride ion concentration inside the specimen, deep
silane begins to play a role in chloride ion erosion resistance, and

the chloride ion migration coefficient enhancement trend weakens,
with a 30.3% enhancement.

After 50 freeze–thaw cycles for the non-silane-impregnated
and silane-cementitious penetration crystallisation composite-coated
concrete specimens, the non-silane-impregnated specimens began
to suffer from freeze-thaw damage, and the chloride ion attack
resistance of the specimens began to decrease; the composite-coated
concrete specimens were subjected to freeze-thaw damage in a
portion of the cementitious protection layer area, and the non-
steady-state chloride ion migration coefficient of these specimens
increased to 57.5% comparedwith that of the non-silane-impregnated
specimens. When the number of freeze-thaw cycles increased to
100, the freeze-thaw damage of the concrete specimens without

Frontiers in Materials 10 frontiersin.org

https://doi.org/10.3389/fmats.2025.1627957
https://www.frontiersin.org/journals/materials
https://www.frontiersin.org


Bo et al. 10.3389/fmats.2025.1627957

T
A
B
LE

7
C
h
lo
ri
d
e
ra
p
id

p
en

et
ra
ti
o
n
te
st

re
su

lt
s.

Sp
e
ci
m
e
n
n
u
m
b
e
r

U
/V

T
/o
C

L/
m
m

X
d
/m

m
t/
h

D
R
C
M
/×

10
−
12
 m

2
/s

ΔD
R
C
M
/×

10
−
12
 m

2
/s

SD
/×

10
−
12
 m

2
/s

C
l-B

s-
1

29
.6

20
.9

50
.8

21
.4
0

24
9.
64

9.
65

0.
38

C
l-B

s-
2

30
.3

20
.6

50
.5

21
.7
6

24
10
.0
3

C
l-B

s-
3

29
.2

20
.6

51
.1

19
.3
3

24
9.
27

C
l-S

i+
C
b-
1

35
20
.1

52
.6

9.
31

24
4.
33

4.
41

0.
08

C
l-S

i+
C
b-
2

30
.1

20
.3

52
.2

8.
27

24
4.
49

C
l-S

i+
C
b-
3

35
.3

20
.4

52
.7

9.
57

24
4.
43

ΔD
RC

M
in
di
ca
te
st
he

no
n-
st
ea
dy
-s
ta
te
ch
lo
rid

e
m
ig
ra
tio

n
co
effi

ci
en
tv
al
ue

fo
ra

sp
ec
im

en
gr
ou

p.

silane impregnation was further aggravated, the surface mortar fell
off, and its chloride ion erosion resistance was greatly reduced.
For the silane-cementitious penetration crystallisation composite-
coated concrete specimens, the cementitious protective layer further
suffered from freeze-thaw damage, most of the protective layer area
was detached, and chlorine ion penetration increased. At this time,
the composite-coated concrete specimens were more susceptible to
freeze-thaw damage than those without silane impregnation. The
non-steady-state chloride ion migration coefficient of the composite-
coated concrete specimens decreased to 57.3% compared with that of
the non-silane-impregnated concrete specimens. When the number
of freeze-thaw cycles reached 150, the freeze-thaw damage of the
concrete specimenwithout silane impregnation continued to develop,
and the cracks on the specimen surface decreased the concrete
compactness inside the specimen, which further accelerated the
chloride ion penetration.The silane-cementitious osmotic crystalline
composite-coated concrete specimenwith the cementitious protective
layer basically completes the exfoliation of the chloride ions, which
begin to penetrate into the pore space inside the concrete, and the
non-steady-state chloride ions of the composite-coated specimen
increases at this time. At this time, the non-steady-state chloride
migration coefficient of the composite-coated specimen decreased to
56.3% compared with that of the non-silane-impregnated concrete
specimen. When the number of freeze-thaw cycles reached 200, the
silane protective film of the composite-coated concrete specimen was
also damaged under repeated freeze-thaw erosion; therefore, the non-
steady-state chloride migration coefficient of the composite-coated
concrete specimen significantly increased at this time compared with
that of the pre-freeze-thaw period.

In summary, freeze-thaw damage significantly reduces the
chloride ion erosion resistance of concrete structures, and silane-
cementitious penetration crystals can improve the chloride ion
penetration resistance of concrete structures to a certain extent in a
chloride salt freeze-thaw environment and decrease the chloride ion
erosion speed and depth. The resistance of the silane–cementitious
penetration crystal composite coating in the pre-freeze–thaw
concrete structure to chloride ion erosion was better than that of the
late freeze-thaw structure.

4 Service life prediction of concrete
elements in freeze-thaw
environments with chlorinated salts

4.1 Duracrete concrete structure life
prediction model

Based on multiple influencing factors proposed by Duracrete, a
concrete structure life predictionmodel can be formulated as shown
in Equation 1:

C(x, t) = Csa
[[

[

1− erf
{{
{{
{

x

a√Dat

}}
}}
}

]]

]

(1)

with

Da = DRCM,0kcke(
t0
t
)
n

(2)
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TABLE 8 Chlorine salt freeze-thaw composite test results for concrete specimens.

Freeze-thaw
cycles/times

Specimen number U/V T/°C L/mm Xd/mm DRCM/×10
−12 m2/s ΔDRCM/×10

−12 m2/s

50

Ft+Cl-Bs-50-1 30.3 19.9 49.6 25.51 11.65

11.46Ft+Cl-Bs-50-2 29.9 20.3 49.3 25.32 11.66

Ft+Cl-Bs-50-3 30.1 20.1 48.7 24.56 11.08

Ft+Cl-Si+Cb-50-1 30.1 22.3 52.4 9.17 5.03

4.87Ft+Cl-Si+Cb-50-2 30.3 22.4 52.7 8.58 4.7

Ft+Cl-Si+Cb-50-3 30 22 52.1 8.94 4.89

100

Ft+Cl-Bs-100-1 24.9 21.8 48.8 25.56 14.1

13.94Ft+Cl-Bs-100-2 25.7 22.4 48.6 25.71 13.72

Ft+Cl-Bs-100-3 25.1 22 48.3 25.8 14

Ft+Cl-Si+Cb-100-1 30.3 21 52.1 10.41 5.61

5.95Ft+Cl-Si+Cb-100-2 30.1 21.2 51.8 11.01 5.95

Ft+Cl-Si+Cb-100-3 30.1 21.1 52 11.62 6.3

150

Ft+Cl-Bs-150-1 24.9 19.4 48.2 34.96 19.29 19.29

Ft+Cl-Si+Cb-150-1 30.1 22.3 50.7 15.87 8.42

8.42Ft+Cl-Si+Cb-150-2 30 22 50.3 16.04 8.46

Ft+Cl-Si+Cb-150-3 29.9 22.1 49.9 15.91 8.36

200

Ft+Cl-Si+Cb-200-1 25.1 20.4 49.8 19.96 12.57

12.36Ft+Cl-Si+Cb-200-2 30.3 20 49.6 23.65 12.09

Ft+Cl-Si+Cb-200-3 25 20 49.3 19.83 12.4

250
Ft+Cl-Si+Cb-250-2 20.2 22.3 48.7 20.18 15.88

16.11
Ft+Cl-Si+Cb-250-3 25.1 22.1 48.9 26.27 16.34

where DRCM,0 is the conservation age at t0. The non-steady-state
chloride migration coefficient at t0 is usually taken as 28 d ke is an
environmental impact factor (Table 9); kc is a concrete curing factor
(see Table 10); and n is an age factor (see Table 11).

4.2 Duracrete concrete structure life
prediction model modification

According to the results shown in Figure 11, the non-steady-
state chloride migration coefficients of both specimen groups are
directly proportional to the number of freeze-thaw cycles, and
the rate of increase gradually accelerates. This trend is similar
to the change rule of the mass loss rate and relative dynamic
elastic modulus obtained in the rapid freeze-thaw test, showing the
mathematical characteristics of the exponential function.Therefore,

the exponential function mathematical model in Equation 3 was
adopted to show themathematical relationship between the number
of freeze-thaw cycles and the non-steady-state chloride migration
coefficient of the specimen:

DRCM(N) = DRCM,0e
λN (3)

where DRCM(N) is the non-steady-state chloride migration
coefficient after N freeze-thaw cycles (×10−12 m2/s); DRCM,0 is the
non-steady-state chloridemigration coefficient (×10−12 m2/s) before
freeze-thaw cycling; e is a natural constant; λ is a fitting coefficient;
and N is the number of freeze-thaw cycles (times).

The data were fitted using the exponential function model
described above and the fitting coefficients λ for the two concrete
specimen groups were obtained, as presented in Table 12.

The Duracrete life prediction model for concrete structures
reflects the intrinsic chloride diffusion coefficient patterns over
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FIGURE 11
Non-steady-state chloride ion migration coefficient.

FIGURE 12
Predicted life of concrete structures considering freeze-thaw damage.

TABLE 9 Environmental impact factor ke.

Gelling material Underwater zone Tidal zone Atmosphere

Portland cement 1.32 0.92 0.65

Mineral powder 3.88 2.70 1.98

time. To effectively correlate this model with the number of
concrete freeze-thaw cycles and the non-steady-state chloride
migration coefficient, an accurate relationship between the number
of rapid freeze-thaw test cycles and time needs to be established to
provide a more comprehensive and accurate theoretical support for
concrete structural durability assessment. Two parameters need to

be considered: (i) the ratio between the number of indoor rapid
freeze-thaw test cycles and the actual number of natural freeze-thaw
cycles and (ii) the number of natural freeze-thaw cycles per year in
the region.

In the indoor rapid freeze-thaw test, the degree of freeze-thaw
damage experienced by concrete was significantly exacerbated by
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TABLE 10 Concrete conservation factors kc.

Conservation time (d) 1 3 7 28

Conservation factor kc 2.08 1.50 1.00 0.79

the accelerated test conditions, as the temperature increasing and
decreasing rate far exceeded the freeze-thaw cycling rate under
natural conditions. Additionally, the degree of damage caused
to concrete by a single indoor rapid freeze-thaw test cycle far
exceeds the effects of a single freeze-thaw cycle in real engineering
applications. This difference must be considered when assessing the
durability and predicting the service life of concrete structures.

Lin (2004) conducted a detailed investigation of the endurance
service life of buildings in Tianjin, Dalian, and Shandong provinces
inChina using an indoor freeze-thaw cycle test.The results show that
one indoor rapid freeze-thaw test cycle in Shandong is equivalent to
11.9–17.2 freeze-thaw cycles in the natural environment, in which
the scaling factor in Yantai City, Shandong Province, is 11.9. Taking
Yantai City as an example, the scaling factor S between the number
of indoor rapid freeze-thaw test cycles and the number of natural
freeze-thaw cycles is set to 11.9 in the correction model.

China’s specification for determining the number of annual
freeze-thaw cycles of the actual engineering location includes the
average daily temperature in a year below −3°C, the number of
predetermined water level rise and fall, the actual engineering
local temperature in a year from 3°C to −3°C and then back
to 3°C, and meteorological data records. Zhong et al. (2016)
reported the annual average number of natural freeze-thaw cycles
in various parts of China; for example, this number in Shandong
Province is approximately 100. Accordingly, in the revised model,
the annual number of natural freeze-thaw cycles was set to 100 in
Shandong Province.

The relationship between S and the number of natural freeze-
thaw cycles per year in the area where the actual project is located
Ny is shown in Equation 4:

NFt =
Ny

S
(4)

Thus, the relationship between the non-steady-state chloride
migration coefficient and the concrete structure’s age considering
freeze-thaw damage is shown in Equation 5:

D(Ft+ t) = DRCM,0e
λNFtt (5)

Combined with Equation 2, the relationship for the non-steady-
state chloridemigration coefficient, accounting for both freeze-thaw
damage and curing age corrections of the concrete structure, is
derived and expressed as Equation 6:

D(Ft+ t) = DRCM,0e
λNFttkcke(

t0
t
)
n

(6)

4.3 Service life prediction for concrete
elements

The service life of silane-cementitious osmotic crystalline
composite-coated concrete structures in actual engineering

environments in Yantai City was simulated using the mathematical
equation obtained from the modified fitting. The predicted
service life calculation results for concrete structures in each
region considering freeze-thaw damage are presented in
Table 13 and Figure 12.

As shown in Figure 12, the lifespan improvement varies across
different environmental regions. Specifically, the service life of
silane-cementitious osmotic crystalline composite-coated concrete
improved by 44.4%, 59.7%, and 162.6% in the underwater, tidal,
and atmospheric regions, respectively. These results demonstrate
that silane-cementitious osmotic crystalline composite coatings
significantly increase the service life of concrete structures in freeze-
thaw damage environments.

5 Conclusion

In this study, the effects of silane-cementitious osmotic
crystallisation composite coatings on the antifreeze performance
of concrete structures, the resistance to chloride ion erosion
and penetration, and the service life of concrete under
chloride salt freeze-thaw environments were systematically
investigated. For these purposes, rapid freeze-thaw cycling
tests, rapid chloride ion penetration tests, and chlorine salt
freeze-thaw composite tests were conducted. Based on the
results, the main conclusions of this study can be summarized
as follows:

(1) Silane-cementitious osmotic crystalline composite coatings
can significantly reduce the quality loss of concrete
structures owing to freeze-thaw damage, delay the time
node of freeze-thaw damage to concrete structures, and
the effect during the early stages is better than that during
the late stages.

(2) Owing to the dual protection of the cementitious
protective layer and the silane-impregnated protective film,
the non-steady-state chloride ion migration coefficient
of the silane-cementitious penetration crystallisation
composite-coated concrete specimens decreased by 54.3%
compared with that of the concrete specimens without
silane impregnation. The composite coating effectively
improves the chloride ion attack resistance of concrete
structures.

(3) Freeze-thaw damage significantly reduces the chloride ion
erosion resistance of concrete structures, whereas silane-
cementitious penetration crystallisation composite coatings
can significantly improve the chloride ion penetration
resistance of concrete structures under chloride salt freeze-
thaw cyclic environments and decrease the chloride
ion erosion speed and depth. The silane-cementitious
penetration crystalline composite coating was more effective
in improving the chloride ion erosion resistance of concrete
structures in the pre-freeze–thaw period than in the
post-freeze–thaw period.

(4) The mathematical relationship between the number of freeze-
thaw cycles and the non-steady-state chloride migration
coefficient was used to modify the Duracrete concrete
structural life prediction model. Using the modified model,
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TABLE 11 Age index n.

Gelling material Portland cement Coal ash Mineral powder Silica fume

Underwater zone 0.30 0.69 0.71 0.62

Tidal zone 0.37 0.93 0.60 0.39

Atmosphere 0.65 0.66 0.85 0.79

TABLE 12 Fitting coefficients λ for each specimen group.

Specimen type λ DRCM,0 Fitting formula R2

Concrete specimens without silane impregnation 0.00438 9.65 DRCM(n) = 9.65 · e0.00438n 0.966

Composite-coated concrete specimens 0.00505 4.41 DRCM(n) = 4.41 · e0.00505n 0.965

TABLE 13 Predicted life of concrete structures considering freeze-thaw damage.

Concrete type Environment type Cd
c/% Cd

s /% DRCM,0/ × 10−12 m2/s Predicted life/years

Silane-free-impregnated concrete

Underwater zone 1.98 5.62 9.65 21.6

Tidal zone 0.75 4.24 9.65 15.9

Atmosphere 0.19 1.40 9.65 25.7

Composite-coated concrete

Underwater zone 1.98 5.62 4.41 31.2

Tidal zone 0.75 4.24 4.41 25.4

Atmosphere 0.19 1.40 4.41 67.5

the service life of silane-cementitious osmotic crystalline
composite-coated concrete structures considering freeze-
thaw damage was calculated. The results show that the
silane-cementitious osmotic crystalline composite coating
significantly improves the service life of concrete structures
under freeze-thaw damage and satisfied the durability
performance requirements of concrete structures under
freeze-thaw conditions.
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