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Abstract

Self-compacting concrete (SCC) is widely adopted in complex structural engineering due
to its excellent flowability and filling capacity. However, in harsh corrosive environments,
its complex internal pore structure can easily serve as a preferential pathway for the
transport of aggressive media, leading to durability deterioration. This study systematically
investigates the effects of chemical attack inhibitor (CAI) on the workability, mechanical
properties, sulfate attack resistance, and chloride ion penetration resistance of SCC. The
micro-mechanisms governing pore structure evolution are elucidated using low-field
nuclear magnetic resonance (LF-NMR) and X-ray computed tomography (X-CT). At a
CAIl dosage of 2%, the fresh SCC exhibits a slump of 260 mm and slump flow of 720 mm,
indicating excellent filling and gap-passing abilities. Meanwhile, the compressive strengths
at3d, 7 d, and 28 d remain at a high level. After 120 sulfate wet-dry cycles, the strength
loss rate is only 8.4%, with an erosion resistance coefficient exceeding 90%. In addition,
the resistance to chloride ion penetration is significantly improved, with an electric flux of
only 1331 C, which is considerably lower than that of the control group (1637 C). At the
optimal dosage of CAl, the concrete exhibits a dense and uniform internal structure devoid
of macroscopic defects or cracks, with minimized porosity, thus synergistically enhancing
the resistance to sulfate attack and chloride attack. On the contrary, further increasing the
CAI dosage markedly intensifies the inhibitory effect of organic components on cement
hydration, leading to increased early-age defects and enhanced pore connectivity. Thus,
an appropriate amount of CAI can effectively improve the overall performance of SCC,
providing a solid experimental basis and theoretical support for its engineering application
in harsh corrosive environments.

Keywords: self-compacting concrete; chemical attack inhibitor; sulfate attack; chloride ion
penetration; pore structure

1. Introduction

Self-compacting concrete (SCC) is a typical special concrete that can flow and compact
under its own weight without external vibration due to its excellent flowability, gap-passing
ability, and segregation resistance, which has been widely used in engineering sections
with dense reinforcement and complex structures [1]. In addition, the reduced reliance
on mechanical vibration in SCC placement contributes to lower labor costs, enhanced
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construction quality, and improved operational safety [2]. Nevertheless, there are also
limitations in the engineering application of SCC, including the high sensitivity of mix
design to raw materials, the difficulty of quality control in the production process, and the
strict adaptability requirements of admixtures and cementitious materials.

With the construction of engineering facilities gradually extending to harsh environ-
ments such as deep-sea areas, industrial corrosion areas, and high saline soil regions, the
durability of SCC has attracted much attention as a key factor affecting its long-term ser-
vice [3]. To achieve high fluidity and segregation resistance, SCC usually adopts a high
paste-to-aggregate ratio. However, the compositional strategy results in a complex internal
pore structure characterized by numerous connected pores and capillary channels [4,5].
Aggressive components can easily enter the concrete through capillary infiltration and
diffusion with water as the carrier, which leads to the decomposition of hydration products,
the deterioration of the interface transition zone, and the acceleration of steel corrosion,
ultimately causing cracking, strength loss, and even structural failure [6]. Therefore, im-
proving the durability of SCC in aggressive environments has become an urgent scientific
and engineering problem.

Reducing the water-to-binder ratio can improve concrete compactness, thereby im-
proving its corrosion resistance [7]. However, an excessively low water-to-binder ratio may
exacerbate autogenous shrinkage and concentrate early-age hydration heat, increasing the
risk of cracking [8,9]. Mineral admixtures can also improve corrosion resistance to some ex-
tent through pozzolanic and micro-filling effects, but they often exhibit slow early strength
development and limited capacity to block connected pores [10-12]. The apparent chloride
diffusion coefficient of SCC cured for 180 d in a high-salinity environment can be reduced
by 50.83-54.40% compared with the reference group, which is attributed to the physical
filling effect and pozzolanic activity of nano-silica that optimizes the interfacial transition
zone and promotes the formation of C-5-H gel, thereby blocking chloride penetration
channels [13]. Rahul et al. [14] demonstrated that metakaolin reduces mass fluctuations
and compressive strength loss in SCC subjected to sulfate attack, with the sulfate resistance
outperforming that of pure copper slag, reference, and combined silica fume groups. Zhang
et al. [15] prepared concrete using a ternary mineral admixture of iron tailings powder, fly
ash, and lithium slag as a cement replacement. When the cement replacement rate was 20%,
and the water-to-binder ratio was 0.42, the acid corrosion resistance improved. In a simu-
lated saline soil environment, ordinary slag exhibited better resistance than fly ash, while
ultrafine slag achieved high durability under short-term steam curing, though its later-age
performance improvement was inferior to that of ordinary slag [16]. The incorporation of
limestone powder can not only reduce the chloride diffusion coefficient of SCC, but also
improve slurry consistency and segregation resistance [17,18]. However, the protective
effect of limestone powder against steel corrosion in a seawater environment is limited, and
it needs to be used with corrosion inhibitors to achieve long-term protection [19]. Therefore,
filling alone can only delay the ingress of the aggressive media into the matrix, and cannot
fundamentally block the transport pathways at the source.

To overcome the shortcomings of traditional modification methods, researchers have
begun exploring the application of organic hydrophobic admixtures and chemical erosion
inhibitors in concrete. Cai et al. [20] studied the effect of internally mixed nano-hydrophobic
admixture on the resistance to chloride corrosion. The admixture reduced the water
absorption rate by more than 78% during capillary water uptake and impeded chloride
ion transport. Liu et al. [21] prepared a hydrophobic mortar suitable for harsh engineering
environments using ordinary Portland cement together with a hydrophobic agent. When
the dosage of hydrophobic agent was 5%, the water absorption was reduced by 68.6%,
the water loss rate was reduced by 27.3%, and both mass loss and linear expansion rates
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were greatly reduced, indicating that the hydrophobic agent can effectively slow water
migration and reduce the sulfate attack. Gao et al. [22] developed a hydrophobic agent
relatively stable in acid, alkali, and salt solutions, which can reduce water absorption and
desorption rates of mortar and decrease the penetration of sulfate. Through hydrophobic
interaction and pore structure refinement, the durability of mortar is improved. However,
most existing studies focus on ordinary concrete, with systematic research on SCC lacking,
and the multi-scale mechanism by which chemical erosion inhibitors regulate pore structure
evolution remains unclear.

Based on the above, this study systematically investigates the influence of chemical
attack inhibitor (CAI) on the workability, mechanical properties, and sulfate/chloride
erosion resistance of SCC. By integrating LFE-NMR and X-CT, the multi-scale regulation
mechanism of CAI on pore structure is revealed. The findings are expected to provide a
theoretical basis and experimental support for the engineering application of CAI in SCC
serving in harsh corrosive environments, thereby promoting the continuous improvement
of the long-term service performance of SCC.

2. Experimental Section
2.1. Materials

Ordinary Portland cement (P-152.5 grade) was produced by Qingdao Shanshui Inno-
vation Cement Co., Ltd., (Qingdao, China). Its initial and final setting times are 188 min and
267 min, respectively. Class F fly ash (Grade I) was supplied by a power generation com-
pany in Qingdao, with an ignition loss of 0.84% and a specific surface area of 343 m? /kg.
Ground granulated blast-furnace slag (S95 grade, a specific surface area of 415 m?/kg)
was obtained from Qingdao Runyi Fengtai New Material Technology Co., Ltd., (Qingdao,
China). The chemical compositions of the cementitious materials are presented in Table 1.
Crushed basalt gravel with particle sizes of 5-10 mm and 10-15 mm was used as coarse
aggregate. Fine aggregate was natural river sand (Zone II) sourced from Hebei Province. A
polycarboxylate-based superplasticizer (PCA®-I) was manufactured by Jiangsu Subote New
Materials Co., Ltd., (Nanjing, China), with a solid content of 20% and a water-reducing rate
of approximately 28%. CAI was also produced by Jiangsu Subote New Materials Co., Ltd.,
(Nanjing, China). Its inorganic phase consists primarily of amorphous nano-silica, while
the organic phase is composed of a polycarboxylic acid hydrophilic polymer. The main
performance indicators are as follows: solid content of 15 wt%, density of 1.05 g/cm? at
20 °C, pH of 7.5, primary particle size of nano-silica ranging from 15-40 nm, and emulsion
dispersion particle size of 50-180 nm (D5 ~ 90 nm).

Table 1. Chemical composition of cementitious materials (Wt%).

Oxide A1203 CaO F8203 Kzo MgO Na20 503 SiOz TiOz
P.152.5 4.20 63.63 3.89 0.38 2.15 0.34 2.05 17.37 0.26
Fly ash 41.56 4.16 4.93 0.67 0.42 0.012 0.78 43.45 1.85
Slag powder 17.51 39.63 0.34 0.37 743 0.33 2.04 31.0 0.61

2.2. Mix Proportion of Self-Compacting Concrete

The reference mix proportion of SCC is shown in Table 2, where the total amount of
cementitious materials is 480 kg/ m?3, and the sand ratio is 40%. The cementitious material
is composed of cement (264 kg/m3), fly ash (120 kg/m?), and slag powder (96 kg/m?). The
aggregates are 720 kg/m? of sand and 1080 kg/m?3 of gravel, in which the mass ratio of
5-10 mm and 10-15 mm gravel is 0.15:0.85. CAI was incorporated by partially replacing
the mixing water, at dosages of 2%, 3%, 4%, 5%, and 6% by mass of the cementitious
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material, and the corresponding test groups were designated CAI-2, CAI-3, CAl-4, CAL5,
and CAI-6, respectively.

Table 2. Mix proportion of SCC (kg/ m?3).

Group Cement  Fly Ash Slag Powder  Fine Aggregate Coarse Aggregate Water CAI
CAI-0 264 120 96 720 1080 158 0

CAI-2 264 120 96 720 1080 148.4 9.6
CAI-3 264 120 96 720 1080 143.6 144
CAI4 264 120 96 720 1080 138.8 19.2
CAI-5 264 120 96 720 1080 134 24.0
CAI-6 264 120 96 720 1080 129.2 28.8

2.3. Specimen Preparation and Curing

The gravel, sand, and part of the water were first placed into the mixer for 30 s.
Subsequently, the cementitious material, remaining water, superplasticizer, and CAI were
added, and mixing continued for 120 s. The mixer was then stopped for 90 s, followed by a
final mixing stage of 60 s. The fresh mixture was immediately tested for workability and
then cast into molds. After compaction on a vibrating table, the specimens were covered
with plastic film to prevent water evaporation. They were kept at room temperature for 24 h
before demolding and then transferred to a standard curing room maintained at 20 £ 2 °C
and a relative humidity of >95% until the designated testing ages.

2.4. Characterization

The slump flow and J-ring flow of fresh concrete were tested in accordance with Techni-
cal Specification for Application of Self-Compacting Concrete (JGJ /T 283-2012) to evaluate filling
ability and passing ability [23]. Compressive strengths of 100 mm x 100 mm x 100 mm
cubic specimens cured for 3 d, 7 d, and 28 d were determined according to Standard for
Test Methods of Physical and Mechanical Properties of Concrete (GB/T 50081-2019) [24]. Sulfate
attack tests were carried out using the wet-dry cycling method specified in Standard for Test
Methods of Long-Term Properties and Durability of Ordinary Concrete (GB/T 50082-2024) [25].
After 28 d of curing, specimens (100 mm x 100 mm X 100 mm) were subjected to cy-
cles consisting of immersion in 5% Na;SO; solution for 16 h, air-dried naturally for 1 h,
dried at 80 °C for 6 h, and finally cooled for 1 h. Each complete cycle lasted 24 h. After
120 cycles, the compressive strength erosion resistance coefficient was measured to evaluate
the sulfate resistance of concrete. According to GB/T 50082-2024, the rapid chloride ion
permeability (electric flux) within 6 h was determined using cylindrical specimens (100 mm
in diameter, 50 mm in height) cured for 28 d. Three parallel samples were used to test the
compressive strength, electric flux, and sulfate attack performance, and the results were
averaged. Low-field nuclear magnetic resonance (LF-NMR) was employed to analyze the
pore water distribution and internal pore structure characteristics of concrete at different
ages. Before testing, specimens were processed into cylinders of 20 mm in diameter and
20 mm in height, fully saturated, and then tested to obtain the transverse relaxation time
(T2) spectrum measurements. The cube specimens (30 mm x 30 mm x 30 mm) were cast
directly, solidified, and cured to 3d, 7 d, 14 d, and 28 d for X-CT scanning. The internal pore
structure was characterized by three-dimensional reconstruction and image processing.

3. Results and Discussion
3.1. Workability

Figure 1 shows the slump, slump flow, J-ring flow, and pass ability (PA) value of fresh
concrete under different CAI dosages. As shown in Figure 1a, the slump of all mixtures
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is maintained between 240 mm and 260 mm through adjustment of the superplasticizer
dosage, ensuring comparable basic fluidity across groups. The slump flow initially increases
and then decreases with increasing CAI dosage (Figure 1b). When the dosage of CAl is 2%,
the slump flow reaches the maximum value of 720 mm, which is significantly higher than
that of CAI-0, indicating that the addition of an appropriate amount of CAI can effectively
improve the fluidity of fresh concrete. The improvement is mainly due to the fact that the
organic carboxylic ester polymer component in CAI has a certain water-reducing dispersion
effect. Its adsorption on the surface of cement particles can reduce the frictional resistance
between particles and release more free water to participate in the flow. However, when
the CAI dosage exceeds 2%, the overall expansion degree shows a downward trend. The
slump flow of CAI-6 is reduced to 525 mm, which is due to the fact that the equal-mass
replacement of water by CAI reduces the free water dosage in the mixture. At the same
time, the nanomaterials in CAI tend to agglomerate at higher dosages, increasing the
viscosity of the cement paste and raising flow resistance. The trend of J-ring flow shown in
Figure 1c is basically consistent with the trend of slump flow. The J-ring flow of CAI-0 is
550 mm, and that of CAI-2 is increased to 700 mm, indicating that an appropriate amount
of CAI can significantly improve the gap-pass ability of SCC. As the dosage continues
to increase, the J-ring flow gradually decreases, and the decrease is more obvious than
that of slump flow. This indicates that under constrained conditions, the dual effects of
CAI on the increase of slurry viscosity and the decrease of free water are more prominent,
leading to a greater impairment of the concrete’s ability to pass through narrow gaps. It
can be seen from Figure 1d that the PA value of CAI-0 is 75 mm. All CAl-containing groups
exhibited significantly lower PA values, further confirming that CAI has a stronger impact
on concrete fluidity under restricted flow conditions.
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Figure 1. Influence of CAI dosage on workability of SCC.
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3.2. Compressive Strength

Figure 2 presents the effect of CAI dosage on the compressive strength of SCC at
different curing ages. With the extension of the curing age, the compressive strength at
different ages shows an upward trend, indicating progressive cement hydration and the
gradual filling of pore space by hydration products. At the ages of 3d, 7 d, and 28 d,
the compressive strength of the test blocks shows a continuous downward trend with the
increase of CAI dosage, indicating that the incorporation of CAI has an adverse effect on
the mechanical properties. When the curing age is 3 d, the compressive strengths of all CAI-
containing groups are significantly lower than that of CAI-0, highlighting a pronounced
inhibitory effect of CAI on early-age cement hydration. This is mainly due to the adsorption
of organic carboxylate polymers in CAI on the surface of cement particles to form a coating
layer, which hinders the initial contact reaction between cement and water. In addition, the
equal-mass replacement of water by CAl leads to a decrease in the actual free water dosage
in the system, further delaying the hydration process [26]. At 7 d of curing, the compressive
strengths of all CAl-containing groups are significantly lower than that of CAI-0. The
strength gap between the reference group and the CAI groups narrows compared with
that at 3 d, indicating that with the extension of curing age, the encapsulation effect of
organic components in CAI on cement particles gradually decreases, and the inhibition
effect on cement hydration gradually weakens. At the same time, with the continuous
formation of hydration products, the ion concentration and pH value in the system increase,
which further promotes the hydration reaction of unhydrated cement particles [27]. When
the curing age is 28 d, the compressive strengths of CAl-containing specimens are still
significantly lower than those of CAI-0. This is due to early-stage microstructural defects,
such as loosely packed hydration products, which evolve into weak zones within the
hardened paste. These defects cannot be fully compensated by later hydration, thereby
restricting the full development of long-term strength.
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Figure 2. Influence of CAI dosage on compressive strength of SCC.

3.3. Sulfate Attack Resistance

The compressive strength of SCC with different CAI dosages after 120 d standard
curing and after exposure to sulfate dry-wet cycles is shown in Figure 3a. Under standard
curing conditions, the compressive strength continues to decline with the increase of CAI
dosage. The compressive strength of CAI-0 achieves the highest compressive strength of
75.8 MPa, whereas CAI-6 is only 54.6 MPa. After 120 sulfate dry-wet cycles, the compres-
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sive strength of CAI-0 decreases to 52.1 MPa, reflecting that the ordinary SCC suffers severe
damage under sulfate attack. This deterioration is attributed to the reaction of sulfate ions
with Ca(OH); and aluminate phases in cement hydration products, forming expansive
products, which leads to the accumulation of internal expansion stresses that cause mi-
crocrack propagation and ultimately impair mechanical performance [28]. In contrast, all
CAl-containing groups exhibit relatively smaller reductions in compressive strength after
sulfate exposure, demonstrating that the addition of CAI effectively enhances the sulfate
resistance of SCC. Notably, CAI-2 retains a high compressive strength after 120 cycles, with
a strength loss rate of only 8.4%, which is significantly better than that of the CAI-0.
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(a) Compressive Strength (b) Erosion Resistance Coefficient
Figure 3. Influence of CAI on sulfate erosion resistance of SCC.

Figure 3b presents the erosion resistance coefficient of compressive strength with differ-
ent CAI dosages after 120 sulfate dry-wet cycles. The CAI-0 has a coefficient of only 68.7%
after 120 cycles, confirming that ordinary SCC is highly susceptible to deterioration under
sulfate attack. In comparison, all CAl-containing groups exhibit coefficients exceeding 80%,
with CAI-2 reaching over 90%. This marked improvement indicates that CAI significantly
enhances the sulfate resistance of SCC. The organic carboxylic ester polymer in CAI forms
a hydrophobic layer on the inner wall of pores and on the surface of hydration products,
which significantly reduces water absorption, thereby blocking the contact between sulfate
ions and the internal aluminum phase and Ca?*, inhibiting the formation of expansive
products from the source [29-31]. At the same time, the organic components may consume
part of the free Ca?* through complexation, further reducing the thermodynamic driving
force for erosion reaction. In addition, the nanomaterials in CAI can effectively fill the
pores and improve the compactness of the matrix, thereby inhibiting the diffusion and
transmission of sulfate ions.

3.4. Chloride Ion Permeability Resistance

As shown in Figure 4, the electric flux of CAI-0 is the highest at 1630 C, reflecting that
the ordinary SCC has high chloride ion permeability. When CAl is added, the electric flux
decreases, indicating that the addition of CAI can improve the resistance to chloride ion
penetration. This can be attributed to the fact that the organic carboxylic ester polymer
in CAI can form a hydrophobic film on the surface of cement hydration products and
the inner wall of pores, which can significantly change the wettability and surface charge

https://doi.org/10.3390/mal9132697


https://doi.org/10.3390/ma19132697

Materials 2026, 19, 2697

8 of 15

characteristics of pores, thereby increasing the tortuosity and resistance of directional
migration of chloride ions under the action of an electric field [32]. At the same time, the
nanomaterials in CAI can exert a micro-filling effect, filling in the pores and tiny voids and
physically blocking ion transport pathways. However, with the increase of CAI the electric
flux decreases first and then increases, which is mainly due to the more serious influence of
excessive CAI on the hydration reaction of cement, resulting in the gradual increase of its
electric flux. Though the ion composition of the pore solution and the conductivity of the
hydration product can affect the electric flux, the electric flux cannot be completely equal to
the chloride ion migration rate in the real natural environment. However, this method is
simple to operate and has a short test period, which can be effectively used for the relative
comparison of chloride ion penetration resistance of concrete with different mix ratios.
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Figure 4. Influence of CAI dosage on electric flux of SCC.

3.5. Low-Field Nuclear Magnetic Resonance

The T, spectra obtained from LE-NMR of SCC with different CAI dosages at various
curing ages are shown in Figure 5. The main peak of the T, spectrum of each group is
located in the region with relaxation time below 10 ms, indicating that the pore structure
is predominantly composed of gel pores and fine capillary pores. With the exception of
CAI-2, the other groups have obvious peaks in the relaxation time range exceeding 1000 ms,
indicating that there are macro defects such as microcracks, large bubbles, or loose zones
within the interfacial transition zone. The inhibition of organic components in CAI on the
early-age hydration of cement leads to insufficient hydration products, which makes it
difficult to effectively fill the initial accumulation gap. At the same time, the replacement of
water by CAl increases the viscosity of the fresh paste, potentially hindering the release
of entrapped air bubbles during mixing and leading to the retention of large pores. With
the extension of curing age, the main peak of the T, relaxation spectrum of the same CAI
dosage group shows a significant left shift trend, and the peak area gradually decreases,
reflecting the refinement effect of cement hydration on pore structure. At 3 d, the CAI-2
specimens display an additional peak in the range of 100-1000 ms, indicating that there are
a certain number of mesopores in the specimens. With the extension of curing age to 7 d
and 14 d, the mesopore peak gradually shifts leftward, and the peak intensity decreases
synchronously, indicating that the mesopores are gradually filled or refined into smaller
pores by hydration products. At 28 d, the T, spectrum of the CAI-2 only retains a single
main peak in the region where the relaxation time is less than 10 ms, corresponding to the
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inherent gel pores of the C-S-H gel. Macropores and mesopores inside the CAI-2 specimens
have substantially disappeared, and the pore structure becomes dense and uniform. In
contrast, for groups with higher CAI dosages, the leftward shift of the T, spectra with
increasing curing age is less pronounced, and additional peaks persist even at 28 d. This
indicates that excessive CAl retards hydration to a greater extent, leading to a less refined
pore structure with residual larger pores. Overall, as the hydration reaction advances, the
continuous generation of hydration products fills the initial pore space, transforming the
pore structure from coarse to fine and from interconnected to isolated, thereby improving
the compactness of the hardened paste [33].
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Figure 5. Low-field NMR spectra of SCC with different CAI dosages.

3.6. X-CT

To further elucidate the spatial distribution characteristics of the internal pore structure
of SCC with varying CAI dosages, X-CT was employed to perform three-dimensional
scanning and reconstruction of hardened specimens at different curing ages (3d, 7 d, and
28 d). The reconstructed images for CAI dosages of 2%, 3%, 4%, 5%, and 6% are shown
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in Figures 6-10, respectively. A distinct relationship between CAI dosage and internal
compactness, as well as a synergistic effect with curing age, was observed. Among all
groups, the CAI-2 specimens exhibit the highest structural compactness at each curing age.
At 3 d, only a few dispersed micropores can be observed, with no interconnected pores
or microcracks. By 28 d, the internal pores have been continuously filled and refined by
hydration products, resulting in a dense, homogeneous structure free of macroscopic defects
or pore clustering. In contrast, the CAI-3 displays anomalous structural characteristics.
At 3 d and 7 d, a large number of interconnected pores and microcracks are present, with
disordered and aggregated pore distribution. When the CAI dosage is 3%, the organic
carboxylic acid polymer is adsorbed to form a saturated, dense coating on the surface of the
cement particles, which seriously delays early hydration, resulting in insufficient hydration
products of the matrix and a sharp increase in pore connectivity. When the dosage exceeds
3%, the increase in the total amount of nano-silica makes its filling and pozzolanic effect
gradually dominant, and the performance shows a relatively rebound. The dosage effect

has been further discussed in the supplementary analysis.

Figure 6. X-CT Image of SCC with 2% CAI dosage.

Figure 7. X-CT Image of SCC with 3% CAI dosage.
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Figure 8. X-CT Image of SCC with 4% CAI dosage.

Figure 9. X-CT Image of SCC with 5% CAI dosage.

Figure 10. X-CT Image of SCC with 6% CAI dosage.

Figure 11 presents the porosity evolution of each group at different curing ages.
Porosity decreases continuously with age for all mixtures, indicating ongoing pore filling
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by hydration products. At a CAI dosage of 2%, porosity drops from 1.16% at 3 d to 1.09%
at 28 d. Although the reduction is modest, the absolute porosity remains the lowest among
all groups at each age. When CAI dosage increases to 3%, porosity increases to over 2.2%,
significantly higher than other groups at the same ages. Further increases in CAI dosage
result in porosities of approximately 1.5%, which are still higher than that of the CAI-2
group. The abnormally high porosity of the 3% dosage group at all ages deserves special
attention. This is likely due to a critical inhibition effect of CAI on cement hydration at
this specific dosage, coupled with possible poor dispersion of the admixture, leading to
the formation of numerous interconnected pores in the early stage that could not be fully
refined later. In summary, at an optimal CAI dosage of 2%, the organic carboxylic ester
polymer forms a hydrophobic film on hydration product surfaces, while the nanomaterials
provide a micro-filling effect that refines the pore structure. Moreover, at this dosage, the
inhibitory effect of CAI on cement hydration is weak, allowing continuous generation
of hydration products. As curing progresses, the internal structure of concrete gradually
becomes denser, thereby significantly improving resistance to both sulfate attack and
chloride ion penetration. However, when the CAI dosage exceeds a certain threshold, the
inhibitory effect becomes pronounced, leading to increased early-age defects and enhanced
pore connectivity. Even with prolonged curing, the high porosity and pore connectivity
cannot be fully compensated, resulting in degraded durability.
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Figure 11. Porosity of SCC with different CAI dosages at various ages.

Figure 12 presents the pore size distribution curves of SCC with different CAI dosages
at 28 d. For all groups, pores are predominantly concentrated in the small pore range
of 0-0.2 mm. Among them, the CAI-2 group exhibits the highest proportion of fine
pores. The cumulative proportion of pores with diameters of 0-0.1 mm and 0.1-0.2 mm
exceeds 88%, while the proportion of harmful mesopores and macropores is the lowest. In
contrast, the CAI-3 group shows a marked decrease in the proportion of fine pores and
a significant increase in harmful pores, confirming that this dosage exceeds the critical
hydration inhibition threshold, leading to coarsening of the matrix pores. For CAI dosages
of 4-6%, the proportion of fine pores gradually increases with increasing CAI dosage,
indicating a certain improvement in pore structure, though the overall refinement remains
inferior to that of the CAI-2 group. The pore size distribution is highly consistent with
the macroscopic performance trends, demonstrating that refining the pore structure by
reducing the proportion of harmful pores is the key mechanism by which CAI enhances
the corrosion resistance of SCC. The triple synergistic effect of CAI can significantly refine
the pore structure of SCC and reduce the proportion of harmful pores, thereby greatly
improving its durability [34].
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Figure 12. Pore distribution of SCC with different CAI dosages at 28 d.

4. Conclusions

This study systematically investigated the effects of CAI on the workability, mechanical
properties, sulfate attack resistance, and chloride ion penetration resistance of SCC. By
combining LF-NMR and X-CT techniques, the multi-scale regulatory mechanism of CAI on
pore structure evolution was revealed. When the CAI dosage was 2%, the slump flow and
J-ring flow reached 720 mm and 700 mm, respectively, which were significantly higher than
those of other groups. The addition of CAI reduced compressive strength at all curing ages
due to the inhibitory effect of organic components on cement hydration and the reduction
in free water dosage. However, CAl significantly enhanced the sulfate resistance of SCC.
After 120 wet-dry cycles, CAI-2 exhibited a strength loss rate of only 8.4%, and the erosion
resistance coefficient exceeded 90%, whereas CAI-0 suffered severe deterioration (coefficient
68.7%). At 2% CAl, the pore structure became dense and uniform, with mainly gel pores
and fine capillary pores, and no macroscopic defects were observed at 28 d. Higher
CAI dosages caused abnormal pore coarsening, increased connectivity, and persistent
microcracks due to strong inhibition of hydration and insufficient hydration products. In
summary, an appropriate amount of CAI improved the comprehensive performance of
SCC by synergistically combining hydrophobic film formation and nano-filling, whereas
excessive CAl impaired hydration and durability. This work provides a solid experimental
basis and theoretical support for the engineering application of CAI in SCC exposed to
aggressive environments.

Author Contributions: Conceptualization, T.W. and Y.W.; methodology, ] W. and F.Z.; validation,
FZ. and G.L,; investigation, G.L. and R.X.; writing—original draft preparation, JW. and T.W.;
writing—review and editing, YW. and R.X; resources, W.L.; supervision, L.Z. and R.X.; project admin-
istration, W.L. and L.Z. All authors have read and agreed to the published version of the manuscript.

Funding: This study was supported by the National Key R&D Program of China (2023YFB3711400)
and the Beijing Nova Program (20250484909).

Data Availability Statement: The original contributions presented in this study are included in the
article. Further inquiries can be directed to the corresponding author.

Conflicts of Interest: Author Yuedong Wu, Fangbin Zhang, Gen Li, and Wen Lv were employed by
the company Central Research Institute of Building and Construction Co., Ltd. The remaining authors
declare that the research was conducted in the absence of any commercial or financial relationships
that could be construed as a potential conflict of interest.

https:/ /doi.org/10.3390/mal19132697


https://doi.org/10.3390/ma19132697

Materials 2026, 19, 2697 14 of 15

References

1.  Khoman, RK.; Owaidb, H.M. Development of sustainable high performance self-compacting concrete incorporating natural and
waste pozzolanic materials. Res. Eng. Struct. Mater. 2025, 11, 3111-3131.

2. Cheng, B.; Mei, L.; Long, W.].; Kou, S.; Li, L.; Geng, S. Ai-guided proportioning and evaluating of self-compacting concrete based
on rheological approach. Constr. Build. Mater. 2023, 399, 132522.

3.  Gonzalez-Taboada, I.; Gonzélez-Fonteboa, B.; Martinez-Abella, F.; Carro-Lépez, D. Self-compacting recycled concrete: Relation-
ships between empirical and rheological parameters and proposal of a workability box. Constr. Build. Mater. 2017, 143, 537-546.
[CrossRef]

4. Vedhasakthi, K; Chithra, R. Strength attributes and microstructural characterization of basalt fibre incorporated self-compacting
concrete. J. Build. Eng. 2023, 78, 107592. [CrossRef]

5. Albostami, A.S.; Al-Hamd, RK.S.; Alzabeebee, S.; Minto, A.; Keawsawasvong, S. Application of soft computing in predicting the
compressive strength of self-compacted concrete containing recyclable aggregate. Asian J. Civ. Eng. 2024, 25, 183-196.

6. Kumbhar, A.N.; Patil, P.D.; Veer, A.K.; Mohite, A.D.; Kadam, S.S.; More, C.V.; Hivare, P.V. Analyse The Behaviour of Self
Compacting Concrete with Various Admixture. Int. J. Adv. Res. Sci. Commun. Technol. 2023, 3, 322-325. [CrossRef]

7. Ying,]; Deng, C.; Qian, S.; Chen, B. Effect of water-to-binder ratio on chloride ion diffusion in concrete under continuous biaxial
compression. Constr. Build. Mater. 2024, 416, 135308.

8. Tang,S.;Huang, D.; He, Z. A review of autogenous shrinkage models of concrete. J. Build. Eng. 2021, 44, 103412. [CrossRef]

9. Dai, J.; He, ]J.; Wang, Q.; Lou, X. Effects of the Water-Cement Ratio and the Molding Temperature on the Hydration Heat of
Cement. . Wuhan Univ. Technol.-Mater. Sci. Ed. 2024, 39, 990-998. [CrossRef]

10. Chousidis, N. Industrial Mineral-Based Ca-Rich Fly Ash Cement Mortars: 24-Month Durability Under Marine Exposure. Minerals
2026, 16, 328. [CrossRef]

11. Liang, J.; Liao, H.; Wang, L.; Liu, C.; Rong, H.; Yang, X. Effect of mineral admixtures on the calcium leaching resistance of porous
cement stabilized macadam. Constr. Build. Mater. 2024, 421, 135712. [CrossRef]

12.  Shinde, K.K.; Mane, B.V. A Review of the Durability and Performance Assessment of Pavement Quality Concrete (PQC) Using
Mineral Admixtures. Int. |. Sci. Technol. 2025, 16, 25011759. [CrossRef]

13.  Habeeb, G.M.; Hadi, Z.D.H. Determination of Apparent Chloride Diffusion Coefficient for Self Compacting Concrete Containing
Nano Silica under Effect of Sulfate Attack. Int. |. Civ. Eng. Technol. 2017, 8, 418-425.

14. Sharma, R.; Khan, R.A. Sulfate resistance of self compacting concrete incorporating copper slag as fine aggregates with mineral
admixtures. Constr. Build. Mater. 2021, 287, 122985. [CrossRef]

15.  Zhang, B.; Zhang, Y.; Liu, W.; Gu, X.; Wang, Q.; Zhang, S.; Gao, J. Effect of iron tailing powder-based ternary admixture on acid
corrosion resistance of concrete. Materials 2023, 16, 3688. [CrossRef] [PubMed]

16. Zhuang, S.; Wang, Q.; Zhou, Y. Research on the resistance to saline soil erosion of high-volume mineral admixture steam-cured
concrete. Constr. Build. Mater. 2019, 202, 1-10.

17.  Babikir, K.S.E.; Ahmed, Y.H.; Mahgoub, M.O.; Abdalla, T.A. Tropical-friendly self-compacting concrete: Fresh, mechanical and
durability performance using Indigenous Sudanese Arabic gum, limestone powder and natural pozzolan. Asian . Civ. Eng. 2025,
26, 3927-3949.

18. Liu, D.; Wang, C.; Guo, T.; Gonzalez-Libreros, J.; Ge, Y.; Tu, Y.; Elfgren, L.; Sas, G. Time-depth dependent chloride diffusion
coefficients of self-compacting concrete. Mag. Concr. Res. 2024, 76, 600-616.

19. Lj, C,; Jiang, L.; Li, S. Effect of limestone powder addition on threshold chloride concentration for steel corrosion in reinforced
concrete. Cem. Concr. Res. 2020, 131, 106018. [CrossRef]

20. Cai,J.;Ran, Q.;Ma, Q.; Zhang, H,; Liu, K.; Zhou, Y.; Mu, S. Influence of a nano-hydrophobic admixture on concrete durability
and steel corrosion. Materials 2022, 15, 6842. [CrossRef] [PubMed]

21. Liu, X;; Li, C; Niu, Z,; Pang, Y.; Chen, M. Durability of cement mortar under sulphate particle immersion based on a novel
hydrophobic agent. Case Stud. Constr. Mater. 2025, 22, e04575.

22. Gao, D,; Yang, L.; Pang, Y.; Li, Z.; Tang, Q. Effects of a novel hydrophobic admixture on the sulfate attack resistance of the mortar
in the wet-dry cycling environment. Constr. Build. Mater. 2022, 344, 128148. [CrossRef]

23.  JGJ/T 283-2012; Technical Specification for Application of Self-Compacting Concrete. China Architecture & Building Press: Beijing,
China, 2012.

24.  GB/T 50081-2019; Standard for Test Methods of Physical and Mechanical Properties of Concrete. China Architecture & Building
Press: Beijing, China, 2019.

25.  GB/T 50082-2024; Standard for Test Methods of Long-Term Properties and Durability of Ordinary Concrete. China Architecture &
Building Press: Beijing, China, 2024.

26. Lu, Z;Kong, X.; Zhang, C.; Cai, Y. Effect of highly carboxylated colloidal polymers on cement hydration and interactions with

calcium ions. Cem. Concr. Res. 2018, 113, 140-153. [CrossRef]

https:/ /doi.org/10.3390/mal19132697


https://doi.org/10.1016/j.conbuildmat.2017.03.156
https://doi.org/10.1016/j.jobe.2023.107592
https://doi.org/10.48175/ijarsct-11453
https://doi.org/10.1016/j.jobe.2021.103412
https://doi.org/10.1007/s11595-024-2962-y
https://doi.org/10.3390/min16030328
https://doi.org/10.1016/j.conbuildmat.2024.135712
https://doi.org/10.71097/ijsat.v16.i1.1759
https://doi.org/10.1016/j.conbuildmat.2021.122985
https://doi.org/10.3390/ma16103688
https://www.ncbi.nlm.nih.gov/pubmed/38138850
https://doi.org/10.1016/j.cemconres.2020.106018
https://doi.org/10.3390/ma15196842
https://www.ncbi.nlm.nih.gov/pubmed/36556551
https://doi.org/10.1016/j.conbuildmat.2022.128148
https://doi.org/10.1016/j.cemconres.2018.08.010
https://doi.org/10.3390/ma19132697

Materials 2026, 19, 2697 15 of 15

27.

28.

29.

30.

31.

32.

33.

34.

Zhang, Z.; Han, F;; Yan, P. Modelling the dissolution and precipitation process of the early hydration of C3S. Cem. Concr. Res.
2020, 136, 106174. [CrossRef]

Wagner, M.; Decker, M.; Kunther, W.; Machner, A.; Beddoe, R.E.; Heisig, A.; Heinz, D. Gypsum formation mechanisms and their
contribution to crystallisation pressure in sulfate resistant hardened cement pastes during early external sulfate attack at low
sulfate concentrations. Cem. Concr. Res. 2023, 168, 107138. [CrossRef]

Wang, R.; Tian, N.; Li, Y. Performance evolution and life prediction of different polymeric coatings for concrete under coupled
action of sulfate attack and dry-wet cycles. J. Build. Eng. 2026, 119, 115151.

Wang, C.; Kong, F.; Wu, ].; Pan, L. Adjusting concrete resistance to corrosive ions by varying carboxyl dosages in chemical
additives. Structures 2024, 62, 106168.

Lu, Z.; Kong, X.; Zhang, C.; Xing, F; Cai, Y,; Jiang, L.; Zhang, Y.; Dong, B. Effect of surface modification of colloidal particles in
polymer latexes on cement hydration. Constr. Build. Mater. 2017, 155, 1147-1157. [CrossRef]

Liu, X,; Song, X.; Wang, Z.; Xia, C.; Li, T,; Li, X.; Xu, Q.; Cui, S.; Qian, S. Polymer for internal hydrophobization of cement-based
materials: Design, synthesis, and properties. Polymers 2021, 13, 3069. [CrossRef] [PubMed]

Liu, Z.; Gao, S.; Chen, W.; Zhang, Y.; Liu, C. Continuous characterization of pore structure in cement paste. ACI Mater. J. 2019, 116,
117-129. [CrossRef]

Bouabdallah, A.; Benaissa, A.; Bouabdallah, M.A.; Malab, S.; Khatir, A. Development and performance evaluation of self-leveling
sand concrete: Enhanced fluidity, mechanical strength, durability, and non-destructive analysis. Constr. Build. Mater. 2025,
468, 140463.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https:/ /doi.org/10.3390/mal9132697


https://doi.org/10.1016/j.cemconres.2020.106174
https://doi.org/10.1016/j.cemconres.2023.107138
https://doi.org/10.1016/j.conbuildmat.2017.08.114
https://doi.org/10.3390/polym13183069
https://www.ncbi.nlm.nih.gov/pubmed/34960914
https://doi.org/10.14359/51716978
https://doi.org/10.3390/ma19132697

	Introduction 
	Experimental Section 
	Materials 
	Mix Proportion of Self-Compacting Concrete 
	Specimen Preparation and Curing 
	Characterization 

	Results and Discussion 
	Workability 
	Compressive Strength 
	Sulfate Attack Resistance 
	Chloride Ion Permeability Resistance 
	Low-Field Nuclear Magnetic Resonance 
	X-CT 

	Conclusions 
	References

