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ABSTRACT: To mitigate the severe abrasion damage caused by high-velocity water flow in hydraulic engineering
applications in Xizang, China, this study systematically optimized key mix design parameters, including aggregate
gradation, sand ratio, fly ash content, and superplasticizer dosage. Based on the optimized mix, the combined effects
of an abrasion-resistance enhancement admixture (AEA) and silica fume (SF) on the abrasion resistance of self-
compacting concrete (SCC) were examined. The results demonstrated that the appropriate incorporation of AEA and
SF significantly improved the abrasion resistance of SCC without compromising its workability. The proposed mix
design not only achieves superior abrasion resistance but also provides practical guidance for the material design
and engineering application of durable hydraulic concrete in harsh environments. Future research will focus on
comprehensive durability assessments by simulating extreme hydraulic conditions, including sustained exposure to
high-velocity sediment-laden flows, repeated freeze-thaw cycles, and corrosive salt spray environments, to thoroughly
evaluate the long-term performance evolution of abrasion-resistant self-compacting concrete. Meanwhile, advanced
microstructural analytical methods should be applied toelaborate the synergistic mechanisms of abrasion-resistance
enhancement admixture (AEA), silica fume (SF), and steel fibers in altering the hydration product formation,
optimizing the distribution of pore structure, and strengthening interfacial transition zones, to establish a solid scientific
foundation for the development of high-performance composite materials.
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1 Introduction

In the high-altitude regions of western China, hydraulic engineering structures are subjected to complex
environmental effects, including intense ultraviolet radiation, extreme temperature fluctuations, alternating
dry-wet cycles, and high-sediment-laden flows. Overflow surfaces of hydraulic structures, such as spillway
dams, flood discharge tunnels, and baffle piers, are particularly vulnerable to cracking, leakage, freeze-thaw
damage, and erosion due to abrasion. These issues lead to concrete spalling and steel reinforcement exposure,
significantly compromising the operational safety and service life of the infrastructure. Erosion, abrasion,
and cavitation caused by high-velocity sediment-laden flows present persistent technical challenges that
undermine the safety of overflow structures. Such damage can result in localized instability and failure
of the energy dissipation structures in dams, posing a severe threat to the overall stability and safety of
hydraulic systems. Current solutions to mitigate abrasion and erosion problems in hydraulic structures
primarily focus on two approaches. First, abrasion-resistant materials are applied as protective coatings to
concrete surface. Second, concrete mix designs are optimized to improve abrasion resistance, incorporating
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polymer fibers [1-4], abrasion-resistant aggregates [5-7], and anti-abrasion admixtures [8,9]. In parallel,
advancing the sustainability of concrete has become a critical research priority, with a focus on identifying
high-performance materials with minimal environmental impact. Numerous studies on the sustainability
and performance optimization of construction materials have examined the effects of alternative materials,
admixtures, and adjustments in key parameters on the physical-mechanical properties, durability, and ser-
vice life of concrete [10-12]. These efforts are crucial for supporting low-carbon applications and promoting
sustainable development [13-15].

Research has demonstrated that incorporating alternative materials can effectively enhance the wear
resistance of self-compacting concrete (SCC). Meena et al. [16] found that SCC mixtures with up to 60% waste
ceramic tiles exhibited superior mechanical properties compared to conventional mixtures. Zhu et al. [17]
investigated the fracture behavior of SCC with varying rubber contents (0%, 10%, 20%, 30%) and revealed
that rubber particles, with their flexible structure and improved deformation capacity compared to natural
river sand, enhanced the bridging effect within the matrix and reduced stress concentration at crack tips. Sosa
et al. [18] reported that steel fiber-reinforced concrete exhibited better carbonation resistance, freeze-thaw
durability, and abrasion resistance than conventional concrete. Esquinas et al. [19] conducted comparative
tests on three types of fly ash-based concrete mixtures, demonstrating that substituting siliceous filler with
non-standard fly ash resulted in SCC with improved durability, corrosion resistance, and favorable shrinkage
properties. Li etal. [20] compared the microstructure, mechanical properties, and durability of three concrete
types: 100% Portland cement concrete, low-content fly ash concrete, and high-fly ash concrete. The results
indicated that while the mechanical properties of high-fly ash concrete were relatively poor at early ages, they
improved at later ages, providing good workability, impermeability, and abrasion resistance. Abed et al. [21]
developed high-performance SCC using recycled aggregates and reclaimed fly ash, showing that an optimal
mix with 50% recycled aggregates and 15% waste fly ash provided the best abrasion resistance. Boga and
Senol [22] found that replacing gravel with basalt or recyclable marble aggregates at a ratio of 25% to 100%
resulted in high-strength and durable SCC. Collectively, these studies confirm that the incorporation of
supplementary materials can significantly improve the abrasion resistance of concrete [23,24].

This study focuses on developing SCC with enhanced abrasion resistance to mitigate erosion damage
induced by high-velocity water flow under dry and low-humidity conditions. Initially, the effects of sand ratio
and fly ash content on the compressive strength of concrete at various curing ages were investigated, and the
fundamental mix proportions for SCC were determined. Subsequently, the influence of abrasion-resistance
enhancement admixture (AEA) on the mechanical properties of SCC was systematically examined. The
effects of varying AEA content on the workability, strength development, and durability of concrete were
comprehensively evaluated. Finally, the impact of silica fume and steel fiber dosage on the abrasion resistance
of concrete was quantitatively analyzed. The findings provide not only an effective strategy to enhance the
abrasion resistance of SCC but also an experimental foundation for further related studies.

2 Experimental Program
2.1 Materials and Equipment

Portland cement (P-O 42.5) was used in this study, with its physical properties listed in Table 1. To
improve the concrete performance, Class II fly ash (FA) was incorporated as a supplementary cementitious
material. The sand and gravel aggregates were mechanically crushed, with the sand exhibiting a fineness
modulus of 2.7. The gravel aggregates had a maximum particle size of 20 mm and an apparent density
of 2700 kg/m’, with all properties conforming to standard specifications. A polycarboxylate-based super-
plasticizer (PCE) and an abrasion-resistance enhancement admixture (AEA) were used. Steel fibers, with
a diameter ranging from 0.18 to 0.22 mm and a length between 12 and 14 mm, demonstrated excellent
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flexural performance and high purity. All raw materials underwent thorough physical testing and met the
relevant standards.

Table 1: Physical properties of P-O 42.5

Specific surface Setting time (min) Compressive strength (MPa) Flexural strength (MPa)

Cement
area (m’/kg) Initial Final 3d 28d 3d 28d
P-O 425 352 193 249 28.7 49.3 4.8 7.6
GB175-2007 >300 >45 <600 >17.0 >42.5 >3.5 >6.5

The mechanical properties of concrete were evaluated using a digital compression testing machine
(Model: HCT-206B), which ensured compliance with stiffness and surface flatness requirements for both
compressive and splitting tensile tests. Abrasion resistance was assessed using an abrasion testing machine
(Model: HKCM-2). All mechanical tests were conducted in accordance with the “Test Code for Hydraulic
Concrete” (SL/T 352-2020) [25].

2.2 Experimental Design and Methods

To ensure that the experimental concrete satisfied the performance requirements in terms of workability,
strength, and durability, a series of trial mix tests were conducted based on a reference mix proportion.
These tests were carried out in accordance with the “Design Specification for Hydraulic Concrete Mix
Proportions” (DL/T 5330-2015) [26] and the “Technical Specification for Application of Self-compacting
Concrete” (CECS203-2021) [27]. The primary aim was to optimize aggregate gradation, sand-to-aggregate
ratio, fly ash content, and superplasticizer dosage. The compressive strength was calculated using Eq. (1),
while the abrasion resistance strength was determined using Eq. (2).

fcs = (1)

where: f.; is the compressive strength, MPa; A is the cross-sectional area of the specimen under compression,
mm?; P is the failure load, kN.

TA

R, = —
Mr

(2)
where: R, is the abrasion resistance strength, defined as the time required to wear out a unit mass per unit
area, h/ (kg/mz); T is the accumulated test duration, h; A is the surface area of the specimen subjected to
impact and abrasion, m?; M7 is the cumulative mass loss after a grinding period of T, kg.

To ensure that the prepared concrete meets the mechanical performance requirements of SCC while
facilitating comprehensive abrasion-resistance testing, a W/B ratio of 0.35 was adopted for the preliminary
mix design. Five and content levels were selected: 42%, 44%, 45%, 47%, and 49%, along with eight fly ash
replacement levels: 0%, 10%, 15%, 20%, 25%, 30%, 35%, and 40%. The preliminary mix test examined the
influence of sand content on the compressive strength of concrete at curing ages of 3d, 7d, 28d, and 90d. A
total of 156 standard cubic specimens (150 mm x 150 mm x 150 mm) were prepared. Based on the results, a
reference mix proportion was established for the subsequent abrasion resistance tests of SCC. The test design
included five levels of AEA content: 0%, 0.5%, 0.8%, 1.0%, and 1.3%. Among these, the mix with 0% AEA
served as the control group, and was tested for slump-flow, compressive strength at 7d and 28d, and abrasion
resistance at 28d. Considering the multiple experimental factors, three SCC mixes with appropriate AEA
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contents were selected based on preliminary test outcomes. These were further modified by incorporating
silica fume (SF) at dosages of 0.3%, 0.5%, 0.7%, and 0.9% to assess the effects of both AEA and SF on the
self-compacting and abrasion-resistant properties of SCC. A total of 180 specimens were used in this phase.
The experimental procedure for SCC is illustrated in Fig. 1.

i 234580 il 23 4501

Figure 1: Testing process of SCC. (a) Steel fiber (Length: 0.18~0.22 mm); (b) After blending slump-flow test; (c)
Standard curing of specimens; (d) Abrasion resistance testing machine; (e) Abrasion resistance test; (f) Test specimen
of abrasion resistance
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3 Results and Analysis

3.1 Selection of Sand Ratio and Content of FA for Pre-Testing

1737

Figs. 2 and 3 illustrate the correlation sand ratio and concrete compressive strength at different curing
ages, along with the variation in FA content.

Figure 2: Compressive strength under different sand ratios

Figure 3: Compressive strength under different content of FA

As illustrated in Fig. 2,
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no clear correlation is observed between the fluctuation of the sand ratio and

the compressive strength of concrete. For mixtures with identical W/B ratios, variations in sand volume
within a certain range exert minimal influence on compressive strength. While changes in sand content
may affect the workability of the mixture, the compressive strength generally remains stable. It has been
reported that the incorporation of FA can potentially reduce compressive strength; however, the addition of
an appropriate amount of FA has been shown to significantly enhance it. The influence of varying FA contents
on the compressive strength of SCC is evaluated in this study, as presented in Fig. 3. A notable reduction in
early-age compressive strength is observed with increasing FA content. After 28d, the compressive strength
continues to decline with higher FA dosage, though the rate of decrease slows. When the FA content exceeds
a certain threshold, a continuous reduction in cement consumption is observed. Additionally, FA suppresses
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the early hydration rate of cement, lowers the heat of hydration, reduces the formation of early hydration
products, and consequently decreases compressive strength.

Based on the comprehensive preliminary test data and the observed slump flow and workability
characteristics during the testing process, a sand ratio of 47% and an FA content of 25% were selected as
the standard mix proportions for the SCC abrasion resistance test. The detailed mix proportions are listed
in Table 2.

Table 2: Mix proportions (kg/m?)

Mix ratio (kg/m’)

Water Cement Fly ash Fine aggregate Gravel aggregate PCE W/B
185 396 132 746 1292 3.70 0.35

3.2 The Influence of Impact Resistant and Wear-Resistant Agents
3.2.1 The Relationship between Content of AEA and Slump-Flow

Fig. 4 illustrates the relationship between concrete slump-flow and varying AEA dosages.
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Figure 4: Slump-flow under different content of AEA

As shown in Fig. 4, the slump-flow of concrete gradually decreases with increasing AEA content. When
the AEA content is below 1%, the reduction in slump-flow is relatively minor. However, when the content
exceeds 1%, a more pronounced decline in slum-flow is observed. After the addition of AEA, the slump-flow
remains within the range of 650 mm to 710 mm. The incorporation of AEA enhances the workability of
concrete to a certain extent. Nevertheless, when the AEA content surpasses 1%, the slump-flow exhibits a
significant decrease followed by a subsequent increase.

3.2.2 The Correlation between the Content of AEA and Abrasion Resistance Strength

Fig. 5 illustrates the correlation between the 28d concrete abrasion resistance and varying quantities
of AEA.

As shown in Fig. 5, a positive correlation is observed between the AEA content and the 28d abrasion
resistance strength. The enhancement in abrasion resistance significantly improves the concrete’s strength
against impact and abrasion. The AEA modifies the concrete’s pore structure by reducing the volume of large
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pores in the binder while increasing the number of small and micro-pores. These pores are isolated from one
another, leading to improved water and air tightness, which reduces the potential for corrosion damage and
contributes to a substantial improvement in impact and wear resistance.
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Figure 5: Abrasion resistance under different content of AEA

3.2.3 The Correlation between the Content of AEA and the Compressive Strength

Fig. 6 illustrates the correlation between the compressive strength of concrete at 7d and 28d and the
varying dosages of AEA.
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Figure 6: Compressive strength under different content of AEA at 7d and 28d ages

Fig. 6 shows that the compressive strength of concrete at both 7d and 28d increases overall with the
addition of AEA, although the growth is relatively modest. At 7 days, the highest compressive strength of
concrete is achieved with 1.0% AEA, reaching 30.2 MPa. Compared to the reference concrete without AEA
at the same age, the compressive strength increases by 2.6 MPa, corresponding to a 9.4% increase. At 28 days,
the maximum compressive strength is observed at 1.3% AEA, reaching 44.1 MPa. In contrast, the reference
concrete without AEA shows an increase of 1.3 MPa at the same age, representing a 3% increase. AEA exhibits
excellent water-reducing effects, improving the workability of the concrete. Additionally, it activates the
activity of fly ash, promoting the formation of dense and hard hydration products of cementitious materials,
improving the interface between the cementitious materials and aggregates, and significantly enhancing
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the overall compressive strength of the concrete. In conclusion, AEA positively influences the compressive
strength of concrete at different ages, although the extent of improvement may be limited.

3.3 The Effect of Silica Fume on the Concrete Properties

Based on the experimental results of SCC with added AEA, representative self-compacting concrete
mixtures containing 0.5%, 0.8%, and 1.0% AEA were selected as baseline samples to improve the abrasion
resistance of the concrete. Subsequently, silica fume was incorporated at concentrations of 0.3%, 0.5%, 0.7%,
and 0.9% to further investigate the self-compacting properties and abrasion resistance of the concrete. The
relationship between silica fume content and the slump-flow is shown in Fig. 7, while the effect of varying
silica fume content on the abrasion resistance strength at 28d is presented in Fig. 8.
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Figure 7: Slump-flow under different content of silica fume
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Figure 8: Abrasion resistance of concrete with silica fume

As shown in Fig. 7, under the conditions of 0.5%, 0.8%, and 1.0% AEA, the slump-flow of concrete
decreases with increasing silica fume content. When the silica fume content exceeds 0.5%, the rate of slump-
flow reduction accelerates in all three concrete groups, leading to a gradual decline in the self-compacting
performance of the concrete. Additionally, for the same silica fume content, the AEA content required for the
slump-flow of concrete decreases in the following order: 0.5%, 0.8%, and 1.0%. Fig. 8 illustrates that, under
varying AEA dosages, the abrasion resistance strength of concrete increases with higher silica fume content.
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Compared to the three concrete groups, the abrasion resistance strength shows notable improvement. When
the AEA content is 0.5%, the abrasion resistance strength increases from 37.6 to 42.4 h/(kg-m?), representing
a 12.8% increase. At 0.8% AEA content, the abrasion resistance strength rises from 38.1 to 43.6 h/(kg-m?),
a 14.4% increase. When the AEA content is 1.0%, the strength increases from 38.5 to 43.0 h/(kg-mz),
showing an 11.7% improvement. This significant increase enhances the abrasion resistance of the concrete to
a certain extent. The analysis indicates that the activator in the anti-abrasion agent has significantly increased
the reactivity of silica fume in the concrete, promoting its reaction with calcium hydroxide (a hydration
product of cement) to form S-C-H gel. This process improves the overall strength of the concrete, making
its gel products denser, harder, and more abrasion-resistant. It also enhances the interface between the
cement paste and aggregates, resulting in a more uniform concrete structure. Consequently, this improves
the concrete’s crack resistance and its ability to withstand cavitation erosion and pulsating pressure from
high-speed sediment-laden water flow, thereby achieving the goal of enhancing the concrete’s abrasion
resistance performance.

3.4 The Effect of Steel Fiber on the Concrete Properties

Due to the excessive use of cementitious materials in self-compacting concrete and the significant heat
generated during hydration, concrete is susceptible to cracking even in the absence of vibration. To enhance
its durability and improve resistance to cracking, especially in thin-walled structures, the incorporation of
steel fibers is beneficial. In this study, self-compacting concrete mixes with AEA at concentrations of 0.5%,
0.8%, and 1.0% were selected. Steel fibres were added at dosages of 0, 0.2, 0.3, 0.5, and 0.7 kg to investigate their
effects on the slump-flow and abrasion resistant strength of the concrete. The relationship between varying
steel fiber contents and the slump-flow of self-compacting concrete is shown in Fig. 9. Additionally, Fig. 10
illustrates the relationship between steel fiber content and the abrasion resistance strength at 28d.
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Figure 9: Slump-flow concrete with steel fiber

From Fig. 9, it is evident that as the steel fiber content increases, the slump-flow of concrete decreases
under AEA conditions of 0.5%, 0.8%, and 1.0%. When the steel fiber content exceeds 0.2 kg, the reduction in
slump-flow becomes more pronounced across all three concrete mixes, leading to a gradual decline in self-
compacting performance. Furthermore, for the same steel fiber content, the corresponding AEA contents
required for the slump-flow to range from high to low are 0.5%, 0.8%, and 1.0%, respectively. Varying volumes
of steel fiber are incorporated into the self-compacting and abrasion-resistant concrete mixes, ensuring that
the slump-flow meets the required range of 700 + 50 mm. As shown in Fig. 10, the abrasion resistance
of the concrete increases with higher steel fiber content under varying AEA dosages. Notably, compared
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to the three concrete groups, there is a significant enhancement in both impact and abrasion resistance
strength. At an AEA content of 0.5%, the abrasion resistance increases from 37.4 to 43.6 h/(kg-m?), a 16.58%
increase. Similarly, at 0.8% AEA content, the strength rises from 38.2 to 43.8 h/(kg:m?), reflecting a 14.66%
increase. At 1.0% AEA, the strength increases from 39.4 to 44.6 h/(kg-m?®), corresponding to a 13.20%
increase. This substantial improvement notably enhances the abrasion resistance of the concrete. While the
inclusion of steel fiber may reduce the workability of self-compacting concrete, an optimized experimental
mix ratio and appropriate mixing methods can improve the internal structure of fiber-reinforced concrete.
Such approaches help mitigate the formation of detrimental pore defects and maximize the reinforcing and
toughening effects of the fiber. Consequently, this facilitates the preparation of self-compacting concrete with
steel fibers that meet the required construction standards.
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Figure 10: Abrasion resistance of concrete with steel fiber

4 Conclusions

Variations in sand ratio notably influence the workability of concrete mixtures, whereas their effect
on compressive strength is minimal. Conversely, increasing fly ash content leads to a reduction in com-
pressive strength, although the rate of decline diminishes with prolonged curing. Self-compacting concrete
incorporating 47% sand and 25% fly ash exhibits comparatively favorable mechanical performance.

As the dosage of AEA increases, the slump-flow of concrete gradually decreases, with a more pro-
nounced reduction observed when the dosage exceeds 1%. While AEA significantly improves abrasion
resistance, its contribution to compressive strength enhancement at various curing ages is relatively limited.
At AEA dosages of 0.5%, 0.8%, and 1.0%, slump-flow declines with increasing silica fume content, and this
reduction becomes substantial when the silica fume content exceeds 0.5%. Moreover, slump-flow decreases
markedly when the steel fiber content exceeds 0.2 kg/m”’.

The combined use of abrasion-resistant admixtures, silica fume, and steel fiber enhances the over-
all mechanical strength of concrete, promotes matrix densification, and significantly improves abrasion
resistance.

Given the harsh service conditions encountered by hydraulic concrete structures, future research should
emphasize long-term durability monitoring. By replicating hydraulic environments—such as high-velocity
water flow, freeze-thaw cycling, and salt spray exposure—systematic investigations can be carried out on the
evolution of mechanical properties in self-compacting, abrasion-resistant concrete. Furthermore, advanced
microstructural characterization techniques should be employed to examine the effects of abrasion-resistant
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agents, silica fume, and steel fibers on hydration products, pore structure, and the interfacial transition zone,
thereby supporting the optimized design of composite materials.
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