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Abstract: To investigate the influence of waste glass powder’s particle size and content on the 
bond–slip behavior of reinforced concrete, this study integrates laboratory experiments with theoretical 
analysis to examine the effects of varying waste glass powder particle sizes (<20, 20–75, 75–150 μm) 
and replacement contents (10%, 20%, 30%) on bond–slip performance and failure modes. The 
research clarifies the mechanism by which waste glass powder affects bond–slip behavior and 
establishes a bond–slip constitutive model that accounts for the coupling effects of particle size and 
content. The results indicate that at the same replacement level, smaller waste glass powder particles 
exhibit a larger specific surface area and higher reactivity. This facilitates the formation of more 
calcium silicate hydrate gel through pozzolanic reactions, thereby enhancing concrete’s compactness 
and bond strength. Under identical particle size conditions, bond strength first increases and then 
decreases with increasing waste glass powder content, peaking at a 10% replacement content. 
Compared with reference specimens without waste glass powder, this optimal replacement content 
enhances bond strength by 5.3%. An appropriate amount of waste glass powder can effectively fill 
concrete pores and improve the uniformity of stress distribution, with specimens exhibiting pull-out 
failure modes. However, excessive incorporation of waste glass powder may induce alkali–silica 
reactions, generating expansive gels that render concrete more prone to splitting failure. The proposed 
bond–slip model shows good agreement with the experimental results, accurately characterizing the 
bond–slip performance of waste glass powder-modified reinforced concrete under the combined 
influence of different particle sizes and replacement contents. 
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1. Introduction 

Societal development and rising economic standards have led to a dramatic surge in waste glass 
production. As a nonbiodegradable material, long-term landfilling of waste glass not only consumes 
substantial land resources but also exerts significant adverse impacts on the ecological environment. 
Thus, the recycling and disposal of waste glass have emerged as pressing environmental challenges 
requiring immediate attention. In the construction sector, appropriately processed waste glass    
can function as an alternative to cement [1]. Waste glass powder primarily consists of silicon  
dioxide (SiO2) with small amounts of aluminum oxide (Al2O3). These components endow waste 
glass powder with high pozzolanic activity, enabling it to react with cement hydration products and 
form a gel with excellent binding properties—thereby improving the microstructure of concrete [2–4]. 
This denser microstructure can effectively enhance concrete’s mechanical performance, resistance to 
chemical corrosion, and freeze–thaw durability [5–7]. As a result, the application of waste glass 
powder as a cement replacement admixture has garnered increasing research interest, offering 
substantial economic and environmental advantages. 

In the study of concrete modified with waste glass powder, particle size distribution and content 
are key factors influencing concrete’s performance. Consequently, researchers both domestically and 
internationally have carried out extensive investigations into the properties of waste glass concrete. 
Jiang et al. [8] used waste glass powder as a supplementary cementitious material for ordinary 
Portland cement (OPC). The results showed that the addition of waste glass powder improved the 
workability of OPC paste while prolonging the setting time. Waste glass powder could mitigate the 
degradation of the OPC matrix at high temperatures and reduce the alkali–silica reaction (ASR) 
effect. Research by Yu et al. [9] revealed that mortar containing undergoes a rapid decrease in both 
flexural and compressive strength during the initial erosion stage, followed by a slower decline in 
strength or even a recovery in strength when exposed to prolonged erosion. Tong et al. [10] 
suggested that while an optimal content of glass powder enhances the mechanical performance and 
durability of concrete, excessive amounts or larger particle sizes may exert detrimental effects. 
Studies by Peng et al. [11] and Rajendran et al. [12] demonstrated that incorporating 20% waste glass 
powder significantly improves the corrosion resistance and mechanical properties of recycled 
aggregate concrete; however, exceeding this optimal proportion leads to performance degradation 
and reduced workability. Shalan et al. [13] specifically examined the long-term sulfate resistance of 
concrete with varying waste glass powder contents, and compressive strength measurements confirmed 
that higher waste glass powder content notably enhances sulfate resistance. Jiang et al. [14] 
conducted research and found that adding waste glass powder can improve the fire resistance of fly 
ash-based polymer slurry. Furthermore, fluidity increases with the rise in waste glass powder content, 
and both compressive strength and bonding strength reach optimal levels when the waste glass 
powder content is 20%. 

The incorporation of waste glass powder as a cement replacement significantly affects the 
performance of reinforced concrete structures, with both the replacement ratio and particle size 
playing crucial roles. Omer et al. [15] observed that under conditions of constant content, variations 
in waste glass particle size have a limited impact on the shear performance of beams, yet they can 
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substantially enhance cracking load, shear strength, and bending cracking load capacity. Yu et al. [16] 
demonstrated through bond performance tests that when the glass powder replacement ratio is 15%, 
the average bond strength between the reinforcement and concrete decreases as the replacement ratio 
increases; this downward trend is also observed when glass sand is used with replacement ratios up 
to 60%. Yassen et al. [17] revealed that although partial replacement of cement with waste glass 
powder increases the ultimate load capacity of beams, it simultaneously increases the material’s 
brittleness, resulting in reduced vertical displacement in beams containing glass powder under the 
same loading conditions. Xiong et al. [18] found that compared with conventional reinforced 
concrete beams, those containing waste glass powder exhibit lower cracking loads. Moreover, as the 
content of waste glass powder increases, the bearing capacity gradually decreases while the mid-span 
deflection increases steadily. 

In conclusion, waste glass powder demonstrates significant potential in enhancing the mechanical 
properties of concrete and improving the performance of reinforced concrete structures. However, 
there are still relatively few studies on the impact of waste glass powder on the bond performance of 
reinforced concrete. Therefore, the purpose of this research was to explore the effects of different 
particle sizes and contents of waste glass powder on the bond performance of reinforced concrete. 
The influence laws of different waste glass powder conditions on the bond strength, sliding 
characteristics, and failure mode of reinforced concrete were studied, and a concrete bond–sliding 
constitutive model with the interactive effect of waste glass powder particle size and content     
was established, providing a theoretical basis for the application of waste glass powder in 
engineering structures. 

2. Materials and methods 

2.1. Specimen materials and preparation 

The experimental materials used in this study consisted of the following. The cement adopted is 
OPC with a compressive strength of 42.5 MPa. Three different particle size ranges of waste glass 
powder, namely below 20 μm (D1), 20–75 μm (D2), and 75–150 μm (D3), were adopted. The main 
chemical composition of the waste glass powder is shown in Table 1. The fine aggregate was natural 
river sand with a particle size distribution of 0.3–2.36 mm. The coarse aggregate was pebbles with a 
particle size distribution of 5–20 mm. The water used was tap water. The proportions of waste glass 
powder replacing cement with the same mass were 10%, 20%, and 30%, denoted as R10, R20, and 
R30 respectively. The specimens are marked as D1R10, D2R20, and D3R10, etc. For example, the 
label D1R10 indicates that the specimens are concrete with a particle size of less than 20 μm and a 
waste glass powder content of 10%. The mix ratios of waste glass powder and concrete with 
different particle sizes are all shown in Table 2 [19]. 

Table 1. Main chemical components of waste glass powder. 

Analyte SiO2 Na2O CaO Al2O3 MgO K2O Fe2O3 

wt (%) 67.21 13.57 7.23 3.73 2.16 1.98 0.96 
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Table 2. Mix ratios of waste glass powder and concrete [19]. 

Content of waste glass powder (%) Cement Sand Waste glass powder Stone Water 

0 1 1.3 0 3.02 0.47 

10 0.9 1.3 0.1 3.02 0.47 

20 0.8 1.3 0.2 3.02 0.47 

30 0.7 1.3 0.3 3.02 0.47 

The concrete specimens used in the test were cylindrical, with a diameter of 150 mm and a 
height of 75 mm. The reinforcing bars adopted are HRB400 grade reinforcing bars with a diameter 
of 12 mm and a length of 200 mm, and the anchoring length of the reinforcing bars is 75 mm. The 
specific dimensional parameters of the specimens are shown in Figure 1. 

 

Figure 1. Specimens’ size parameters. 

The method for making the test piece is as follows. The HRB400 grade reinforcing bar with a 
diameter of 12 mm is centered and positioned through the holes on the top and bottom gaskets, 
ensuring that the bar remains in the center of the specimen. Then the proportionally mixed concrete 
is poured, and the mold is placed on the vibration table for vibration. A steel wire is used to stir the 
mixture to ensure that the concrete is fully compacted and internal air bubbles are expelled. After the 
pouring is completed, the specimen is left to stand for 24 h. Once the concrete has initially hardened, 
the mold is removed, and the specimen is placed in a standard curing room for continuous curing  
for 28 days. After the curing is completed, a center pull-out test is conducted on the specimen to test 
the bond–slip performance between the reinforcing bar and the concrete. Three parallel specimens 
were set for each group, and the final result is the average of the tests. 

2.2. Test method 

The pull-out test was conducted using the WAW-600C electro-hydraulic servo universal testing 
machine. The slip of the reinforcing bars was measured by a displacement gauge installed at the 
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bottom of the specimen, and the load was measured by a pressure sensor at the bottom of the 
specimen. All the test data during the test process were automatically collected by a data acquisition 
system. Before loading the test, we ensured that the test bench was clean and aligned the centerline 
of the reinforcing bars with the loading end of the testing machine in a straight line to prevent the 
reinforcing bars from being pulled unevenly. During the test, a displacement control loading method 
with a loading rate of 0.5 mm/min was adopted, and the loading was continued until the specimen 
failed. The test loading device is shown in Figure 2. 

 

Figure 2. Test device. 1: Installation fixture; 2: upper steel plate; 3: pressure sensor; 4: 
steel tie rods; 5: steel support rods; 6: lower steel plate; 7: displacement meter; 8: 
concrete; 9: lower fixture; 10: reinforcing bars. 

Assuming that the bonding stress is uniformly distributed along the reinforcing bars, and taking 
the average bonding strength between the reinforcing bars and the waste glass powder concrete as 
the maximum bonding stress within the anchorage length of the reinforcing bars, the calculation 
formula for bonding strength is given by Eq 1: 

𝜏 =
𝐹

𝜋𝐷𝐿
     (1) 

where τ is the mean bonding stress, F is the pull-out load, D represents the diameter of the 
reinforcing bars, and L represents the anchoring length of the reinforcing bars. 

3. Experimental results and analysis 

3.1. The effect of different particle sizes on the bond–slip behavior of reinforced concrete 

Figure 3 illustrates the effect of different particle sizes of waste glass powder on the bond–slip 
behavior of reinforced concrete under identical admixture conditions. The experimental results show 
a progressive decrease in bond strength and a significant increase in slip displacement as the particle 
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size increases from below 20 to 150 μm. This behavior stems from the higher specific surface area 
and enhanced pozzolanic activity of finer waste glass powder, which facilitates more complete 
secondary hydration reactions with calcium hydroxide in cement hydration products, producing 
abundant dense calcium silicate hydrate gel. Zhao et al. [20] confirmed through scanning electron 
microscopy (SEM) analysis that this calcium silicate hydrate gel effectively fills the concrete 
matrix’s pores and seals cracks in the interfacial transition zone, reducing both crack density and 
width while improving zone densification. Conversely, coarser waste glass powder exhibits a 
reduced specific surface area and lower reactivity, leading to limited participation in hydration 
reactions and consequently minimal improvements in pore-filling and mechanical properties, 
explaining the observed strength reduction with increasing particle size. Additionally, Li et al. [21] 
demonstrated that larger waste glass particles more readily initiate alkali–silica reactions, producing 
expansive gels that further degrade interfacial bonding. The particle size increase weakens the 
interfacial bond between glass particles and the cement matrix, creating additional microcracks and 
pore defects in the transition zone that act as stress-induced slip channels, resulting in greater peak 
slip displacements with larger particles. 

 

Figure 3. Influence of different particle sizes on the bond–slip behavior of reinforced 
concrete: (a) R10; (b) R20; (c) R30. 

Figure 4 illustrates the relationship between bond stress–slip displacement and particle size in 
reinforced concrete with varying waste glass powder contents. The results reveal that under 
equivalent replacement contents, bond strength exhibits a distinct inverse correlation with particle 
size, while peak slip displacement shows a positive correlation. The most significant performance 
improvement is observed when using waste glass powder with a particle size below 20 μm at a 10% 
replacement content, achieving a 5.3% increase in bond strength. This enhancement is attributed to 
the material’s larger specific surface area, which promotes more thorough pozzolanic reactions. 
Furthermore, specimens incorporating this finer particle size exhibit 8.1–17.9% lower peak slip 
displacements compared with those with larger particles. This confirms that the calcium silicate 
hydrate gel formed significantly improves the microstructure of the interfacial transition zone and 
effectively inhibits both the initiation and propagation of cracks. 
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Figure 4. Relationship between bond stress–slip displacement and waste glass powder 
content with different particle sizes in reinforced concrete. 

3.2. The effect of varying proportions of waste glass powder on the bond–slip behavior of reinforced 
concrete 

Figure 5 demonstrates the influence of waste glass powder content on the bond–slip behavior of 
reinforced concrete with constant particle size. Test results reveal that when the waste glass powder 
content rises from 10% to 30%, the bond strength progressively declines while the peak slip 
displacement shows marked growth. This behavior occurs because at 10% content, the waste glass 
powder optimally fills the matrix’s pores, enhances cement hydration, and produces calcium silicate 
hydrate gel through pozzolanic reactions, thereby improving the concrete’s density and bond 
performance. At 20% content, a moderate bond strength reduction appears, since the waste glass 
powder starts partially inhibiting cement hydration, causing slight deterioration in the cement paste’s 
microstructural compactness. When the content reaches 30%, bond strength suffers a substantial 
reduction because excessive waste glass powder cannot completely participate in hydration, leaving 
numerous unreacted particles that weaken the interfacial transition zone’s mechanical properties. 
With increasing content, these unreacted particles accumulate in the transition zone, creating  
porous weak areas that diminish interfacial friction and mechanical interlocking while inducing 
internal structural loosening, consequently leading to significantly greater peak slip displacements at 
higher contents. 

Figure 6 illustrates the relationship between bond stress–slip displacement and waste glass 
powder content in reinforced concrete with different waste glass powder particle sizes. The results 
indicate that under identical particle size conditions, bond strength decreases nonlinearly as the waste 
glass powder content increases, while peak slip displacement shows a positive correlation with 
content. For all waste glass powder particle sizes, the optimal performance is achieved at a 10% 
content, with bond strength increasing by 5.3%, 5.1%, and 0.1%, respectively, for 10%, 20%, and 
30%. Moreover, at this content, the peak slip displacement is 18.3–30% lower compared with 
specimens with higher replacement contents (20% and 30%). 
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Figure 5. Influence of different waste glass powder contents on the bond–slip behavior 
of reinforced concrete: (a) D1; (b) D2; (c) D3. 

 

Figure 6. Relationship between bond stress–slip displacement and waste glass powder 
content at different particle sizes in reinforced concrete. 

3.3. The failure mechanism of reinforced concrete with waste glass powder 

The incorporation of waste glass powder in concrete initiates two crucial chemical reactions. 
The alkali–silica reaction occurs when the alkaline components in concrete chemically interact with 
waste glass powder to produce alkali–silicate gel. This hygroscopic gel expands upon water 
absorption, generating internal stresses that may cause concrete cracking and structural deterioration, 
as represented by Eq 2. Conversely, the pozzolanic reaction involves waste glass powder reacting 
with cement hydration products to form calcium silicate hydrate gel. This reaction not only improves 
concrete’s strength but also effectively inhibits the formation of expansive alkali–silica gel, with its 
chemical process detailed in Eq 3. 
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            𝑆𝑖𝑂ଶ + 2𝑁𝑎ା(𝐾ା) + 2𝑂𝐻ି

  
ሱ⎯ሮ 𝑁𝑎ଶ(𝐾ଶ)𝑆𝑖𝑂ଷ𝐻ଶ𝑂 (2) 

𝑆𝑖𝑂ଶ + 𝐶𝑎ଶା + 2𝑂𝐻ି

  
ሱ⎯ሮ 𝑛ଵ𝐶aO ⋅ 𝑆𝑖𝑂ଶ ⋅ 𝑛ଶ𝐻ଶ𝑂 (3) 

The incorporation of waste glass powder in concrete, considering both its content and particle 
size, is closely related to the failure modes of reinforced concrete specimens, primarily manifested in 
splitting failure and pull-out failure. When a high content of waste glass powder or when coarse 
particle sizes are used, the specimens tend to experience splitting failure, as shown in Figure 7a. The 
failure of the reinforced concrete specimen is accompanied by a clear brittle fracture sound, with 
cracks initially forming at the free end of the specimen and rapidly extending toward the loading end. 
This is because, during the pull-out process, radial stress develops at the interface between the steel 
reinforcement and the concrete due to the bond stress. When the concrete’s hoop tensile strength is 
insufficient to resist this radial stress, longitudinal splitting occurs. Moreover, the incorporation of 
larger waste glass particles may induce alkali–silica reactions, producing expansive reaction gels that 
generate supplementary tensile stresses within the concrete matrix, thereby significantly accelerating 
crack propagation rates and exacerbating structural damage. 

When specimens incorporate moderate amounts of fine-grained waste glass powder, they 
typically exhibit pull-out failure characteristics, as illustrated in Figure 7b. These specimens show 
minimal surface cracking, often with only a few fine cracks or even no visible cracks at all. The 
failure process involves a gradual increase in bond stress until reaching the maximum, followed by 
controlled extraction of the steel bar. This improved performance arises from the microfilling effect 
of waste glass powder: Its fine particles optimize the pore structure of the cement matrix, reduce the 
brittleness of concrete, and enhance the mechanical properties of the interfacial transition zone. 
These microstructural enhancements promote a more uniform stress distribution across the specimen, 
effectively preventing crack formation induced by localized stress concentrations. 

 

Figure 7. Failure modes of specimens: (a) splitting failure; (b) pull-out damage. 

4. Bond–slip model of waste glass powder-reinforced concrete 

In the study of bond–slip constitutive relationships for reinforced concrete, traditional models 
such as the Malvar model, the Eligehause–Popov–Bertero model (BPE model), modified BPE model, 
and Cosenza–Manfredi–Realfonzo model (CMR model) [22–25], although capable of describing 
bond–slip behavior to varying extents, fail to simultaneously satisfy the requirements for smooth 
continuity and the clear physical concepts of the bond–slip curve. Therefore, on the basis of 
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comprehensive experimental investigations and theoretical analyses, Gao et al. [26] developed a 
novel continuous curve model to characterize the constitutive relationship of bond–slip in reinforced 
concrete, as illustrated in Figure 8. This advanced model accurately captures the bond–slip behavior 
in three distinct phases. (1) The initial loading phase demonstrates a near-linear stress–slip 
relationship dominated by chemical adhesion and frictional forces. (2) Upon reaching peak stress, 
chemical bonds fail while microcracks initiate, propagate, and coalesce within the concrete matrix, 
leading to progressive stress reduction. (3) Beyond a critical slip threshold, the bond stress tends to 
stabilize, mainly through the friction and partial residual interlocking forces between the steel ribs 
and the concrete, maintaining residual load-bearing capacity. The corresponding constitutive 
equation for reinforced concrete’s bond–slip behavior is presented in Eq 4. 

⎩
⎨

⎧
ఛ

ఛu
= 2ට

௦

௦ೠ
−

௦

௦ೠ
0 ≤ 𝑠 ≤ 𝑠௨

𝜏 = 𝜏u
(௦ೝି௦)మ(ଶ௦ା௦ೝିଷ௦ೠ)

(௦ೝି௦ೠ)య
+ 𝜏௥

(௦ି௦ೠ)మ(ଷ௦ೝିଶ௦ି௦ೠ)

(௦ೝି௦ೠ)య
𝑠௨ ≤ 𝑠 ≤ 𝑠௥

  

            (4) 

Where 𝜏௨ and 𝑆௨ represent the peak bond strength and the corresponding slip, and 𝜏௥ and 𝑆௥ 
represent the bond strength and the corresponding slip in the residual phase. 

 

Figure 8. Continuous curve model. 

In order to further study the influence of the particle size and content of waste glass powder on 
the bond–slip performance of reinforced concrete, the continuous curve model was modified. Since 
the mechanical behavior in the residual stage is mainly dominated by the friction between the ribs on 
the surface of the reinforcing bars and the concrete aggregates, and has a relatively weak correlation 
with the pozzolanic activity or particle size effect of the waste glass powder. Therefore, in this paper, 
only the influence coefficients of the particle size and content of the waste glass powder on the bond 
strength and peak slip are introduced, as expressed in Eq 5. 

𝜏ௗ௥ = 𝜏଴ × 𝛾 × 𝜔 

𝑠ௗ௥ = 𝑠଴ × 𝛼 × 𝛽 (5) 
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Where 𝜏ௗ௥ and 𝑠dr represent the bond strength and peak slip corresponding to different particle 
sizes and contents of waste glass powder, 𝜏଴ and 𝑠଴ represent the bond strength and peak slip for 
the concrete without waste glass powder, 𝛾 and 𝜔 represent the effects of particle size and content 
on bond strength, and 𝛼 and 𝛽 represent the effects of particle size and content on peak slip. 

The continuous curve model proposed by Gao et al. [26] was modified to develop a bond–slip 
model for waste glass powder-reinforced concrete under the synergistic effects of varying waste 
glass powder particle sizes and contents, as shown in Eq 6. 

   𝜏 =

⎩
⎪⎪
⎨

⎪⎪
⎧

𝜏dr × ቌ2ඨ
𝑠dr

𝑠௨
−

𝑠dr

𝑠௨
ቍ (0 < 𝑠dr ≤ 𝑠௨)

𝜏dr

(𝑠௥ − 𝑠dr)ଶ(2𝑠dr + 𝑠௥ − 3𝑠௨)

(𝑠௥ − 𝑠௨)ଷ
+ 𝜏௥

(𝑠dr − 𝑠௨)ଶ(3𝑠௥ − 2𝑠dr − 𝑠௨)

(𝑠௥ − 𝑠௨)ଷ
(𝑠௨ < 𝑠dr ≤ 𝑠௥)

𝜏௥ (𝑠dr > 𝑠௥)

 (6) 

Figures 9 and 10 show the bond strength ratio and peak slip ratio of reinforced concrete under 
the synergistic effects of waste glass powder’s particle size and content. Here, 𝜏ௗ represents the 
bond strength of reinforced concrete under the effect of particle size, 𝜏ௗ 𝜏଴⁄  represents the bond 
strength ratio under the effect of particle size, 𝜏௥ represents the bond strength of reinforced concrete 
under the effect of content, 𝜏௥ 𝜏଴⁄  represents the bond strength ratio under the effect of content, 𝑆ௗ 
represents the peak slip of reinforced concrete under the effect of particle size, 𝑆ௗ 𝑆଴⁄  represents the 
peak slip ratio under the effect of particle size, 𝑆௥ represents the peak slip of reinforced concrete 
under the effect of content, and 𝑆௥ 𝑆଴⁄  represents the peak slip ratio under the effect of content. 

 

Figure 9. Bond strength ratio under different waste glass powder parameters: (a) 
different particle sizes; (b) different contents. 

Figure 9 reveals that the optimal enhancement of bond strength is achieved when using waste 
glass powder with a D1 particle size at 10% content. This optimal performance arises from the 
combined benefits of the powder’s microaggregate filling effect and retained pozzolanic activity, 
which significantly improves the microstructure of the interfacial transition zone. However, when the 
particle size exceeds D1 or the content surpasses 10%, all particle size groups exhibit a notable 
reduction in the bond strength ratio. This deterioration occurs because larger particles, with their 
reduced specific surface area, have diminished pozzolanic reactivity; meanwhile, excessive content 
leads to the accumulation of unreacted particles in the interfacial zone, impairing the mechanical 
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properties of the transition zone. In contrast, Figure 10 shows that the peak slip ratio follows the 
opposite trend, increasing with both particle size and content. The D3 particle size group at a 30% 
content reaches a maximum slip ratio of 1.4. This is attributed to weakened particle–matrix 
interlocking and the accumulation of unreacted particles at the interface, which create microcracks 
and pore defects, ultimately forming a continuous weak zone with enhanced deformation capacity. 

 

Figure 10. Peak slip ratio under different waste glass powder parameters: (a) different 
particle sizes; (b) different contents. 

The fitting analysis of the results in Figures 9 and 10 reveals the effects of different waste glass 
powder particle sizes and contents on bond strength, represented by the parameters 𝛾 and 𝜔, as 
well as the effects on peak slip, represented by the parameters 𝛼 and 𝛽. The fitting result is shown 
in Eqs 7–10： 

𝛾 = ൝
-2.45*10-4𝑑ଶ+0.007d+1.002 𝑑 ≤ 20

-2.725*10-4𝑑ଶ+0.008d+1.004 20 ≤ 𝑑 ≤ 75
-0.525*10-4𝑑ଶ − 2.35*10-4d+1 75 ≤ 𝑑 ≤ 150

 (7) 

𝜔 = ቐ
-0.977*10-5𝑟ଶ+0.001r+1.011 𝑟 ≤ 10
-0.933*10-5𝑟ଶ+0.001r+1.008 10 ≤ 𝑟 ≤ 20

-0.239*10-5𝑟ଶ+3.921*10-5r+1 20 ≤ 𝑟 ≤ 30

 (8) 

𝛼 = ቐ
0.006*e0.119d+0.992 𝑑 ≤ 20
0.043*e0.063d+0.954 20 ≤ 𝑑 ≤ 75

1.031*e0.011d − 0.04 75 ≤ 𝑑 ≤ 150

 (9) 

𝛽 = ቐ
0.017*e0.012r+0.984 𝑟 ≤ 10

-190.9*e-9.3*10-6௥+191.9 10 ≤ 𝑟 ≤ 20
-0.425*e-0.012r+1.462 20 ≤ 𝑟 ≤ 30

 (10) 

 

To thoroughly verify the accuracy of the bond–slip model for waste glass powder-reinforced 
concrete structures, three representative test specimens (D1R10, D2R20, D3R10) were selected for 
validation analysis of the constitutive model. As shown in Figure 11, the bond–slip relationship 
exhibits three distinct phases. (1) The ascending phase demonstrates a linear or near-linear increase 
in bond strength with slip displacement. (2) The descending phase shows a gradual reduction in bond 
strength with continued slip displacement at the loading end. (3) The residual phase features 
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stabilized bond strength at reduced levels, indicating structural failure. As shown in Figure 11, the 
differences between the model’s results and the experimental data mainly occur in the residual stage. 
Since the bond–slip model only considers the influence of particle size and content on the bonding 
performance, it does not fully account for the physical and chemical effects of the waste glass 
powder in the interface transition zone during the residual stage, resulting in a deviation between the 
constant assumption of friction and the actual situation. However, the error between the test results 
and the model results is within an acceptable range, verifying the validity of the bond–slip model for 
waste glass powder-reinforced concrete structures under the combined effect of particle size and content. 

 

Figure 11. Comparison between theoretical models and experimental results: (a) D1R10; 
(b) D2R20; (c) D3R10. 

5. Conclusions 

This paper, by combining indoor experiments and theoretical analysis, studied the influence of 
different particle sizes and contents of waste glass powder on the bond–slip performance of 
reinforced concrete. On the basis of the experimental results, the following conclusions can be drawn. 

(1) Under identical replacement content conditions, increasing the particle size of waste glass 
powder reduces its specific surface area and reactivity, consequently decreasing the quantity of 
calcium silicate hydrate gel produced through pozzolanic reactions. This results in progressively 
diminished concrete density and bond strength. Conversely, with a constant particle size, bond 
strength demonstrates an initial increase followed by a decrease as the waste glass powder content 
rises, peaking at 10% content with a 5.3% enhancement compared with reference specimens without 
waste glass powder. 

(2) The failure mode of waste glass powder-reinforced concrete exhibits significant dependence 
on both the particle size and content parameters. When utilizing larger particle sizes, the material 
tends to initiate alkali–silica reactions that produce expansive gel products, generating substantial 
internal swelling pressures within the concrete matrix. This expansive action results in markedly 
increased crack propagation, consequently transforming the failure mechanism from predominant 
reinforcement pull-out failure to concrete splitting failure. 

(3) The developed bond–slip constitutive model for waste glass powder-reinforced concrete 
successfully characterizes the interfacial bond behavior across varying particle size distributions and 
replacement contents, demonstrating good agreement with experimental observations. 
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