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ABSTRACT 

This research aims to study the effect of glass nanoparticles on improving the mechanical 

properties of the elastic modulus of concrete. By relying on the Mori-Tanaka model, the elastic 

modulus is determined based on added volume ratios ranging from 0% to 30%, and the results 

are compared with an experimental model. The main goal of this comparison is to align 

theoretical results with reality, allowing researchers to use these models in the future to predict 

the impact of concrete additives before beginning laboratory experiments, thus saving time 

and reducing costs. This study uses glass as an additive due to its high silica content and as a 

means of recycling glass in civil engineering, supporting environmental preservation and 

ecological sustainability and The Z. Hashin and S. Shtrikman model predicts the mechanical 

properties of nano-glass-reinforced eco-concrete, aiding sustainable construction by recycling 

glass waste. It shows performance improvements up to 30% glass addition before experimental 

validation. 
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% من إضافة الزجاج قبل إجراء  30خلال إعادة تدوير نفايات الزجاج. ويُظهر النموذج تحسينات في الأداء تصل إلى  
 .التجارب العملية

 . إعادة تدوير الزجاج  ،الخرسانة ،معامل المرونة، جسيمات النانو الزجاجية الكلمات المفتاحية:
 

1. Introduction 

Additives in concrete play a very important role, whether in enhancing mechanical, thermal, or acoustic 

properties. In recent years, civil engineering professionals have been working to incorporate efficient 

materials to improve the characteristics and performance of concrete, such as ceramic waste, glass 

debris, steel powder, hemp, and more. Several experiments have shown that fine glass powder enhances 

the characteristics of concrete, with potential additions reaching up to 30%. Benfrid et al.'s study 

develops an effective modulus for eco-concrete with glass powder, finding the REUSS-VOIGT model 

most accurate for certain cement and aggregate replacements, aligning well with experiments after 56 

days, supporting sustainable cement production [1]. Concrete, mainly composed of cement, is the most 

widely used construction material. However, cement production significantly raises carbon dioxide 

emissions due to its high-temperature processing. Research indicates that incorporating fine glass 

powder can improve concrete's mechanical and thermal properties. In this work, they conclude that the 

effects of fine glass powder on ordinary concrete, using the Voigt model for homogenization to assess 

its mechanical and thermal properties, and Bernoulli’s model to calculate the deflection of eco-friendly 

concrete beams [2]. In 2024, Benfrid et al. examined how varying waste glass powder (WGP) content 

affects the critical buckling temperature loads (ΔTcr) of thin eco-concrete panels. Using small elastic 

deformation theory, they analytically modeled the panels and assessed thermo-mechanical performance 

with Hognestad's homogenization model. The study found that ΔTcr decreases with reduced panel 

thickness and higher width-to-length (b/a) ratios, but increases with higher WGP content in high-

performance concrete. These results support using WGP in construction to enhance sustainability by 

integrating waste materials into concrete [3]. In light of urgent environmental challenges, minimizing 

emissions and optimizing recycling are key goals, with glass waste recycling gaining particular traction 

in construction as a component of eco-concrete. In this paper the Ruess-Voigt homogenization model 

are used  to evaluate the mechanical properties of eco-concrete with glass powder. They are examined 

cement replacement with glass powder at various ratios (5%-35%) and a particle size of 2.79 µm, 

comparing results to experimental data. Findings support the Ruess-Voigt model's effectiveness, 

highlighting its potential for broader applications in material homogenization [4]. In another study, 

Benfrid presents a thorough thermomechanical analysis of glass powder as an additive in concrete. The 

Eshelby model is applied to determine composite properties, assuming spherical glass powder particles. 

To simulate reinforced concrete panels, a higher-order shear deformation plate theory is used, ensuring 

both accuracy and simplicity. Equilibrium equations are derived through virtual work, and energy 

equations via Hamilton’s principle. Navier's techniques are employed for closed-form solutions of 

simply supported plates. A parametric study explores the effects of glass powder volume, geometric 

parameters, and thermal loading on thermomechanical behavior. The study highlights challenges in 

using glass powder for thermomechanical applications and offers numerical results to guide future 

reinforced concrete research [5]. Chatbi et al. investigate the static behavior of silica-nanoparticle 

reinforced concrete plates, using Voigt's model to account for agglomeration effects. The plate is 

modeled with higher-order shear deformation theory and assumed to rest on a Pasternak elastic 

foundation. Equilibrium and energy equations are derived through virtual work and Hamilton’s 

principle, with closed-form solutions obtained using Navier's technique. Numerical results show that an 

optimal amount of SiO2 nanoparticles improves mechanical properties, and the elastic foundation 
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significantly impacts slab bending [6]. Harrat et al. (2021) studied the static behavior of concrete beams 

reinforced with SiO2 nanoparticles, using Voigt’s model to account for agglomeration effects. The 

beams are modeled with higher-order shear deformation theory, and the soil medium is simulated with 

a Pasternak elastic foundation. Numerical results show that SiO2 nanoparticles enhance concrete's 

mechanical properties, reducing deflections and stresses. The elastic foundation significantly influences 

beam bending [7].  

In this article, based on Z. Hashin and S. Shtrikman theories [8] to derive and determine all the properties 

of conventional concrete mixed with nano inclusions of glass powder. This law, established in 1963, 

remains valid to this day. This work aims to predict and anticipate the results of eco-concrete with added 

nano inclusions of glass powder. Moreover, this method assists engineers by simplifying their tasks 

before conducting experiments, saving both time and resources. 

2. Methods  

To predict the mechanical properties of this eco-concrete, the homogenization model developed by Z. 

Hashin and S. Shtrikman in 1963 is used [8].  

The properties of ordinary concrete and glass powder are summarized in Tables 1 and 2, respectively 

[9, 10]. 

Table 1. Material properties of ordinary concrete [9] 

Young’s modulus (GPa) E 25 

Poisson’s ratio  v 0.3 

 

Table 2. Material properties of glass powder [10] 

Young’s modulus (GPa)  E 73 

Poisson’s ratio v 0.2 

3. Homogenization between concrete and glass powder 

Eq. (1) ,(2) are used  to determine the effective properties by theories of  Z. Hashin and S. Shtrikman in 

1963 [8]. This theory is very useful in scientific literature. These laws are named after the previous 

authors who found these relationships, as mentioned below. 

𝐾𝑠𝑢𝑝 = 𝐾𝑏 +
𝑉𝑝𝑣

1
𝐾𝑝𝑣 − 𝐾𝑏

+
3𝑉𝑏

3𝑘𝑏 + 4𝐺𝑝𝑣

 (1) 

𝐾𝑚𝑖𝑛 = 𝐾𝑝𝑣 +
𝑉𝑏

1
𝐾𝑏 − 𝐾𝑝𝑣

+
3𝑉𝑝𝑣

3𝑘𝑝𝑣 + 4𝐺𝑏

 (2) 

𝐺𝑠𝑢𝑝 = 𝐺𝑏 +
𝑉𝑝𝑣

1
𝐺𝑝𝑣 − 𝐺𝑏

+
6(𝐾𝑏 + 2𝐺𝑏)𝑉𝑏
5𝐺𝑏(3𝐾𝑏 + 4𝐺𝑝𝑣)

 (3) 

𝐺𝑚𝑖𝑛 = 𝐺𝑝𝑣 +
𝑉𝑏

1
𝐺𝑏 − 𝐺𝑝𝑣

+
6(𝐾𝑝𝑣 + 2𝐺𝑝𝑣)𝑉𝑝𝑣
5𝐺𝑝𝑣(3𝐾𝑏 + 4𝐺𝑝𝑣)

 (4) 
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When: 

𝐸𝑠𝑢𝑝 =
9𝐾𝑠𝑢𝑝

1 + 3
𝐾𝑠𝑢𝑝

𝐺𝑠𝑢𝑝

 

 

(5) 

𝐸𝑖𝑛𝑓 =
9𝐾𝑖𝑛𝑓

1 + 3
𝐾𝑖𝑛𝑓

𝐺𝑖𝑛𝑓

 

 

(6) 

𝐸𝑒𝑓𝑓 =
𝐸𝑠𝑢𝑝 + 𝐸𝑖𝑛𝑓

2
 

(7) 

𝐺𝑒𝑓𝑓 =
𝐺𝑠𝑢𝑝 + 𝐺𝑖𝑛𝑓

2
 

(8) 

𝐾𝑒𝑓𝑓 =
𝐾𝑠𝑢𝑝 + 𝐾𝑖𝑛𝑓

2
 

(9) 

𝑣𝑒𝑓𝑓 = 𝑣𝑏 × 𝑉𝑏 + 𝑣𝑝𝑣 × 𝑉𝑝𝑣 (10) 

where: pvK is the compressibility coefficient of glass powder [GPa], b  is the Poisson's ratio of concrete, 

pv  is the Poisson's ratio of glass powder, bV  is the volume of concrete, pvV  is the volume of glass powder, 

pvG is the shear coefficient of glass powder [GPa], supK  is the compressibility coefficient superior [GPa], 

minK is the compressibility coefficient lower [GPa], supG is the superior coefficient [GPa], 
minG is the 

lower coefficient [GPa],
supE is the superior young module [GPa], minE is the lower young module 

[GPa],
effE is the effective young modulus [GPa] and eff is the Poisson's ratio effective. 

4. Results and Discussions 

The method to deduce the mechanical properties and calculate the compressibility coefficient and shear 

modulus, then derive the elastic modulus for both the upper and lower bounds, and finally conclude the 

averages of all. 

• It is observed that the bulk modulus increases as a function of the volumetric fraction of glass 

powder. The results are recorded in Table 3 and illustrated in Figure 1. The comressibility 

modulus begins to rise steadily, then a slight increase is observed. 

Table 3. Material properties effectives of concrete reinforced by glass powder (compressibility's Modulus). 

Volume Fraction vpv 0% 5% 10% 15% 20% 25% 30% 

Superior compressibility's 

modulus (GPa-1) Ksup 
20.8333 21.5888 22.3632 23.1570 23.9712 24.8065 25.6637 

Lower 

Compressibility's 

modulus (GPa-1) Kinf 

20.8333 21.4667 22.1245 22.8080 23.5788 24.2584 25.7388 

Effective compressibility's 

modulus (GPa-1) Keff 
20.8333 21.5278 22.2438 22.9825 23.7450 24.5325 25.726 

• The shear modulus increases with a 15% addition of waste glass powder, after which it slightly 

decreases, as demonstrated in Table 4 and Figure 2. The optimal value is at 5%, after which the 

Coulomb's coefficient stabilizes and increases slightly with the addition of more than 5% glass 

powder. 
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Table 4. The effective properties of concrete reinforced by glass powder 

(Shear's Modulus). 

Volume Fraction vpv 0% 5% 10% 15% 20% 25% 30% 

Superior Shear's 

modulus (GPa) Gsup 
9.6153 9.6258 9.6373 9.6502 9.6647 9.6812 9.6999 

Lower Shear's 

modulus (GPa) Ginf 
9.6153 36.6697 32.9740 31.9567 31.4806 31.2045 31.0243 

Effective Shear’s  

modulus (GPa) Geff 
9.61538462 23.1477 21.3056 20.8035 20.5726 20.4428 20.3621 

 

Figure 1. Material properties effectives of concrete reinforced by glass powder (compressibility's Modulus). 

 

Figure 2. The effective properties of concrete reinforced by glass powder (Shear's Modulus). 

• Based on the results from Table 5 and Figure 3, there is an observed improvement in the 

modulus of elasticity, followed by stabilization at a certain percentage. Furthermore, as 

indicated by the same table and Figure 4, the Poisson's ratio and uoung's modulus increase 

linearly. From 0% to 5%, there is a double increase, and beyond 5% glass powder, the increase 

becomes gradual. 
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Table 5. The effective properties of concrete reinforced by glass powder  

(Young’s Modulus and Poisson’s ratio). 

Volume Fraction vpv 0% 5% 10% 15% 20% 25% 30% 

Superior Young’s  

modulus (GPa) Esup 
28.3918 28.4383 28.4874 28.5400 28.5967 28.6585 28.7266 

Lower Young’s  

modulus (GPa) Einf 
24.9999 70.0961 66.0892 65.3494 65.3044 65.5200 65.8606 

Effective Young’s  

modulus (GPa) Eeff 
26.6959 49.2672 47.2883 46.9447 46.9505 47.0892 47.2936 

Experimental(GPa)[4] / / / / / / 47.31 

Poisson’s ratio neff 0.3 0.295 0.290 0.285 0.280 0.275 0.270 

 

Figure 3. The effective properties of concrete reinforced by glass powder (Young’s Modulus). 

 

Figure 4. The effective properties of concrete reinforced by glass powder (Young’s Modulus). 
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5. Conclusions 

Finally, six important points were withdrawn from this work, which are as follows: 

1) Simplified predictive model: The Z. Hashin and S. Shtrikman model simplifies predicting the 

mechanical properties of concrete reinforced with glass powder without requiring immediate 

experimental validation. 

2) Theoretical validation first: Once validated through the theoretical model, it becomes possible 

to proceed with cost-intensive experimental testing. 

3) Effective for eco-concrete: The model effectively predicts the mechanical properties of eco-

concrete reinforced with nano-glass particles. 

4) Performance improvement: The study shows that nano-glass enhances all mechanical 

properties, with performance gains observed up to a 30% addition. 

5) Ecological goal: Eco-concrete aims to protect ecological and environmental integrity. 

6) Sustainable solution: Using nano-glass in concrete production offers a sustainable solution to 

reduce glass waste and recycle this material in construction applications. 
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