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Abstract  The present study aimed to analyze the 

stabilization of clay soils for the optimization of urban 

subgrades through the use of common glass in the province 

of Tarma, Peru. An experimental design methodology was 

employed, with 5 test pits excavated for soil extraction. 

Recycled glass was used, ground, and added in varying 

percentages of 0%, 10%, 20%, 30%, and 60%. An 

observation sheet was used to record all relevant data. The 

results indicated that the SiO2 content in the glass was 

71.166% and the CaO content was 25.683%, with Si 

(53.355%) and Ca (41.355%) being the predominant 

elements. Regarding Maximum Dry Density (MDD), the 

highest value was recorded with the addition of 20% 

ground glass (1.987 g/cm³). Additionally, the Optimum 

Moisture Content (OMC) decreased as the percentage of 

added glass increased. Concerning the California Bearing 

Ratio (CBR) at 100% of the MDD, the maximum value 

was observed with 20% glass addition (17.8%), indicating 

that the subgrade is of good quality. Finally, the ANOVA 

analysis showed an F-statistic value of 267.1722 and a 

p-value of 0.00, suggesting statistically significant 

differences between the groups with different percentages 

of glass addition. It was concluded that the addition of 

ground glass improves the density and moisture providing 

an effective solution for the stabilization of clay soils in 

terms of sustainability and performance. 

Keywords Maximum Dry Density, Optimum 

Moisture Content, CBR, Clay Soils, Glass 

1. Introduction

Challenging geographical conditions, such as steep 

slopes and unstable soils, can complicate road construction, 

necessitating the use of advanced topographical techniques 

and geological surveys to identify and resolve issues, 

ensuring safe construction [1]. Soil stabilization generally 

improves its physical, mechanical, and strength properties, 

ensuring long-term durability. Designing a stabilization 

method with additives involves classifying the soil, 

selecting the type and quantity of stabilizer, and 

determining the appropriate stabilization process. The 

design method depends on the intended use of the 

stabilized soil. It is challenging to establish standard 

stabilization patterns, particularly with the wide range of 

pavement design methods available [2]. 

Clay, upon drying, undergoes shrinkage and cracking, 

which can lead to uneven settlements in buildings. 

Therefore, it is crucial to implement effective 

waterproofing techniques. Despite the challenges posed by 

clayey soils, with proper knowledge and the application of 

appropriate mitigation techniques, it is possible to prevent 

the associated problems [3]. 

Across the globe, there are millions of kilometers of 

paved roads that deteriorate over time. In response to this 

challenge, researchers are investigating the use of recycled 

materials as a sustainable option to enhance road systems. 

In the United States, researchers at the Mizzou Asphalt 

Pavement and Innovation Laboratory are utilizing recycled 

materials for road repairs. This approach not only promotes 

the sustainability of asphalt mixtures but also contributes to 
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environmental preservation by preventing the leaching of 

waste into the surroundings [4]. 

In Latin America and the Caribbean (LAC), public mass 

transit enhances access to employment and education, 

leading to increased income for the population and 

contributing to poverty reduction. Despite these benefits, 

LAC faces significant challenges compared to leading 

countries in transport infrastructure. In OECD nations, the 

average road length per square kilometer of land area is 1.3 

kilometers, whereas in LAC, it barely reaches 0.5 

kilometers. Moreover, the quality of road infrastructure in 

the region is significantly below the standards of leading 

countries. For instance, in Brazil, most roads are unpaved, 

resulting in considerable maintenance costs, which are 

often inefficient due to a lack of technical skills and 

appropriate technology [5]. Consequently, there is an 

increasing need to implement improvements in paving 

materials. 

In the Peruvian context, the diverse geomorphology, 

varying climates, and heavy traffic contribute to a more 

rapid deterioration of roads, as pavements must withstand 

extreme conditions [6]. Therefore, it is crucial to utilize 

soils that can be maximized and possess characteristics that 

ensure safe paving. However, the presence of deficient 

subgrades in various areas can lead to ruts, fatigue, and 

cracks on the surface [5]. 

Tarma, located in a region characterized by 

conglomerate lithology with the presence of silt-clay lenses 

[7], faces specific challenges regarding soil stabilization 

for urban infrastructure. Therefore, optimizing subgrades 

through the use of common glass as a stabilizing material 

presents an opportunity to enhance the strength and 

durability of local roads, as well as to address the issues of 

subsidence and deformation associated with the clayey 

soils in the area. 

As a result, studies such as the one by Ouslimane et al. [8] 

demonstrated that the addition of glass to clay reduces 

swelling and compaction indices. Similarly, in the study by 

Ogundairo et al. [9], where glass was used as a soil 

stabilizer to assess the mechanical strength of clayey 

subgrade soils, an improvement in durability was observed, 

along with a 125% increase in the California Bearing Ratio 

(CBR). Furthermore, the study by Behboudi et al. [10] 

showed that the addition of recycled glass powder for soil 

stabilization led to a reduction in soil dispersion, an 

increase in plasticity index, and an increase in the 

maximum dry density of the soil. In line with this, the study 

by Nategh et al. [11] employed recycled glass from 

photovoltaic panels to enhance the properties of clayey 

soils, demonstrating improved strength and stiffness when 

12% glass powder was used. Additionally, Attom et al. [12] 

in their research utilized crushed glass for the stabilization 

of clayey soils, showing that treatments with 5% and 8% 

glass reduced internal erosion and increased critical shear 

stress. 

The research aims to address the challenges posed by 

clayey soils in the Tarma region, an area characterized by 

its complex geography and extreme climatic conditions. 

Under these conditions, clayey soils tend to experience 

shrinkage and cracking, which can lead to issues in 

infrastructure construction, such as uneven settlements and 

accelerated deterioration of roadways. The study explores 

the use of recycled glass as a stabilizing material to 

enhance the strength and durability of urban subgrades. 

The addition of glass not only has the potential to improve 

the mechanical properties of the soil, such as moisture 

stability but also offers a sustainable solution by utilizing 

recycled materials, thereby contributing to environmental 

preservation. Previous studies have demonstrated that 

recycled glass can reduce swelling, increase the California 

Bearing Ratio (CBR), and improve the maximum dry 

density of the soil. These studies include Ouslimane et al., 

who evidenced a reduction in swelling indices and 

improved soil compaction; Ogundairo et al., who reported 

a 125% increase in CBR when using glass as a stabilizer; 

Behboudi et al., who showed an enhancement in maximum 

dry density and a reduction in soil dispersion with the use 

of recycled glass powder; Nategh et al., who found 

improvements in soil strength and stiffness with a 12% 

addition of recycled glass powder; and Attom et al., who 

documented a reduction in internal erosion and an increase 

in critical shear stress with the addition of crushed glass. 

This research seeks to apply these findings to the specific 

context of Tarma, offering an effective and eco-friendly 

solution for the region’s pavement challenges. 

2. Materials and Methods 

The scientific method was employed in this study, 

following a series of systematized procedures [13], in order 

to generate new knowledge through the use of common 

glass to stabilize clayey soils, thus optimizing urban 

subgrade. 

2.1. Research Scope 

This study adopted an explanatory scope, as its purpose 

extended beyond the mere description of details or 

concepts; it aimed to elucidate the causes underlying 

events and phenomena in social and physical environments 

[14]. Consequently, specific data on the chemical, physical, 

and mechanical properties of clayey soils treated with 

common glass were employed to determine their 

effectiveness in improving urban subgrade. 

2.2. Type of Research 

The applied research type involved the application of 

theoretical knowledge to benefit the groups involved in the 

processes and society at large, as well as to contribute to 

the advancement of the field [15]. Therefore, this study 

was categorized under this modality, as it used practical 

principles to stabilize clayey soils through the application 
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of common glass, generating results that effectively 

supported the achievement of the study's objectives and 

provided a solution for enhancing urban subgrade. 

2.3. Research Design 

The factorial experimental design is a type of design in 

which the effects of two or more factors, as well as their 

interactions, on one or more variables of interest are 

studied simultaneously. In this type of design, each level of 

one factor is combined with each level of the other factors, 

allowing for the analysis of both the individual effect of 

each factor and their interactions [16]. Thus, the factorial 

design was employed in this study, as illustrated in Table 1, 

to investigate the effects of various glass dosages on 

different samples of clayey soils. 

Table 1.  Experimental Design 

Clay soil Glass dosage Treatment 
Repetitions 

I II III IV V 

Test pit 1 0% Control (t) t I t II t III t IV t V 

Test pit 2 10% a a I a II a III a IV a V 

Test pit 3 20% b b I b II b III b IV b V 

Test pit 4 30% c c I c II c III c IV c V 

Test pit 5 60% d d I d II d III d IV d V 

2.4. Procedures 

2.4.1. Material Acquisition 

The study area was surveyed to define the research 

points, and subsequently, 5 test pits were excavated to a 

depth of 1.50 meters. Soil samples were collected from 

each test pit and sent to a laboratory for separate 

characterization to enhance the reliability of the 

experiment. Laboratory tests included granulometry, 

plastic and liquid limits, moisture content, classification 

according to AASTHO and SUCS, stratigraphic profiles, 

modified Proctor tests, CBR tests, and chemical analyses 

of salts, chlorides, and sulfates. 

The glass was obtained from waste generated by a glass 

factory, including materials from the production of 

trophies, windows, and bottles of various shapes (such as 

beer, soda, and wine bottles). Approximately 140 kg of 

waste was collected, washed with high-pressure water to 

remove impurities, and then dried for 24 hours. Initial 

crushing was done manually using a mallet, followed by 

further crushing to obtain finer particles. The crushed 

material was sieved through No. 50, No. 100, and No. 200 

meshes. Finally, the material retained in the No. 200 mesh 

was subjected to chemical analysis using X-ray 

fluorescence (XRF), as illustrated in Figure 1. 

2.4.2. Material Mixing 

For the mixing of clay soils with ground glass, 

proportions of 0%, 10%, 20%, 30%, and 60% by dry 

weight of the clay soil were used, resulting in five different 

combinations. The clay soil samples were dried in an oven 

until a constant mass was achieved, and each sample was 

mixed with a specific amount of ground glass until a 

homogeneous mixture was obtained. Subsequently, each 

sample was stored in transparent bags. Finally, the various 

mixtures were sent to the laboratory for analysis, which 

included granulometric testing, plastic and liquid limits, 

moisture content, and classification according to the 

Peruvian Guide Indecopi: Gp:004: 1993 [17], ASTM 

D1883 [18] and NTP 339.175 [19] and NTP 339.141 [20], 

stratigraphic profiles, CBR and modified Proctor tests, as 

well as chemical analysis of salts, chlorides, and sulfates, 

with five repetitions for each sample. 

 

Figure 1.  Laboratory Testing 

2.5. Techniques and Instruments for Data Collection 

and Analysis 

The observation technique refers to the reliable, 

systematic, and valid recording of situations and behaviors 

that occur [21]. Therefore, this technique was employed in 

the research to collect data on the mechanical and physical 

characteristics resulting from the combination of glass 

powder with clay soil, as well as data obtained from the 

corresponding laboratory analyses. The observation sheet, 

as an essential instrument, allowed the researcher to 

systematically focus on the true subject of study and served 

as a foundation for guiding the collection of information 

about the observed phenomena. Consequently, in the 

research, this instrument was used to gather data on various 

variables such as granulometry, liquid and plastic limits, 

moisture content, concentration of salts, chlorides, and 

sulfates, as well as the California Bearing Ratio (CBR) for 

clayey soils and the modified Proctor test, all based on the 

specifications outlined in the MTC Materials Testing 

Manual. 

To analyze the information collected through 
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experimentation and laboratory analysis, the primary tools 

employed were Excel and R Studio spreadsheet programs. 

These programs featured specific formats that were 

tailored to each of the processes conducted in the study. 

3. Results 

3.1. Chemical Characteristics of Glass 

The identified particle size was 75 μm; furthermore, the 

chemical components are described below. 

Figure 2 illustrates the chemical composition of glass in 

terms of oxides. Silicon dioxide (SiO₂) constitutes   

71.166% of the composition, indicating that silica is the 

primary component, contributing to both transparency and 

strength. Calcium oxide (CaO) comprises 25.683%, 

enhancing the glass's durability and chemical stability. Iron 

oxide (Fe₂O₃) at 1.291% may affect the color of the glass, 

imparting a greenish or yellowish hue. Potassium oxide 

(K₂O) at 0.827% aids in durability and lowers the melting 

point, while sulfur trioxide (SO₃) at 0.566% functions as a 

clarifying agent. Barium oxide (BaO) at 0.183% and 

strontium oxide (SrO) at 0.06% increase density and 

improve optical properties. Titanium dioxide (TiO₂) at 

0.128% enhances UV radiation resistance, and manganese 

oxide (MnO) at 0.031% serves as a decolorizing agent. 

Zinc oxide (ZnO) at 0.024% contributes to corrosion 

resistance, whereas chromium oxide (Cr₂O₃) at 0.022% 

affects the green color and chemical resistance. Copper 

oxide (CuO) at 0.011% imparts blue or green hues, and 

rubidium oxide (Rb₂O) at 0.008% can slightly influence 

thermal and electrical properties. Collectively, these 

components provide the glass with durability, chemical 

resistance, and specific optical properties. These findings 

are consistent with the study conducted by Hordieiev and 

Amelina [22], which identified SiO₂ as constituting 60%. 

Figure 3 displays the chemical composition of glass 

expressed in terms of elements. Silicon (Si) accounts for 

53.355%, indicating a high amount of silica responsible for 

the rigidity and transparency of the glass. Calcium (Ca) 

represents 41.355%, improving chemical resistance and 

durability. Iron (Fe) at 2.446% may affect glass coloration 

and UV radiation resistance. Potassium (K) at 1.442% 

contributes to durability and lowers the melting point. 

Sulfur (S) at 0.458% is associated with the use of clarifying 

agents, while barium (Ba) at 0.305% and strontium (Sr) at 

0.145% increase density and enhance optical properties. 

Titanium (Ti) at 0.291% improves UV resistance, 

manganese (Mn) at 0.064% acts as a decolorizing agent, 

and zinc (Zn) at 0.049% adds corrosion resistance. 

Chromium (Cr) at 0.044% affects green coloration and 

chemical resistance, while copper (Cu) at 0.025% provides 

green or blue hues. Finally, rubidium (Rb) at 0.02% can 

slightly influence the thermal and electrical properties of 

the glass. 

 

Figure 2.  Chemical components expressed as oxides 
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Figure 3.  Chemical components expressed as elements 

3.2. Physical and Chemical Characteristics of the Soil 

Figure 4 illustrates the results of an analysis of soluble 

salts, soluble chlorides, and soluble sulfates in five test pits 

(C1 to C5), measured in parts per million (ppm). The 

concentrations of soluble salts range from 12,034 ppm in 

C1 to 13,208 ppm in C4, with C2 and C4 exhibiting the 

highest levels. Soluble chlorides vary from 4,202 ppm in 

C1 to 4,647 ppm in C2, with C2 having the highest 

concentration. For soluble sulfates, the values range from 

6,324 ppm in C5 to 7,106 ppm in C2, with C2 showing the 

highest concentration. Overall, C2 exhibits the highest 

concentrations of salts, chlorides, and sulfates, suggesting 

a higher salinity in this test pit compared to the others. 

3.3. Results of Maximum Dry Density (Proctor Test) 

In Figure 5, the box-and-whisker plot demonstrates the 

impact of glass addition on the Maximum Dry Density 

(MDD). At 0% glass, the median MDD values are low, 

indicating a relatively low material density. As the glass 

content increases to 10% and 20%, there is a noticeable rise 

in the median MDD values, suggesting that the 

incorporation of glass enhances the maximum dry density 

of the material. However, at 30% glass content, the median 

values stabilize, indicating that the improvement in 

maximum dry density plateaus does not significantly 

increase with higher glass proportions. At a 60% glass 

content, the median MDD values show a slight decrease, 

which may suggest that excessive glass content could 

negatively impact the maximum dry density. In summary, 

the addition of glass increases the MDD up to a certain 

level, after which the maximum density stabilizes and may 

even decrease with higher additions. These findings align 

with Perera et al. [23], who demonstrated that the addition 

of crushed glass to clay soil resulted in an increase in MDD 

compared to the clay sample without additives. However, 

interestingly, increasing the glass content from 5% to 15% 

led to a decrease in MDD from 1.50 to 1.47 t/m³. This is 

also consistent with Haro [24], who reported that at 8% 

experimental glass content, MDD values ranged from 

1.890 to 1.990 g/cm³. These results indicate that the 

maximum dry density of the material remains relatively 

constant across samples, with minor variations. This range 

should be considered to ensure adequate compaction and 

stability of the material in practical applications. 
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Figure 4.  Chemical Components of the Soil 

 

Figure 5.  Proctor (MDD) 
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3.4. Results of Optimum Moisture Content (Proctor) 

In Figure 6, the box-and-whisker plot of the optimum 

moisture content (OMC) is shown as a function of glass 

addition percentages. The data show that at 0% glass 

addition, the OMC is relatively high, with median values 

around 18.4%. As the glass addition is increased to 10%, 

the OMC significantly decreases to approximately 15.2%, 

indicating that the incorporation of glass reduces the 

amount of moisture required to achieve maximum 

compaction. This decrease continues with 20% and 30% 

additions, where the OMC further reduces to median 

values of 14.0% and 13.5%, respectively. At 60% addition, 

the OMC reaches its lowest value of 12.8%, suggesting 

that higher quantities of glass significantly lower the 

optimal moisture required. These findings align with 

Perera et al. [23], who identified that the incorporation of 

crushed glass into clay resulted in a decrease in the 

optimum moisture content (OMC); specifically, increasing 

the glass content from 0% to 20% reduced the OMC from 

24.90% to 21.92%. This can be attributed to the lower 

water absorption capacity of glass compared to clay soil. 

The results are also consistent with Haro [24], who found 

that the analysis of the optimum moisture content at 8% 

revealed values ranging from 9.60% to 12.80%. Sample 2 

exhibited the highest optimum moisture content, 

suggesting that this sample might require specific 

adjustments in the compaction process. These data are 

crucial for adjusting moisture conditions during material 

preparation to optimize its performance properties. 

3.5. CBR Results (100% of MDS) 

In Figure 7, the box-and-whisker plot shows how glass 

addition affects the California Bearing Ratio (CBR) at  

100% Maximum Dry Density (MDD). With 0% glass 

addition, the median CBR values are relatively low, 

ranging from approximately 4.2% to 5.6%, indicating a 

subgrade with low capacity. As the glass addition increases 

to 10%, the median CBR values improve significantly, 

reaching around 8.6% to 9.6%, although they still do not 

fall within the range considered good (10% ≤ CBR < 20%). 

At 20% glass addition, the median CBR values rise to 

approximately 17.6% to 18.4%, entering the optimal range 

for a good subgrade. However, at 30% addition, the CBR 

decreases slightly, with median values ranging from 13.7% 

to 14.7%. 

With 60% glass addition, the CBR further decreases, 

with median values ranging from 10.9% to 13.8%, 

suggesting that higher amounts of glass can reduce the 

subgrade’s capacity, though it remains within an 

acceptable range. Overall, the addition of glass improves 

CBR up to a certain point, with 20% addition being 

optimal, but higher amounts may lead to decreased 

effectiveness. These findings are consistent with Ikara et 

al. [25], who determined that the addition of ground glass 

resulted in an approximately 407.5% increase in CBR 

value. This is also related to the findings of Karami et al. 

[26], where the addition of an optimal soil stabilization 

mix consisting of  25% glass powder, 7.5% fly ash, and 

3% lime, compared to raw soil, helped control moisture 

fluctuation and optimize. Similarly, Perera et al. [23] 

observed that these values stayed within the range of good 

subgrade quality, while noting an improvement in CBR 

with the incorporation of glass into expansive clay. As the 

glass content increased from 5% to 15%, the CBR value 

rose from 13.6% to 18.1%. However, further glass 

addition (20%) resulted in a decrease in CBR, reducing it 

to 15.8%. The increase in CBR with glass addition is 

attributed to greater friction between glass and clay 

particles, as well as the compact packing of glass with 

clay particles. These findings also align with Haro et al. 

[24], who determined that the CBR at 100% MDD for 

samples 1, 2, 3, and 4 was 30.20%, 29.20%, 29.10%, and 

29.80%, respectively, suggesting that these CBR values 

are classified in the very good subgrade category. 

3.6. Hypothesis Testing 

Table 2 shows that the ANOVA test revealed an 

F-statistic of 267.1722 and a p-value of 0.0000, indicating 

statistically significant differences among the groups with 

varying percentages of glass addition. This result suggests 

that different levels of glass addition significantly impact 

the CBR, with at least one group showing a notable 

difference compared to the others. Given the extremely low 

p-value, the null hypothesis of equal means is rejected, 

underscoring that the addition of glass has a significant 

influence on the CBR. 

The results indicate that all compared group pairs exhibit 

significant differences in their CBR means, with a p-value 

less than 0.05 for each comparison. Overall, CBR 

decreases with an increase in the percentage of glass 

addition, with the highest additions (20%, 30%, and 60%) 

showing significantly lower values than the lower 

percentages (0% and 10%). This suggests that an increase 

in the glass percentage tends to reduce the subgrade's CBR. 
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Figure 6.  Optimum Moisture Content 

 

Figure 7.  CBR (100% of MDS) 



  Civil Engineering and Architecture 13(1): 391-400, 2025 399 

 

Table 2.  Tukey Test 

Multiple Comparison of Means - Tukey HSD, FWER=0.05 

Group1 Group2 mean diff p-adj lower upper reject 

0% 10% 4.38 0.0 3.1014 5.6586 True 

0% 20% 13.02 0.0 11.7414 14.2986 True 

0% 30% 9.36 0.0 8.0814 10.6386 True 

0% 60% 7.26 0.0 5.9814 8.5386 True 

10% 20% 8.64 0.0 7.3614 9.9186 True 

10% 30% 4.98 0.0 3.7014 6.2586 True 

10% 60% 2.88 0.0 1.6014 4.1586 True 

20% 30% -3.66 0.0 -4.9386 -2.3814 True 

20% 60% -5.76 0.0 -7.0386 -4.4814 True 

30% 60% -2.1 0.0 -3.3786 -0.8214 True 

 

4. Conclusions 

The integrated analysis of Maximum Dry Density 

(MDD), Optimum Moisture Content (OMC), and 

California Bearing Ratio (CBR) reveals that the 

percentages of glass addition have a significant impact on 

soil properties. In terms of MDD, the 20% addition 

demonstrated an optimal balance, enhancing soil density 

without excessively compromising the CBR. Regarding 

OMC, the glass addition percentages reduced the optimum 

moisture content, with 0% showing the highest values and 

60% the lowest, suggesting that higher glass additions 

decrease the soil's moisture retention capacity. Finally, the 

CBR analysis indicated that while the 10% glass addition 

exhibited a significantly higher load- capacity compared to 

the higher percentages, the 20% provided the best balance 

between strength and durability, resulting in the most 

favorable CBR value among the analyzed percentages. 

Collectively, these results suggest that a 20% glass addition 

is the most balanced percentage for optimizing soil density, 

moisture content, and load-bearing capacity, offering an 

effective solution for stabilizing clayey soils in terms of 

sustainability and structural performance. 

Therefore, future research should explore the use of 

glass in other clay soils, considering different compositions 

and environmental conditions to further evaluate its impact 

on soil stabilization, aiming for sustainable and structural 

improvements. 
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