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Sewer trench backfilled with natural reactive clays can cause devastating deformations 

due to reactive clay being susceptible to swelling and shrinkage upon changes in 

moisture content. Therefore, this research studies the influence of recycling waste 

materials in enhancement the geotechnical properties of backfilling materials. Crushed 

glass was utilized as waste material and blended with reactive clay at different 

proportions being 0%, 20%, 30%, 40%, 50%, 60%, 70%, 80% and 100%. Experimental 

tests were carried out to explore the optimum glass content by investigating the physical 

and mechanical properties of clay-glass mixtures, which included swelling, shrinking 

and strength characteristics. The findings presented that increasing glass proportion 

raised maximum dry density and reduced optimum moisture content. Swelling, 

shrinkage and strength tests showed that no significant improvement beyond 40% glass 

content, which was recommended as the optimum glass content. The outcome of this 

study enhances understanding of clay behavior with recycled glass, promoting 

sustainable construction. 
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1. INTRODUCTION

Reactive clayey soils have been considered to be one of the 

more intricate soils that cause extensive damage to civil 

engineering structures worldwide. Reactive soil is 

characterized by its high plasticity and typically contains 

montmorillonite and other active clay minerals. This type of 

soil presents a common problem, raising concerns among 

researchers regarding the design, protection, and maintenance 

of structural systems. Reactive soils are prevalent in arid/semi-

arid regions, where even moderate expansiveness can lead to 

significant structural damage [1, 2]. Similarly, in humid 

environments, high plasticity index reactive soils have a risk 

to structures. Various factors influence the behavior of reactive 

soil, with moisture availability and the quantity and type of 

clay-size particles being among the most significant. Changes 

in water content cause volume fluctuations, resulting in either 

swelling or shrinkage, hence the term “swell/shrink soils” [3]. 

Although chemical alterations can induce expansion, reactive 

soils predominantly comprise clay minerals prone to swelling 

and shrinkage. Greater clay content in the soil increases the 

potential of swelling, as clay attracts water. Conversely, as the 

soil loses moisture, it shrinks. Research suggests that safe 

expansion percentages for most reactive clays typically equal 

or fall below 10% [4]. Therefore, it has become significant to 

take into account the issue of reactive soils in pavement design 

and construction.  

To mitigate this problem, different strategies have been 

developed, involving both chemical and mechanical 

stabilization approaches. Lime and cement are two most 

commonly used additives for chemical stabilization of 

expansive soils [5]. However, there are several disadvantages 

associated with chemical approach, involving two harmful 

chemical reactions: carbonation and reaction with sulfate salts 

present in the soil. These processes can result in soil damage, 

expansion, and deterioration, often resulting in strength loss 

[6]. Additionally, chemical stabilization is known to have 

adverse environmental effects, particularly the release of CO2 

during the production of stabilizers like cement [7]. Despite 

these drawbacks, chemical additives remain extensively 

utilized in diverse geotechnical engineering applications, 

including enhancing subgrades, lining channels, constructing 

earth dams, and building embankments. This persistent use is 

due to their advantages, including reliability, availability, and 

proven effectiveness, which are perceived to outweigh their 

disadvantages [8]. The mechanical stabilization involves 

compaction [9], pre-wetting [10], drying-wetting cycles [11, 

12], reinforcement [13], reactive layer replacement with an 

inert material [14], barrier systems to rule moisture flow into 

reactive soil [15] and solid waste [16, 17].  

Waste material refers to any substance produced from 

industrial processes that lacks enduring utility [18]. The 

growing of waste materials amounts and insufficiency of 

landfill regions highlight the requirement of looking for 

inventive ways to recycle waste materials. Recycling waste 

materials can reduce the virgin materials request and 

consequently lead to a more sustainable environment [19, 20]. 

The performance of various kinds of waste materials has 

been studied in soil stabilization. Reactive soils have been 

stabilized using industrial wastes such as Fly ash, Rubber, 
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aluminium residue, recycled asphalt and slag with/without a 

binder such as lime, cement, bitumen and calcium chloride 

[13, 21-29]. All these studies have confirmed the applicability 

of using waste materials in enhancing reactive soil properties. 

Glass waste has been deemed at the top of the challenging 

waste materials list. More than 130 million tons of glass were 

produced worldwide in 2018, about 20% was only recycled 

[30]. Usually, glass spends more than 400 years to 

biodegradation, therefore, it has been significant to repurpose 

it across different uses. The physical properties of crushed 

glass, such as its increased permeability and strong resistance 

to crushing could develop its usage in civil engineering 

applications and constructions [31]. 

Many studies have explored the viability of incorporating 

recycled glass into road construction. Arulrajah et al. [32] and 

Disfani et al. [33] investigated the use of glass blends as 

unbound aggregates for pavement system. They found that 

combinations of recycled glass, recycled concrete, and waste 

excavation rock meet the requirements for subbase 

applications but may not be entirely suitable for base 

applications. Mohajerani et al. [34] provided an outline of 

research conducted on repurposing crushed glass as an 

aggregate in pavement structure, revealing the promise of 

utilizing crushed glass in pavement applications. Mohsenian 

Hadad Amlashi et al. [35] explored the viability of 

incorporating recycled glass as a material in base and subbase 

applications. The findings indicated that recycled glass had a 

higher drainage potential than limestone aggregates. Drainage 

characteristics are significant for the effectiveness of unbound 

base and subbase layers, especially when considering the 

interaction between water and the structure of the pavement. 

Yaghoubi et al. [20] and Teodosio et al. [36] suggested the use 

of recycled glass for filling deep sewer trenches situated in 

non-traffic areas. 

In recent years, numerous research works have explored the 

applicability of utilizing recycled glass in enhancing the 

reactive soils geotechnical characteristics [37-42]. These 

investigations conducted experimental analyses on recycled 

glass particles smaller than 0.075 mm, disregarding gradations 

larger than 0.075 mm. Including large particles may increase 

the soil's properties. The recycled glass powder particles 

demonstrate pozzolanic traits, as observed by Kalakada et al. 

[43]. As the particle size decreases, the potential of a 

pozzolanic reaction increases. In contrast to the sand-sized 

recycled glass (RG) utilized in this research, glass powder 

contributes through the chemical stabilization of soils rather 

than relying solely on mechanical stabilization. Sand-sized RG 

was chosen for this study due to the limited research available 

on non-powder RG. In Iraq, there is sufficient availability of 

sand-sized recycled glass (RG), which is priced 25–50% lower 

than native sand. While, the extra processing needed to create 

glass powder leads to increased recycling costs and energy 

consumption when compared to producing glass in sand-sized 

particles [44]. 

An unexplored area concerns the long-term swelling 

potential influenced by 'cyclic swell-shrink', a method for 

studying climatic-induced swell-shrink [2, 45]. Researchers 

applied one-dimensional consolidation theory to model 

climatic effects on expansive soils' volumetric behavior, 

requiring controlled suction to measure swelling and 

shrinkage potential. While suction induces hydraulic 

hysteresis in void ratio throughout wetting and drying 

alternations [46], moisture content correlates linearly with 

void ratio during cyclic wetting and drying [47], validated by 

Tripathy et al. [45]. This behavior, attributed to void ratio and 

moisture ratio showing hysteresis with suction, led several 

researchers to adopt the cyclic wetting and drying process to 

investigate the climatic impacts on volumetric behavior and 

structural design [2, 12, 48, 49]. For compacted clays, the 

second cycle of swell-shrink may exhibit significantly higher 

swelling values, often exceeding those of the first cycle by 

more than double [45]. Hence, it is essential to incorporate at 

least one method for assessing climate effects in research 

aimed at replicating real-world conditions for long-term use. 

While numerous studies have investigated using glass for 

clay stabilization, they predominantly focused on powdered or 

fine glass and cement glass powder in small amounts. There's 

a significant gap in research regarding stabilizing expansive 

clay with coarse crushed glass, despite its widespread 

availability in places. Additionally, the authors note a lack of 

investigation into the climatic impact on the volumetric 

behavior of RG-stabilized clay. Although both chemical and 

mechanical stabilization methods enhance reactive soil 

characteristics, factors such as particle size and content 

influence the efficacy of mechanical stabilization using 

recycled glass. However, there is currently no extensive study 

investigating the combined influence of recycled glass size 

and content on the volume and strength attributes of expansive 

clay subgrades treated with recycled glass. 

 

 
 

Figure 1. Flow chart for investigation the impact of adding 

glass on the traditional backfill soil properties 

 

Therefore, this research conducted a thorough testing of 

how the mechanical characteristics of clay soil change when 

mixed with glass particles of varying sizes and proportion. 

Specifically, the research explored the impact of incorporating 

significant amounts of recycled glass, including particles up to 

4.75 mm in size, on the mechanical properties of expansive 

clay. Additionally, the study examined the long-term 

performance of the treated clay by analyzing how climatic 

conditions affect its volume behavior over time. To achieve 

this aim, the flow chart shown in Figure 1 was followed. 

Firstly, the clay and recycled glass physical properties were 

obtained. Next, static testing including one-dimensional swell 

and UCS were conducted to explore the swelling magnitude 

and strength of reactive clay stabilized with recycled glass. 

Finally, the impact of climate on volumetric characteristics 

(for the long-term) was explored using the shrink-swell cycle 

test. This study advocates for the use of recycled materials to 

improve the performance of clay materials. Recycled glass can 

be substitutional in construction projects to traditional 

methods which are relatively costly and less environmentally 

friendly. This research conducted a thorough examination of 

how the mechanical characteristics of clay soil change when 

mixed with glass particles of varying sizes and quantities. 

Specifically, it explored the impact of incorporating 
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significant amounts of recycled glass, including particles up to 

4.75 mm in size, on the mechanical characteristics of clay. 

Additionally, the study examined the extended-term 

performance of the treated clay by analyzing how climatic 

conditions affect its volume behavior over time. 

 

 

2. MECHANISM OF CLAY-AGGREGATE MIXTURES 

 

The compressive characteristics of clay-aggregate mixtures 

are affected by either the clay component or the aggregate 

component, depending on their dominance. Below a certain 

"transition content", the blend's mechanical response is 

governed by the clay, while above it, the behavior is controlled 

by aggregate particles. With low aggregate levels, clay 

governs the blend's behavior due to limited contact with 

aggregate particles. Increased aggregate content introduces 

additional voids between clay and aggregate particles, leading 

to greater compressibility. While, maintaining constant dry 

density of clay results in increased compactness as clay is 

compacted between aggregate particles during compaction. 

Trapped clay particles experience higher stresses, rendering 

them harder than other areas of the mixture. These hardened 

clay portions serve as bridges between adjacent aggregate 

particles, stabilizing the force chain and resulting in a less 

compressible blend compared to pure clay [50, 51]. 

 

 

3. METHODOLOGY 

 

3.1 Materials and suggested blends 

 

Reactive clay and crushed glass were utilized in this 

research to simulate the traditional backfilling and waste 

material. The crushed glass consisted of different sizes, with a 

maximum size of 2.36 mm. Based on the ASTM-D854 

procedures [52, 53], the clay specific gravities (Gs) and 

crushed glass (G) were 2.72 and 2.43, respectively. 

 

 
 

Figure 2. PSD of clay, glass and suggested blends 

 

Based on ASTM-D422 [54], The particle size distribution 

(PSD) curves were measured and depicted in Figure 2. This 

research aimed to select blends with PSD ranging between the 

PSD of the suggested clay and that for the glass. Thus, blends 

with glass content ranging from 20% to 80% were 

recommended and compared with the performance of the 

selected reactive clay (Figure 2). The specific gravities of the 

selected mixtures are presented in Table 1. In this study, each 

blend was tested multiple times until the results were within 

an acceptable range of difference. If the initial tests showed a 

difference of more than 3%, additional samples were tested 

until the difference was acceptable. This ensured the reliability 

of the average value obtained for each blend. 
 

Table 1. The clay-crushed glass blends physical properties 
 

Material Gs Cu Cc USCS 

100% C 2.73 - - CH 

80%C-20G 2.68 - - CH 

70%C-30G 2.66 - - CH 

60%C-40G 2.64 - - CH 

50%C-50G 2.62 - - CH 

40%C-60G 2.59 - - SC 

30%C-70G 2.57 - - SC 

20%C-80%G 2.55 - - SC 

100% G 2.5 6.24 1.55 SW 

Cu: coefficient of uniformity, Cc: coefficient of curvature, USCS: 

Unified Soil Classification System, CH: clay with high plasticity 

 

3.2 Compaction 
 

Standard Proctor compaction tests were conducted in 

accordance with the study [55] procedures on the blends 

outlined in Table 1. The clay and recycled glass were initially 

dried in ovens at temperatures of 105℃ and 50℃, 

respectively. These blends, with proportions detailed in Table 

1, were combined with varying percentages of water and then 

placed in sealed polythene bags for 7 days to ensure uniform 

water distribution throughout the specimens. Compaction was 

carried out in three layers, each receiving 25 blows, employing 

a compaction effort of 600 kN-m/m³ within a cylindrical mold 

measuring 101 diameters × 116 length. This process was 

repeated for different water contents, and the optimum 

moisture content (OMC) and corresponding maximum dry 

density (MDD) were determined. 
 

3.3 One-dimensional swell test 
 

To seek the influence of glass on the soil swelling after 

compaction, one dimensional (1-D) swell test was conducted. 

According to the expansivity categorization recommended by 

Seed et al. [56], the 1-D swell test [57] was performed on clay 

specimens blended with different glass proportions. 

Cylindrical samples, 50 mm in diameter and 20 mm in height, 

were prepared at the Optimum Moisture Content (OMC) and 

Maximum Dry Density (MDD). These samples were 

immersed in water and allowed to swell under a pressure of 

6.7 kPa until negligible volume change was observed. This 

stress level was recommended for categorizing the 

expansiveness of both the clay and the clay-glass mixture, as 

per the recommendations by Seed et al. [56] proposed method. 

Expansivity refers to the potential volume change resulting 

from water adsorption by minerals in the soil. Subsequently, a 

series of stresses ranging from 12.5 to 1600 kPa were applied 

according to ASTM-D2435/D2435M [58]. Swelling was 

measured at the conclusion of testing. 
 

3.4 Unconfined compressive strength 
 

Specimens (75 mm diameter  150 mm height) prepared at 

different glass contents (0%, 20%, 30%, 40%, 50%, and 60%) 

were compacted at OMC and MDD. Next, Specimens were 

subjected to loads at a displacement rate of 1 mm/min to make 

sure that the experimental testing would end during 10-15 

minutes. The test finished when the stress values declined or 

kept constant [59]. 
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Figure 3. Modified oedometer cell 

 

3.5 Shrink-swell cycles 

 

To explore the influence of adding glass on the shrink-swell 

behavior after achieving equilibrium, the shrink-swell tests 

were carried out. These experiments were conducted to 

explore how lime stabilization affects the swell-shrink 

behavior once the samples reach an equilibrium state, where 

equal swelling and shrinkage deformations occur in each 

cycle. The specimens were compacted at the OMC and MDD, 

then exposed to cycles of swelling and shrinking following the 

methodology outlined by Tripathy et al. [45]. These tests were 

conducted using the oedometer device with modifications 

(refer to Figure 3) to facilitate sample shrinkage under pressure 

of 6.7 kPa and temperature of 40℃. The apparatus was 

positioned within a controlled-temperature environmental 

chamber to manage and uphold the desired temperature. 

Samples were immersed in water and allowed to swell at room 

temperature while monitoring vertical movements. Once 

swelling changes became insignificant, the reverse shrinkage 

process began. Initially, water was removed from the inner 

cell, and subsequently, the oedometer cells were introduced 

into the chamber, where they were kept at a consistent 

temperature o of 40℃ while maintaining a pressure of 6.7 kPa. 

This marked the completion of the first swell-shrink cycle. 

After the shrinkage process, the sample was gradually returned 

to the normal room temperature over a period of 2 to 3 hours. 

Then, the samples were immersed in water starting the second 

cycle of swelling and shrinking. Subsequently, the samples 

were submerged in water to commence the second cycle of 

swelling and shrinking. This process was iterated until 

equilibrium condition was attained. Eventually, the axial strain 

and swelling/shrinkage vs number of cycles were drawn.  

Only limitation of carrying out this test is the potential for 

inadequate procedure in achieving equilibrium condition. 

There are three factors affect the accuracy of reaching the 

equilibrium condition. These factors include measurement 

tools, environmental conditions, and sample preparation 

techniques. The complexity of soil behavior, especially with 

additives such as crushed glass, complicates result 

interpretation across cycles. Despite a structured 

methodology, addressing equilibrium limitations is crucial for 

robust experimental data. 

 

 

4. RESULTS AND DISCUSSION 

 

4.1 Consistency limits 

 

Following the ASTM-D4318 [60], the liquid limit, plastic 

limit and plasticity index (LL, PLand PI, respectively) were 

obtained for the blends at different G contents and presented 

in Figure 4, which presents reductions in LL and PI as glass 

content increased. It was crucial to note that a further decrease 

in the Plasticity Index (PI) was expected for all mixtures. 

However, the G blend had around 12% of particle sizes finer 

than 0.425 mm (refer to Figure 2). This suggested that the 

blend, e.g., with 30% C-70% G had about 30% clay and 8.4% 

glass  0.425 mm. Hence, the reduction in Plasticity Index (PI) 

was dependent on the particle size distribution (PSD) of glass 

finer than 0.425 mm. According to ASTM-D2487 [61], blends 

consisting of 100% clay (C), 80% clay-20% glass (G), 70% 

clay-30% glass, 60% clay-40% glass, and 50% clay-50% glass 

can be classified as clay with high plasticity (CH) (Table 1). 

However, blends containing 40% clay-60% glass, 30% clay-

70% glass, and 20% clay-80% glass can be categorized as 

sandy clay (Sc). The blend of 100 G can be classified as well-

graded sand (SW). According to the reactive soils 

classification estimated by the PI [62] demonstrated in Table 

2, the blends with glass contents ≥ 60% can be categorized as 

low reactive soil. Thus, 60% glass content was recommended 

as optimum glass content. 

 

 
 

Figure 4. LL and PI for different blends 

 

Table 2. Classification of reactive soils 

 
Expansivity Low Medium High Very High 

PI (%) [60]  20 12-34 23-45  32 

Swelling (%) [56] 0-1.5 1.5-5 5-25  25 

 

4.2 Compaction characteristics 

 

Following the ASTM-D698 [55] procedure, the OMC and 

MDD for all blends were measured using the standard Proctor 

compaction test. Figure 5 illustrates that, for a particular blend, 

the dry density raised as moisture content raised until reaching 

the OMC, after which the dry density decreased. Figures 6 and 

7 demonstrate that as glass content increased, the MDD 

increased and OMC decreased. The reduction in the OMC 

attributed to the feasibility of glass particles to absorb water 

which is lower than clay particles. Besides, the samples with 

higher glass content achieved higher MDD which 

consequently caused less available voids to be filled with 

water. These outcomes are consistent with the outcomes of 

Ibrahim et al. [63]. The blend pattern-OMC and blend pattern-

MDD relationships can be expressed by Eqs. (1) and (2), 

respectively. 
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Figure 5. Compaction characteristics of clay at different 

crushed glass contents 

 

 
 

Figure 6. MDD for clay at various crushed glass contents 

 

𝑀𝐷𝐷 = 0.00018𝑛4 − 0.0013𝑛3 − 0.0168𝑛2

+ 0.2901𝑛 + 15.112 

R2=0.9917 

(1) 

 

𝑂𝑀𝐶 = −0.0312𝑛3 + 0.3768𝑛2 − 2.9761𝑛
+ 26.103 

R2=0.9964 

(2) 

 

where, n is a blend pattern, n= 1, 2, 3, 4, 5, 6, 7, 8 and 9. n =1 

and 2 describe blends of C and 0.8-C-0.2 G.  

 

 
 

Figure 7. OMC for clay at various crushed glass contents 

 

4.3 One-dimensional swell test 

 

1-D swell test results shown in Figure 8 presents that the 

specimens at 0% glass content swelled to reach 8.5% and 

according to the categorization conducted by Seed et al. [56], 

the clay specimen was categorized as high-reactive soils. 

Adding about 17% glass contributed to reducing swelling and 

converted the categorization from high to moderate and from 

moderate to low after adding about 35% glass. This is due to 

the increase in glass content would increase the glass particles 

contacts and the clay role would be inactive and thus minor 

swelling could be achieved. Eq. (3) describes the influence of 

adding glass on soil swell values. The findings of the 1-D swell 

test recommended 35% glass content to be the optimum. 

 

𝑆𝑤𝑒𝑙𝑙𝑖𝑛𝑔 (%) = 0.0116𝑚4 − 0.3297𝑚3

+ 2.490𝑚2 − 10.018𝑚 + 16.356 

R2=0.9989 

(3) 

 

 

 
 

Figure 8. Swelling potential for clay with various crushed 

glass contents 

 

4.4 Strength characteristics 

 

Figure 9 presents the influence of adding recycled glass on 

the UCS of the reactive clay. The glass content has a slight 

influence on the soil samples strength treated with 20% 

recycled glass. Yet, notable impact was observed in specimens 

treated with 30% and 40% recycled glass. After that, a slight 

increase was observed after adding 50% glass. These results 

confirmed the mechanism of stabilization mentioned in 

Section 3.3. After adding 40% recycled glass, the particles of 

clay were fully confined in voids among glass particles and 

consequently, the clay role was inactive. Thus, the UCS results 

suggested 40% glass content to be the optimum glass content. 
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Figure 9. Variation of UCS with recycled glass proportions 

 

 
 

Figure 10. Strain vs shrink-swell cycles for blends of 100% 

clay, 60% clay-40% glass and 65% clay-35% glass 

 

 
 

Figure 11. Shrinkage/swelling vs shrink-swell cycles for 

blends of 100% clay, 60% clay-40% glass and 65% clay-35% 

glass 

4.5 Shrink-swell cycles test 

 

Based on 1-D swell and UCS outcomes, adding 35% and 

40% of glass were recommended to be sufficient to improve 

the clay properties. Therefore, for the long-term, the influence 

of shrink-swell cycles was explored for the blends of 100% C, 

65% C-35% G and 60% C-40% G. For the clay specimen, 

Figure 10 presents that the equilibrium was obtained at the end 

of the cycle three. Moreover, the swelling at the first cycle 

(after compaction) was about 9% and by the end of the second 

cycle, this value increased to approximately twice its initial 

value, reaching around 18%. The specimens at the end of cycle 

two were also categorized as highly reactive clay [56]. Next, 

the swelling values oscillated till achieving similar shrinkage 

and swelling deformation as shown in Figures 10 and 11. 

At equilibrium, the shrinkage and swelling values were 

14.5%. Therefore, considering the clay behavior and 

particularly reactive soil regardless of cyclic oscillation may 

underestimate the soil swelling. For the specimens of 65% C-

35% G and 60% C-40% G, the shrinkage and swelling values 

were not affected by the cyclic shrink-swell (i.e., 1.2% and 1% 

for the blends of 65% C-35% G and 60% C-40% G, 

respectively). Therefore, it is adequate to consider the 

maximum swelling reached during the first cycle for design 

purposes. These outcomes approved the nomination of 35% 

glass content as the optimal.  

 

 

5. CONCLUSIONS 

 

Reactive soil with different glass contents blends was 

studied to enhance the traditional backfill material. 

Experimental testing being specific gravity, PSD, Consistency 

limits, compaction tests were conducted to explore the 

physical properties of various blends. One-dimensional swell, 

unconfined compressive strength and shrink-swell cycles tests 

were investigated for short and long-term performance. The 

main findings were as follows: 

(1) The MDD increased and OMC decreased as glass 

content increased.  

(2) The outcome of the Consistency limits suggested 

selecting 60% glass as optimum glass content. 

(3) One-dimensional swell, unconfined compressive 

strength and shrink-swell cycles tests approved that the 

optimum glass content was 35%. 

The optimum recycled glass content suggested in this study 

applies specifically to coarse recycled glass with a size below 

2.36 mm, representing the limitation of this study.  

The objective of the present research was to encourage the 

utilization of recycled glass in improving challenging 

subgrades, offering an alternative to traditional stabilization 

techniques. As a result, this reduces the problem of waste 

stockpiling and environmental issues. Future endeavors may 

involve establishing a test site for long term monitoring of a 

field test section, aiming to validate laboratory findings. 

Additionally, using crushed glass in pavement application and 

that would require applying dynamic tests, including repeated 

load tests to simulate pavement loads. The findings of this 

study improve the industry’s confidence in using waste 

material to enhance the properties of soils and as a result, this 

reduces the problem of waste stockpiling and environmental 

issues. 
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