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This study investigates the effectiveness of partial substitution of vegetable garden waste ash 

(VGA), an agricultural waste, as an alternative to traditional lime additive within the scope of 

sustainable soil improvement applications in soil stabilization. In the experimental program, 

mixtures containing VGA at rates varying between 0–8% were prepared using low plasticity silty 

soil obtained from Kastamonu province, and a constant binder content of 4% was maintained. The 

engineering performances of the mixtures were evaluated with unconfined compressive strength 

(UCS) tests; carbon footprint and carbon efficiency (CI) were also analyzed as environmental 

sustainability indicators. The results show that VGA additive significantly increases UCS values, 

and the highest strength is obtained in the mixture containing 4% VGA. When the compaction 

properties are examined, it is observed that the maximum dry unit volume weight decreases with 

the increase in VGA ratio, and the optimum water content increases. Carbon emission analyses 

emphasize the environmental burden of traditional lime use, while VGA additive reduces this 

burden and provides an environmentally friendly alternative. The inverted U-shaped relationship 

between UCS and CI highlights the importance of determining optimum additive ratios. In 

particular, the 4% VGA ratio provided the most favorable results from both technical and 

environmental perspectives. 
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Introduction 

Due to the industrial revolution and technological 

developments in the last century, industrial production has 

increased significantly. The use of fossil fuels to provide 

the energy needed for production has significantly 

increased the rate of CO2 in the atmosphere (Şevik et al., 

2024). Thus, global climate change has become the most 

important problem of our age on a global scale (Cobanoglu 

et al., 2023; Erturk et al., 2024). Various elements have 

been intensively released into nature during the mining 

activities and production process in order to provide the 

raw materials needed in the industry. As a result, pollution 

has increased significantly and has become a problem that 

threatens both living things and ecosystems (Şimşek and 

Mutlu, 2023; İpek et al., 2024; Tokatli et al., 2024; Ozturk 

Pulatoglu et al., 2025). The job opportunities created by the 

workforce required for industrial production have caused 

people to gather in certain regions and thus the problem of 

urbanization has emerged (Bayraktar et al., 2024; Dogan et 

al., 2024). Today, pollution, global climate change and 

urbanization, which are interrelated, have become the most 

important and priority problems on a global scale 

(Isinkaralar et al., 2025; Koc et al., 2025). Moreover, 

global climate change and urbanization are now considered 

as irreversible problems (Canturk et al., 2024). 

Parallel to the rapid increase in urban population every 

year, industrial production and consumption activities are 

also increasing rapidly. This increase causes the emergence 

of vast amounts of solid and liquid waste; reducing the 

environmental impacts of these wastes is becoming one of 

the main goals of sustainable development in today's world 

(Bayrak et al., 2025; Özkan et al., 2024). Recycling waste 

by rendering it harmless is of great importance in terms of 

encouraging environmentally friendly applications. In this 

context, in many engineering fields, including ground 

improvement applications, using environmentally friendly, 

economical, and waste-based alternative materials instead 

of traditional additives comes to the fore (Kaplan et al., 

2023; Benli et al., 2025; Yılmazoğlu et al., 2025). 

Among the soil improvement techniques, lime 

stabilization, one of the oldest and most widely used 

methods, has been used for a long time to improve the 

engineering properties of different soil types (Kolias et al., 

http://creativecommons.org/licenses/by-nc/4.0/
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2005; Yilmazoğlu, 2024). In this context, numerous 

experimental studies have been conducted to investigate 

the effects of lime improvement on the properties of soils 

such as strength, permeability, workability, environmental 

durability, swelling, and compressibility (Domphoeun et 

al., 2025; Hart et al., 1993; Shiraishi et al., 2019; 

Yilmazoğlu, 2024)). As a result of mixing water and lime 

added to the soil, the pH value of the medium increases 

rapidly; this causes pozzolanic reactions between calcium 

ions in the lime and silica (SiO₂) and alumina (Al₂O₃) in 

the soil. As a result of these reactions, calcium-silicate-

hydrate (C–S–H) and calcium-aluminate-hydrate (C–A–H) 

compounds with properties similar to cement are formed, 

and the development of these structures significantly 

increases the mechanical strength of the soil matrix. 

According to various studies, adding approximately 5–7% 

lime to clayey soils substantially increases strength. It 

brings the soil performance to acceptable levels from an 

engineering perspective (Muthu Lakshmi et al., 2021; Raja 

et al., 2022). 

In-ground improvement applications carried out with 

lime, using various industrial and agricultural waste 

materials as a substitute for lime, not only enable the 

disposal of these wastes but also contribute to the reduction 

of improvement costs. In this context, the evaluation of 

agricultural and biological wastes (such as vegetable 

garden ash (VGA), which can be substituted for lime) in 

ground stabilization constitutes a remarkable and 

environmentally sustainable alternative. Thanks to its high 

calcium and silicon content, VGA will increase strength by 

supporting chemical bonding in the ground. Therefore, the 

applicability of such waste-based additives in ground 

engineering is a subject worth investigating both 

technically and ecologically (Yılmazoğlu, 2024; Zeyad et 

al., 202). 

In the face of environmental pollution, one of the most 

critical global problems of our day, the re-evaluation of 

waste materials in different engineering applications stands 

out as one of the effective strategies for reducing 

environmental load (Bayraktar et al., 2025; Benli et al., 

2025). However, it is known that using such waste-based 

additives instead of lime can significantly affect the 

mechanical behavior and strength properties of the soil. 

Therefore, correctly understanding the behavior of the 

relevant material in the soil and determining the optimum 

results in which it is used are of critical importance in terms 

of both engineering safety and application efficiency. 

This study investigates the partial substitution of VGA, 

an agricultural waste product, for lime to promote 

sustainable practices. The construction sector, mainly due 

to the production of lime and Portland cement, causes 

significant carbon emissions and creates a severe burden in 

terms of environmental impacts (Bodur et al., 2024; 

Ahıskalı et al., 2024). In this context, using VGA, an 

abundant but currently underutilized biomass waste, as a 

reactive component that can replace lime, has excellent 

potential to achieve environmental sustainability goals. 

This approach enables agricultural waste recycling with 

environmentally friendly methods and reduces the 

dependency on traditional binders. This method offers 

economic and ecological advantages, especially for 

countries with high agricultural production capacity. 

The study used mixtures by replacing lime with VGA 

at 2%, 4%, 6%, and 8%, while maintaining a constant total 

binder content of 4%. In the experimental program, the 

effect of these additives on the mechanical behavior of the 

soils was evaluated through the unconfined compressive 

strength (UCS) parameter; at the same time, sustainability 

indicators such as carbon footprint (kgCO₂/kg) and carbon 

efficiency (CI) were examined. Thus, the potential of the 

VGA additive, which was evaluated in terms of 

environmental and engineering performance, was revealed 

to create an environmentally friendly alternative to 

traditional lime-based systems. 

 

Materials and Methods 

 

Materials 

The silty soil sample used in the experimental studies 

has a low clay content and was taken from approximately 

3–4 meters depth in Kastamonu province. Following 

collection, the organic components in the soil were 

carefully removed, and the cleaned samples were laid on a 

suitable, flat surface to be air dried. The soil that reached 

air dryness was mixed by hand to obtain a homogeneous 

structure, and any flocculated particles were physically 

broken. Then, it was passed through a #10 standard sieve 

(2 mm aperture) that allowed the largest grain diameter of 

the soil sample to pass through. The permanent (natural) 

water contents of the sieved and air-dried soil samples were 

measured between 1.0% and 1.05%. The prepared soil was 

stored under appropriate conditions in the laboratory 

environment before the experimental studies were carried 

out. 

The results of the experimental analyses performed on 

the soil sample by the ASTM D4318-10 standard are 

presented in Table 1. The soil in question was classified as 

“low plasticity silt” (ML) according to the Unified Soil 

Classification System (USCS). 

 

Table 1. Physical properties of the soil used in experimental study 

Property Value Symbol and Unit 

No 200# 66.5 FC (%) 

Liquid limit 35 LL (%) 

Plastic limit 23.8 PL (%) 

Plasticity index 11.2 IP (%) 

Specific gravity 2.54 Gs 

Clay ratio 19.9 C (%) 

Silt ratio 46.6 M (%) 

Sand ratio 33.5 S (%) 

Soil class: Low Plasticity Silt (ML) 
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Figure 1. (a) Appearance of the soil used, (b) Sample 

molding setup, (c) Particle size distribution graph of 

the soil 

Figure 2. (a) Stages of obtaining VGA, (b) Powder VGA, (c) 

Particle size distribution graph of VGA, (d) Mineralogical 

properties of VGA 

 

Table 2. Chemical oxide compositions of lime and VGA 

Oxides (%) Lime VGA 

CaO 86.7 29.6 

SiO2 1.3 31.7 

Al2O3 1.9 3.8 

Fe2O3 1.1 4.2 

MgO 0.5 5.3 

SO3 0.4 6.2 

Na2O 0.4 0.8 

K2O 0.7 7.4 

Specific gravity 2.46 2.22 

 

Table 3. Design mix. 

Mix ID 
Binder 

Lime % VGA % 

1 (Ref) 0 0 

2 100 0 

3 98 2 

4 96 4 

5 94 6 

6 92 8 

 

In this study, VGA was used at the rates of 0%, 2%, 

4%, 6%, and 8% by weight of the dry weight of the soil. 

VGA specific surface area (Blaine method) was 3800 

cm2/g, respectively. Table 2 shows the physical and 

mechanical properties of VGA. Vegetable garden wastes 

were burned in the open air without control. Uncontrolled 

burning was selected due to its ease of application and low 

cost (Figure 2a). A 24-hour cycle was determined for the 

burning and cooling process. The VGA obtained from 

burning was pulverized with a ball mill for 1 hour (Figure 

2b). The particle size distribution of VGA is given in 

Figure 2c. 

The chemical composition of VGA is given in Table 2. 

Figure 1c shows the particle size distribution, and Figure 

1d shows the mineralogical properties of VGA used in this 

research. VGA's average particle size (d50) value is around 

21 μm. 

The VGA sample has very distinct crystalline peaks in the 

XRD pattern. The most intense peak around 26° may indicate 

the quartz (SiO₂) phase. Apart from this, the presence of many 

sharp peaks, especially between 20° and 40°, suggests the 

presence of other crystalline components such as silica and 

possibly feldspar minerals in the plant ash. Silica appears 

dominant in the plant ash, indicating a mixture of amorphous 

and crystalline structures (Figure 1d). 

 

Methods 

This study investigated the effect of VGA substitution on 

the unconfined compressive strength of silty soil. First, the 

basic geotechnical properties of the silt sample obtained from 

Kastamonu province were determined, and the VGA 

substitution rates used in the experiments were selected by 

considering the studies in the literature. Details regarding the 

mixing rates are presented in Table 3. The amount of binder 

in all mixtures except natural soil is 5% of the soil dry weight. 
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Table 4 shows the results of the Standard Proctor tests 

performed for ASTM D1557-21 for mixtures with the lime 

and VGA ratios shown in Table 3. The results showed a 

general decrease in maximum dry density (MDD) and an 

increase in optimum moisture content (OMC) with 

increasing additive ratios. This trend was associated with 

the additives' low specific gravity and high-water retention 

capacity. 

To prepare the samples, lime and VGA silt soil were 

mixed thoroughly using an automatic stainless-steel mixer 

for approximately 3 minutes until a homogeneous mixture 

was obtained. Then, water was added to the optimum water 

content determined for each mixture, and the materials 

were mixed. The mixture was then compressed into 

standard cylindrical molds of 50 mm diameter and 100 mm 

height in 2 layers using volume-weight relations according 

to their maximum dry density. Then, the prepared samples 

were removed from the mold, placed in plastic bags, and 

cured in the laboratory environment for 7 days and 28 

hours. 

Unconfined compressive strength (UCS) tests were 

carried out to evaluate the performance of the designed 

stabilizer mixtures. At least three samples were prepared 

and tested for each test, and their average was accepted as 

a representative value. The UCS values obtained for the 7 

and 28 days of curing period of natural silt and stabilized 

samples were compared to evaluate the effect of the 

applied stabilization method on the mechanical properties 

of the soil. The test was carried out using a Shimadzu 

testing machine at a constant strain rate of 0.8 mm/min 

under unconfined conditions of stabilized soil samples. 

The carbon footprint of the stabilized samples was 

calculated by considering the embodied carbon values 

given in Equation (1) and Table 5 (Ma et al., 2020). These 

calculations include the total carbon emissions from the 

extraction, processing, production, and transportation 

processes of the binders used in each sample. 

 

𝐶𝐼 =
𝑒𝐶𝑂2

𝑈𝐶𝑆28 𝑑
     (1) 

 

Here, CI is the carbon index, 𝑒𝐶𝑂2
 is the amount of 

carbon contained (kg-CO2/kg), and 𝑈𝐶𝑆28 𝑑 is the 

compressive strength of each sample after 28 days of 

curing. 

While determining the carbon emission values of the 

additives used in this study, since there is no direct carbon 

emission value for VGA in the literature, the value of 

0.1032 kg-CO₂/kg reported for rice husk ash was taken as 

a basis. Considering that VGA and rice husk ash are of 

agricultural biomass origin and are obtained from similar 

uncontrolled burning processes, the same carbon emission 

value was accepted for VGA. 

 

Results 

 

Unconfined Compression Test Results 

The findings obtained in this study show that stabilized 

samples have significantly higher values in terms of 

unconfined compressive strength (UCS) compared to 

unstabilized natural samples. This reveals the positive 

effect of the applied stabilization methods on the 

mechanical properties of the soil (Figure 3). 

When UCS test results are examined, it is revealed that 

a significant increase in strength is achieved in all mixtures 

compared to the natural soil (Figure 4). At the same time, 

the UCS value of the natural soil remained at 0.278 MPa; 

the highest strength value was obtained in the Mix 4 

mixture. In this mixture, the strength after 7 days of curing 

was measured as 0.824 MPa and after 28 days of curing as 

1.194 MPa. This situation shows that 4% VGA substitution 

provides the optimum effect in terms of the effectiveness 

of pozzolanic reactions. 

Mixtures containing 2% and 6% vegetable garden ash 

also showed higher strength than the reference mixture 

containing only lime at both 7- and 28-day cure times. The 

Mix 3 showed a strength of approximately 1.725 MPa at 

28 days. However, when the VGA ratio exceeded 6%, a 

decrease in strength was observed. Mix 6 showed a 

strength of only approximately 0.847 MPa at the end of 28 

days, indicating that excessive VGA addition negatively 

affected the bond structure within the matrix. 

The UCS increase percentage is an essential parameter 

for evaluating the effectiveness of the additive (Figure 5). 

At the end of the 7-day cure, the UCS increased from Mix 

2 to Mix 4, reaching a maximum in Mix 4 (42% increase). 

 

Table 4. Compaction test results 

Mix ID 
MDD 

kN/m3 

OMC 

% 

1 (Ref) 18.127 15.38 

2 17.431 17.19 

3 17.238 17.59 

4 17.076 17.83 

5 16.813 17.98 

6 16.784 18.146 

 

Table 5. Embodied carbon of materials. 

Material 𝑒𝐶𝑂2  (kg-CO2/kg) Reference 

VGA 0.1032 * 

Rice Husk Ash 0.1032 Ozturk et al., 2022 

Lime 0.75 Bing et al., 2023 

Water 0.0003 Long et al., 2015 
* Since there is no source in the literature regarding the carbon emission of VGA, rice husk ash, a similar agricultural waste, was taken as a reference. 
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Figure 3. Unconfined compressive strengths versus axial deformation relations, (a) 7 days, (b) 28 days 

 

  
Figure 4. Unconfined compression test results of samples, 

(a) 7 days, (b) 28 days 

Figure 5. Effects of cure time on UCS 

 

  
Figure 6. Effect of Lime and VGA in MDD and OMC Figure 6. Sustainability analysis of samples: Relationship 

between CI and UCS 

 

Similarly, an increase of up to 60% was observed in the 

28-day cure. The increased rates were lower in Mixes 5 and 

6 than in the other mixtures. The results clearly show that 

the optimum additive rate is 4%. It is also observed that the 

effect of pozzolanic reactions increases over time and that 

28-day curing gives more efficient results than 7 days. 

Figure 6 shows the changes in MDD and OMC. 

Although the binder ratio was constant in all mixtures (5% 

of dry weight), the increase in VGA ratio caused a decrease 

in MDD value. This was explained by the low specific 

gravity of VGA and the weakening of the compaction 

characteristics of the soil. There was a general increasing 

trend in OMC values. The mixture required more water due 

to lime and VGA's high water absorption capacity. 

To assess the environmental sustainability of stabilized 

soil systems, the carbon emission (kg CO₂/kg) values 

calculated for each mixture are given in Table 6. In 

addition, CI (kg CO₂/kg MPa) was determined to show the 

carbon efficiency. According to Table 6, the most 

significant impact on carbon emissions is due to the use of 

lime, which causes an increase in the environmental load. 
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Table 6. Sustainability analysis of embodied carbon samples (for 1 m3) 

Mix ID Lime kg CO₂/kg VGA kg CO₂/kg Water kg CO₂/kg Total kg CO₂/kg 

0.00 0.00 0.08 0.08 0.00 

2 51.17 0.00 0.09 51.26 

3 49.59 0.14 0.09 49.82 

4 48.13 0.28 0.09 48.49 

5 46.40 0.41 0.09 46.89 

6 45.33 0.54 0.09 45.96 

 

The relationship between carbon index (CI) and 28-day 

unconfined compressive strength (UCS) is shown in Figure 

6. The obtained graph reveals a non-linear, parabolic 

relationship between UCS and CI. This relationship 

indicates that as the UCS value increases, the CI value first 

increases, and then the CI value decreases after a certain 

strength threshold. Although the CI value of all mixtures 

was higher than that of the unstabilized soil, this value 

showed a decreasing trend with the VGA coefficient. This 

trend indicates that the balance between carbon footprint 

and engineering strength should be established carefully. 

The Mix 4 mixture, mainly containing 4% VGA, is 

understood to provide the optimum balance between high 

strength and low carbon index. In similar studies conducted 

with rice husk ash and other biomass additives in the 

literature, it has been reported that carbon efficiency 

increases at specific additive rates, and similar inverted U-

shaped CI-UCS relationships are observed (Hart et al., 

1993; Raja et al., 2022). In this context, when the results 

obtained in the study are evaluated regarding engineering 

and environmental sustainability, it is revealed that 

determining the optimum contribution rates is critical. 

 

Conclusion 

 

In this study, the potential use of vegetable garden ash, 

one of the agricultural wastes whose importance in 

environmental sustainability is increasing daily, as a lime 

substitute additive in soil stabilization was investigated. 

The following conclusions were reached in line with the 

experimental findings: 

 VGA additive plays an effective role in increasing the 

unconfined compressive strength of silty soils. In 

particular, a 4% VGA ratio provided the highest 

strength in both 7 and 28-day curing periods and was 

determined as the optimum additive ratio. 

 UCS increases became apparent over time, and the 

effect of pozzolanic reactions emerged more 

efficiently with the 28-day curing period. 

 Regarding compaction properties, increasing VGA 

ratio decreased MDD while increasing OMC values. 

This situation should be considered in terms of the 

workability of mixtures and the control of water 

requirement. 

 Carbon footprint assessments have shown that 

mixtures with VGA additives are more 

environmentally sustainable. In particular, mix 4 

mixture stands out as the most suitable solution in 

technical and environmental terms with its 

combination of high strength and low carbon 

emission. 

 The parabolic trend observed in the CI-UCS 

relationship revealed the importance of strength-based 

environmental assessments. 

 The use of VGA at the optimum additive level of 4% 

is recommended in terms of both technical 

performance and environmental sustainability. 

 The performance of VGA in different soil types and 

longer cure times (56 or 90 days) should be evaluated 

in future studies. 

 The method used in the study allows other agricultural 

wastes to be evaluated similarly, and in this context, 

large-scale field applications and long-term durability 

analyses are recommended. 

 It should be evaluated in future studies by considering 

mechanical and environmental effects (e.g., freeze-

thaw test). 
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