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In railway construction practice, we are increasingly faced with the problem of having to pass our new lines 

through areas with unfavorable subsoil conditions or with the need to reinforce the substructure of our existing 

lines due to increasing traffic demands (speed, axle load). The low strength, high compressibility, and low 

permeability of unfavorable subsoil will result in stability problems and prolonged consolidation with extremely 

high settlements, respectively. One of the effective technologies to counter the geotechnical problems is the 

deep mixing. The technology requires the addition of a binder (cement, lime) to the local soils. These materials 

have a high installed CO2 emission, thus significantly increasing the ecological footprint of infrastructure 

development. Due to the increasing demands on reducing CO2 emissions, secondary raw materials, e.g., fly 

ash or slag, have been increasingly prioritized. The study reports the methodology for calculating the ecological 

footprint of deep-mixing as an embankment foundation. Based on a simple case, the effect of different cement 

content (5 and 8%), and the application of slag and fly ash as a secondary raw material is analyzed, and the 

ecological footprint is calculated separately. The results show that the ecological footprint of deep mixing can 

be drastically reduced; under the conditions of the study, the reduction compared to clean cement is 40% for 

slag stabilization and 50% for fly ash. 

1. Introduction 

Companies play a prominent role in achieving the sustainability goals (Radácsi, 2011). As one of the largest 

consumers of natural resources and fossil energy, the construction industry is at the center of the debate on 

sustainable development. The Sustainable Development Goals (SDGs) provide comprehensive guidelines for 

the promotion of sustainable development in terms of environmental, social, and economic dimensions in all 

sectors of the economy, including the construction industry (Opoku et al., 2022). Society, the environment, and 

the economy are three areas that are significantly affected by the built environment. Attention to the 

environmental impact of buildings highlights the importance of using environmentally friendly technologies and 

processes in the construction industry (Tatari and Kucukvar, 2011) and their eco-efficiency issues in green 

buildings (Alawneh et al., 2018). One of the important directions of settlement development is the examination 

of the ecological footprint of settlements and the built environment. The footprint of built-up areas is a defining 

component of the ecological footprint. Reducing it (Harangozó et al., 2019) and controlling it is a technical 

challenge in addition to regulation. In recent years, researchers have made many attempts to replace the 

additives used in the production of cement composites as one of the directions of the pursuit of sustainability. 

Individual solutions can be an excellent strategy for achieving the SDGs and creating the goal of a circular 

economy. In Hungary, the practical application of ecological footprint calculation is in its initial phase (Harangozó 

et al., 2016). This statement is also valid for industrial projects. In everyday practice, during the design of 

geotechnical structures, the emphasis is on the verification of their technical, durability, and economic 

parameters. The design procedures based on practical experience are supplemented by laboratory tests and, 

increasingly, using modern geotechnical finite element software (Varga and Czédli, 2018). These two options 

allow the designer to select the optimal structure and technology for different locations (Varga et al., 2022). In 

recent decades, different ground improvement technologies have become increasingly accepted as a foundation 

for industrial and infrastructure projects. Instead of traditional geotechnical structures' execution, the structures' 

foundation is usually solved by improving the soil mass with a binder. However, binder technologies will be more 
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beneficial than traditional structures in the long term only if we do not use cement in a wasteful way. Cement 

production plays a decisive role in the ecological footprint of geotechnical structures and technologies. 

Generally, larger industrial and scientific research provides the opportunity for a wider examination of the recipes 

of the mixtures to be carried out. In connection with these research results, it is possible to investigate individual 

possibilities not only from a technical point of view but also from an ecological and economic point of view. The 

study presents the analysis of deep mixing as an embankment foundation technology from an ecological point 

of view, presenting the procedure for determining the ecological footprint. It presents a general procedure that, 

at the same time as technical optimization, allows the designer to carry out an ecological-economic analysis 

and to determine the ecological footprint of the planned solution and minimize it if necessary. It is important to 

point out that, even in the case of industrial projects, it is advisable to approach carbon dioxide emissions from 

a life cycle perspective (Csutora and Harangozó, 2019). It is important to highlight that it is also appropriate to 

approach carbon emissions in industrial projects from a life-cycle perspective (Csiszárik-Kocsir and Varga, 

2022), keeping in mind its safety dimensions (Saáry et al., 2021). From a national economic point of view, the 

utilization of slags and fly ash deposited as waste can be considered beneficial since by using them as 

secondary raw materials, the use of primary raw materials can be reduced, and areas can be revitalized due to 

spoil-reclaiming. 

2. Application of deep-mixing as embankment foundation 

In recent decades, road and railway embankments have often been constructed on soft, saturated, and organic 

subsoil in Hungary. There are several reasons for this, and this type of construction is suspected to increase in 

the future. In the design of transport infrastructure, the main objective is to ensure traffic safety and minimize 

operating costs, but several other factors also influence the layout. Existing settlements and areas designated 

for development must be avoided. Land-use plans must be adapted, and it is also recognized that there is no 

reason to complete the land requirements of transport at the expense of agriculture. Often, these result in 

constructions on unfavorable subsoil because they cannot be used for other purposes. Reducing the cost of 

earthworks has been only a secondary aspect, and rerouting the transportation infrastructure is generally not 

an option (Koch, 2011). The issue is significant in the case of high-speed rail lines, which have been under 

construction in Western Europe for decades and should slowly be scheduled in Hungary as well. Grossini et al. 

(2022) highlighted that speeds of more than 150-200 km/h allow only minimal displacement of the embankment 

crest, which poses a major challenge for the foundation of embankments. According to the literature, in many 

cases, increasing railway speeds challenge the 'conventional' railway construction technologies and can only 

do so at a high financial cost and with doubtful results. It is, therefore, essential to find solutions that could be 

applied to the construction of new lines, the upgrading of old ones, and possibly the widening of earthworks. 

Deep-mixed soil improvement promises to provide a 'normal' or slightly better receiving surface for the railway 

superstructure, with the embankment settlements not exceeding those expected for 'normal' soils. Low strength 

and high compressibility combined with low permeability and high creep potential cause stability problems with 

extremely large settlements, prolonged consolidation times, and long-term secondary compression. All this 

becomes particularly critical because construction deadlines are nowadays very tight. Several technologies 

have been developed to overcome the mentioned geotechnical problems. Roshan et al. (2022) summarize the 

classification of ground improvement technologies. One of the complex methods is deep mixing, which reduces 

settlements, reduces consolidation time, and increases safety against overall failure.  

The ISO EN 14679:2007 (MSZ EN 14679:2007, 2007) clearly defines that the aim of deep mixing is to improve 

soil properties, i.e., to increase shear strength and reduce compressibility, by mixing the soil with a binder that 

reacts with it. The improvement occurs due to ion exchange at the clay surface, bonding of soil particles, and/or 

filling of voids by chemical reaction products. Deep mixing was developed in Sweden and Japan in the late 

1960s with the application of a single mixing tool to produce column-type elements. Since then, new 

technologies have been introduced using different mixing tools or binder types (Moseley and Kirsh, 2004). 

Lately, another technology, mass stabilization, based on Finnish research (Lahtinen and Niutanen, 2009), is 

gaining acceptance, where the whole soil mass is treated generally to a depth of 5 m (Allu Stabilisation System, 

2023). Column-type elements, usually 60-100 cm in diameter, are used when the primary goal is to reduce the 

settlements and the weak subsoil thickness exceeds 5 m, but they can reach great depths of up to 40 m. Mass 

stabilization is preferable when the subsoil is very weak, e.g., peat, gyttja, or organic and soft clay, but the 

thickness of the soil mass to be treated is less than 5 m, the height of the embankment is low, and the primary 

objective is to increase stability. Various treatment patterns may be executed depending on the purpose of deep 

mixing. Individual columns can be applied, but also groups of columns. Column group, grid, and grid-type 

solutions are often designed with a 15-20 % improvement ratio. For wet soils, dry mixing is used, where the 

binder is usually a mixture of cement and lime or cement, lime, gypsum, blast furnace slag, or slag fines. In wet 
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mixing, the binder is usually cement slurry (Moseley and Kirsh, 2004). Figure 1 illustrates the deep-mixing 

technology. 

 

Figure 1: Column-type deep-mixing (Bauer Foundation Corp., 2023) 

The quality of the deep-mixed stabilized subsoil as an embankment foundation is generally described with two 

parameters:  

1) unconfined compressive strength, qu [kPa] measured on a cylindrical specimen,  

2) Young’s modulus, E [MPa] measured on a cylindrical specimen.  

The quality of the mixed-soil depends on the applied binder type, the quantity and the ratio of water to binder in 

the mixture. These quantities can be expressed by volume or weight. The content of the binder is given by the 

cement factor and the cement factor in-place determined by Eq(1) and Eq(2) (Filz et al., 2005). 

 

 = mcement / Vsoil = binder weight / soil volume [kg/m3] (1) 

inpl = mcement / Vmix = binder weight / mix volume  [kg/m3] (2) 

The volume of water is usually related to the volume of cement. It is essential that the water content of the 

original soil is considered when calculating the water content of the slurry, hence the term of total water/cement 

or sum of water/cement ratio is used and described by Eq(3).  

wT/c = mw,mix / mcement = slurry water weight / binder weight [-] (3) 

The cement factor, cement factor in-place and the water/cement ratio are usually determined in the laboratory. 

These factors provide the input parameters, e.g., unconfined compression strength and Young’s modulus for 

the geotechnical and structural design, either conventional design method or finite element analyses.  

3. Methodology 

Based on Tóth et al. (2023), the structural analyses enable the identification of the technically optimal solution 

and the possible utilization of secondary raw material in terms of circular farming. However, Eisinger et al. (2022) 

highlighted that it is not sufficient to consider only the applicability of the technology; a comprehensive analysis 

of the entire life cycle behavior is necessary. Concerning Li et al. (2018), understanding the reinforcement effect 

is crucial in evaluating long-term behavior due to the specific utilization. Besides the technical development, the 

environmental analysis of geotechnical structures is increasingly important (Vieira, 2022). According to Chen et 

al. (2020), this approach requires the utilization of specialized binders in some instances. 
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The geotechnical design may result in a version with the same technical performance but different costs for the 

same project. Since competition for installation technologies is limited in the market, and it is assumed that there 

is no significant difference in transport distances, our study is characterized only by the CO2 emissions from the 

applied deep-mixed soil on the material side. This study analyzed the effect of different binders on the ecological 

footprint. 4 different cases were investigated:  

1) adding 5 % cement to the natural soil,  

2) adding 6 % cement and 2 % lime,  

3) adding 8 % ground granulated blast furnace slag (GGBS) and 2% lime,  

4) adding 8 % fly ash and 2 % lime.  

The specific emissions (kgCO2/kg) of the materials are summarized in Table 1, provided in ICE v1.6a.  

Table 1 can only be attended as a set of discrete points and is unsuitable for optimizing different mixtures for 

deep mixing. However, the sum of the specific emissions taken into account according to the percentage by 

weight of each component is a good approximation. This is summarized in Table 2, for which the input 

parameters for the different binders are provided in Table 3. Table 2 contains the calculation of the weighted 

specific emissions and the difference between the specific emission and the weighted specific emission. 

Table 1: Data related to ICE v1.6a (Inventory of Carbon and Energy database, 2023) 

Material kgCO2/kg Comment 

rammed soil 0.023 - 

cement stabilised soil (5 %) 0.060 5 % cement content 

cement stabilised soil (8 %) 0.082 6 % cement + 2 % lime content 

GGBS stabilised soil (10 %) 0.045 8 % GGBS + 2 % lime content 

fly ash stabilised soil (10 %) 0.039 8 % fly ash + 2 % lime content 

Table 2: Comparison of ICE v1.6a and the calculated data (Inventory of Carbon and Energy database, 2023)  

Material kgCO2/kg kgCO2/kg (calculated) Difference 

rammed soil 0.023 1.00*0.023=0.023 0 % 

cement stabilised soil (5 %) 0.060 0.95*0.023+0.05*0.73=0,058 3 % 

cement stabilised soil (8 %) 0.082 0.92*0.023+0.06*0.73+0.02*0.76=0,080 3 % 

GGBS stabilised soil (10 %) 0.045 0.90*0.023+0.08*0.083+0.02*0.76=0,043 5 % 

fly ash stabilised soil (10 %) 0.039 0.90*0.023+0.08*0.008+0.02*0.76=0,037 5 % 

Table 3: Input parameters for deep-mixing based on ICE v1.6a ((Inventory of Carbon and Energy database, 

2023) 

Material kgCO2/kg 

rammed soil 0.023 

cement (general) 0.73 

lime (general) 0.76 

GGBS 0.083 

fly ash 0.008 

One can see the slight difference between the proposed and calculated values in Table 2.  

Table 3 suggests that substituting primary raw materials (cement or lime) with secondary raw materials (slag, 

fly ash) can be effective from an ecological economics point of view due to their lower CO2 emissions. From the 

national economic point of view, it is also the fact that materials utilized as waste are used as secondary raw 

materials. It should be noted that using these materials requires complex laboratory testing. 

4. Results 

The calculation of the ecological footprint is based on the defined kgCO2 values. A simple example is analyzed 

to illustrate the comparison of the ecological footprint of different types of mixtures. In the example, the density 

of the mixed soil mass is uniformly 2,700 kg/m3, the volume of the mixed soil is 226.2 m3, and the weight is 

610.7 t. It represents 100 columns with 0,6 m diameter and 8 m lengths. In the calculation, it is assumed that 

the binders presented in Table 1 are technically sufficient. However, technical compliance alone does not 

represent the technical, economic, and ecological optimum, so it is possible to select an eco-efficient solution 

by considering all these aspects together. The results of the ecological analysis are summarized in Table 4. As 

expected, the most significant specific emission is calculated for the cement-stabilised soil using 6 % cement 

and 2 % lime. Using 5 % clean cement causes a 25 % reduction in specific emissions. Mixing of ground 
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granulated blast furnace slag (GGBS) and lime drastically reduces specific emissions. A mixture of fly ash and 

lime has a significant effect; the reduction is more than 50 % compared to the cement-stabilised soil (8 %). The 

calculated emissions in tonnes should be multiplied by 0.338 gha/t. It produces the possibility of comparing the 

area in gha with the area in gm2 of land with world average productivity (Lin et al., 2018). Based on the results 

presented in Table 4, using secondary raw materials to replace the cement can achieve significant CO2 emission 

reduction. Of course, their technical suitability needs to be analyzed by laboratory or field trial tests. 

Table 4: Results of ecological footprint analysis 

Material t CO2/t t CO2 gha 

cement stabilized soil (5 %) 0.060 36.6 12.4 

cement stabilized soil (8 %) 0.082 50.1 16.9 

GGBS stabilized soil 0.045 27.5 9.3 

fly ash stabilized soil 0.039 23.8 8.0 

5. Conclusions 

In Hungary, the practical application of ecological footprint calculations for industrial projects is still in its early 

stages. In everyday practice, the design of the different structures focuses on verifying the technical, 

serviceability, and economic parameters. The ecological footprint of civil engineering, particularly geotechnical 

structures, is relatively high due to the associated cement industry. In this study, the ecological footprint 

calculation is presented through the application of deep mixing as an increasingly common ground improvement, 

and the ecological benefits of using secondary raw materials are highlighted. It has been shown that using 

secondary raw materials can reduce the ecological footprint by up to one-third to one-half compared to using 

clean cement. 
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Nomenclature 

qu – unconfined compression strength, kPa 

E – Young’s modulus, MPa 

 – cement factor, kg/m3 

mcement – binder weight, kg 

Vtalaj – soil volume, m3 

inpl – cement factor in-place, kg/m3 

Vmix – mixture volume, m3 

wT/c – total water/cement ratio, - 

mw,mix – water weight, kg 
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