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Abstract 

Geotechnical engineering works are part of almost all construction and 

infrastructure projects. The geotechnical engineering work contributes to 

the impact on the environment and gives rise to costs throughout its life 

cycle. Life Cycle Assessment (LCA) and Life Cycle Cost Analysis (LCCA) are 

established methods for evaluating a product's environmental impact and 

costs. However, the use of these methods is not extensive for geotechnical 

engineering works. A literature review showed that there is published 

research, but as the research topic is relatively new, there are many 

research gaps. A few topics in geotechnical engineering are better 

investigated than others and the entire life cycle is often not evaluated, 

usually only the production and construction stages. Although LCA and 

LCCA are established methods, the methodology for evaluating 

geotechnical engineering works needs further development to increase the 

evaluation work of sustainability aspects. 

In this licentiate thesis, a methodology is presented of how LCA and 

LCCA can be integrated into the geotechnical design process. The 

integration enables changes to the geotechnical design to further reduce 

the LCA and LCCA result, which is presented in the methodology. The 

methodology also presents a way to evaluate the possible geotechnical 

designs to select the most sustainable design based on the LCA and LCCA 

results. 

The thesis also presents the performance of LCA and LCCA for 

geotechnical engineering works and solutions to several difficulties that the 

geotechnical engineer may encounter during the evaluation of 

environmental impact and costs. 
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Sammanfattning 

Geotekniska konstruktioner är en del av i stort sett alla konstruktions- och 

infrastrukturprojekt. Den geotekniska konstruktionen bidrar till påverkan 

på miljön samt ger upphov till kostnader under hela sin livscykel. 

Livscykelanalys (LCA) och livscykelkostnadsanalys (LCCA) är etablerade 

metoder för att utvärdera en produkts miljöpåverkan respektive kostnader. 

Användningen av dessa metoder är dock inte stor för geotekniska 

konstruktioner. En litteraturgenomgång visade att det finns publicerad 

forskning men då forskningsämnet är relativt nytt finns det många 

forskningsluckor. Ett fåtal ämnen inom geoteknik är bättre utredda än 

andra och hela livscykeln är oftast inte utvärderad utan vanligtvis endast 

produktions- och konstruktionssteget. Trots att LCA och LCCA är 

etablerade metoder behöver metodiken för utvärdering av geotekniska 

konstruktioner utvecklas för att öka utvärderingsarbetet av 

hållbarhetsaspekter. 

I denna licentiatuppsats presenteras en metodik för hur LCA och LCCA 

kan integreras i den geotekniska designprocessen. Integreringen möjliggör 

ändringar av den geotekniska designen för att ytterligare reducera LCA- 

och LCCA-resultatet vilket presenteras i metodiken. Metodiken redovisar 

även ett sätt för att utvärdera de möjliga geotekniska designerna för att 

utifrån LCA- och LCCA-resultaten välja den mest hållbara designen.  

Uppsatsen redovisar även utförandet av LCA och LCCA för geotekniska 

konstruktioner och lösningar på ett flertal svårigheter som geoteknikern 

kan påträffa under utvärderingen av miljöpåverkan och kostnader. 

Nyckelord  

Livscykelanalys, Livscykelkostnadsanalys, klimatpåverkan, kostnader, 

geoteknik
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1. Introduction 

1.1. Background 

Climate change is one of the major crises of our time. Globally, everyone 

will be, or are already, affected in one way or another. Rising temperatures, 

natural disasters, economic disruption, and conflicts are some of the things 

that are caused by rising amounts of greenhouse gas (GHG) emissions 

(IPCC, 2018). The construction and building sectors accounted in the year 

2018 for almost 40% of the total carbon dioxide (CO2) emissions (Global 

ABS, 2019). In Sweden, the construction and real estate sectors account for 

about 11.7 billion kg CO2eq, which in the year 2019 corresponded to 21 % 

of the total GHG emissions in Sweden (Boverket, 2022a). The construction 

and infrastructure project must lower their climate impact to reach 

international and national goals. Globally the UN (2022) has set 17 goals 

for sustainable development. Nationally, for example in Sweden, the 

national parliament has the aim to have zero net GHG emissions by the 

year 2045 (GOS, 2020). 

Geotechnical engineering works are an important part of construction 

and infrastructure projects. The geotechnical engineering works include 

materials such as steel, cement and soil, and a lot of material and energy 

are needed throughout the production, construction, use and end of life. 

Fossil Free Sweden (2018) states that a life cycle perspective should be 

implemented for construction works to see its total environmental impact 

and cost.  

Life Cycle Assessment (LCA) and Life Cycle Cost Analysis (LCCA) are 

established methods to assess and quantify the environmental impact and 

cost through a product’s life cycle. LCA and LCCA have been widely used 

for other products and activities in the industry and the construction 

sector. However, they are rarely applied to geotechnical engineering works. 

Guidelines and a framework are requested by the geotechnical sector on 
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how to integrate sustainability work in geotechnical engineering. There are 

some methodologies already developed on how to perform LCA and LCCA 

for geotechnical engineering works found in the literature review made in 

this thesis (Schillaber et al., 2016a; Shillaber et al., 2016b; Das et al., 2016; 

Damians, 2016; Cho et al., 2017; Basu & Lee, 2022). The European 

standard Eurocode 7 EN 1997 has in its next planned version, a section 

about sustainability included.  

However, there is a lack of research on integrating LCA and LCCA into 

the geotechnical design process and a methodology that include the entire 

geotechnical design process and not only the LCA and LCCA stage. 

Therefore, a methodology on how the LCA and LCCA should be integrated 

into the geotechnical design process is needed. This will allow the 

geotechnical engineer to be more involved in the reduction work of 

environmental impact and costs for geotechnical engineering works. 

1.2. Aim and objectives 

This licentiate thesis aim is to develop a methodology to assess the 

environmental impact and costs for geotechnical engineering works in 

construction and infrastructure project. The environmental impact and 

cost are assessed with Life Cycle Assessment (LCA) and Life Cycle Cost 

Analysis (LCCA). The methodology should make it easier for practising 

geotechnical engineers to execute LCA and LCCA for geotechnical 

engineering works and reduce the cost and environmental impact. 

The research objectives of this thesis are:  

• Analyze the current state of research in LCA and LCCA for 

geotechnical engineering works. 

• Analyze how LCA and LCCA are being performed for geotechnical 

engineering works. 

• Develop a methodology to facilitate LCA and LCCA for geotechnical 

engineering works based on the current state and how LCA and 

LCCA are performed. 

Furthermore, this thesis is also meant to be a basis for further research 

in the field of LCA and LCCA for geotechnical engineering works. 
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1.3. Methodology 

To investigate the current state of research in LCA and LCCA for 

geotechnical engineering works and investigate how LCA and LCCA are 

currently performed, a literature review was carried out. The scope of the 

review included journal papers, conference papers, books and reports 

including LCA and LCCA for geotechnical engineering works. Some papers 

in nearby areas such as road engineering and bridge engineering and 

papers including other sustainability assessment methods were studied to 

get a broader point of view of the topic. The result from the literature 

review is presented in Paper A. The methodology for the literature is 

presented in Section 1.3.1. To further investigate how LCA and LCCA are 

performed for geotechnical engineering works, a case study was performed 

for an infrastructure project run by the Swedish Transport Administration. 

In the case study, two methods for a high-speed railway embankment fill 

were assessed regarding climate impact and costs. The case study is 

presented in Paper B. The methodology when performing case studies is 

presented in Section 1.3.2. Based on the results in Papers A and B, a 

methodology for the integration of LCA and LCCA in the geotechnical 

design process was developed and presented in Paper C. The methodology 

is in Paper C illustrated by using the results from the case study from Paper 

B as the initial results in the methodology. 

1.3.1. Literature review method 

The purpose of a literature review is to understand existing research in the 

specific research area and gain theoretical knowledge by reading already 

published research. This was then used in the thesis to answer the specified 

research questions; the current state of research and how the LCA and 

LCCA were executed for geotechnical engineering works. A literature 

review can also lead to finding new research questions which help the 

researcher find an approach to further research and development in the 

research field. The literature review can be made in several steps (Gough 

et al., 2017) which are presented below. 
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Literature search. A literature review starts with a literature search 

where relevant research should be found, to answer the specified research 

questions. The literature search in this thesis included journal papers, 

conference papers, reports from the industry and books. The search was 

mostly done on the internet using the search words; LCA, climate impact, 

sustainability, environmental assessment, LCCA and costs in geotechnical 

engineering. One or more search words were chosen and when interesting 

papers were found, the relevant papers that cited those papers were 

studied also. That is called citation pearl growing or citation pearl 

searching. The iteration of that process continued until no new relevant 

papers were found. The number of reports from the industry was limited 

as those reports are not public.  

LCA and LCCA are methods that can be used for every thinkable 

product. The number of all published papers including these methods is 

too extensive to include in this thesis. Limitations of the scope of the papers 

were therefore needed. Papers including LCA and LCCA in nearby 

technical disciplines were also chosen to be included. Papers in building 

construction, road engineering, bridge engineering and cement production 

were studied. Reports of climate impact, economics, and materials such as 

cement, steel and fuel were also studied to get the full picture of the topic 

of LCA and LCCA for geotechnical engineering works. 

Analyzing studies. After the papers found in the literature search had 

been studied and analyzed, a new literature search was needed. New 

knowledge had been acquired and new areas needed to be explored to get 

the full picture of the research area.  

Synthesizing the published research. After the analysis of the 

papers, the findings need to be summarized. This was done by visualizing 

them in diagrams and tables to get a holistic view.  

Conclusions from the summary of the research. After the 

results were summarized and visualized, conclusions could be drawn that 

were answering the specified research question.  
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1.3.2. Case study method  

The aim of the case study in Paper B was not to falsify hypotheses or 

theories but to investigate how LCA and LCCA are being performed for 

geotechnical engineering works. In a case study, certain aspects of a 

bounded system within its real-life context are investigated. 

When performing the LCA and LCCA, decisions need to be made in each 

stage, for example, which life cycle stages and impact categories to include, 

which input data from which database to use in the LCI, how the 

calculations should be made using software or not, and how to present the 

results. The decisions during the execution of the LCA and LCCA in paper 

B aimed to make the quality of the calculations as high as possible. The life 

cycle stages and impact categories used were production and construction 

stages and the assessed impact category was climate impact. These stages 

and category have high quality-data in public databases available. The cost, 

however, changes often over time and the costs of all activities and 

materials were not found in databases. These had to be collected from 

expert judgement. The LCA and LCCA were presented in Paper B according 

to the stages in the LCA method defined in ISO 14040:2006 (ISO, 2006a) 

and ISO 14044:2006 (ISO, 2006b). 

The case study was considered to represent a common geotechnical 

design with materials often used and helped to analyze the complexity and 

difficulties in the execution of LCA and LCCA.  

1.4. Limitations 

Geotechnical engineering as a subject was first introduced internationally 

early in the 20th century by the Austrian Karl Terzaghi. Geotechnical 

engineering includes soil mechanics, rock mechanics, hydrogeology, 

geology and geophysics. Geotechnical engineering is used for planning, 

designing and constructing, for example, roads, foundations of buildings 

and other structures on land or at sea. However, in this thesis, construction 

works in bedrock, such as rock tunnels, are not included in the definition 

of geotechnical engineering works. In this thesis, the part of geotechnical 

engineering including soil, such as clay, silt and sand is included. 
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Geotechnical engineering works used in soil for foundation and 

stabilization include (SGI, 2019): 

• Shallow and deep foundations, for example, plates and piles. 

• Ground improvement, for example, deep mixing columns, 

compaction, drainage, freezing and geonets. 

• Soil support, for example, sheet pile walls, secant pile walls and 

diaphragm walls. 

• Excavation and fill. Excavations are often made in natural or man-

made soil. Fill is made with natural, man-made soil or lightweight 

material such as foam glass, expanded polystyrene and expanded 

clay aggregate.  

The development of material is ongoing for construction works. The 

comparison of various aspects of a certain material is included but not 

studied in detail. 

1.5. Outline of the thesis 

Chapter 2 presents the literature review, including a description of the 

methods of LCA and LCCA, and a summary of appended Paper A, which 

presents the current state of research in LCA and LCCA for geotechnical 

engineering works. Chapter 3 presents the current practice of LCA and 

LCCA for geotechnical engineering works and provides a summary of the 

case study in the appended Paper B. Chapter 4 presents a description of 

already developed methodologies for LCA and LCCA for geotechnical 

engineering works and a summary of the methodology for the integration 

of LCA and LCCA in the geotechnical design process presented in the 

appended Paper C. Chapter 5 presents a discussion of the presented results 

and Chapter 6, finally, concludes the work in this thesis. 
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2. Literature review: current state of research 

2.1. Introduction 

Chapter 2 describes the current status of research of LCA and LCCA for 

geotechnical engineering works. The status of the research was 

investigated by doing a literature review. The LCA method is presented in 

Section 2.2 and the LCCA method is presented in Section 2.3. In Section 

2.4 a summary of the appended Paper A is presented in which the current 

status of the research is presented.  

2.2. Life cycle assessment method (LCA) 

Life Cycle Assessment (LCA) is a method to quantify a product’s or studied 

system’s environmental impact during its life cycle. The execution of the 

LCA method is standardized in ISO 14040:2006 (ISO, 2006a) and ISO 

14044:2006 (ISO, 2006b). The LCA method was first used in the USA in 

the year 1969 when Coca-Cola calculated the energy, material and 

environmental burden from their beverage packages (Hunt & Franklin, 

1996). The first complete LCA methodology published in a scientific 

journal was in 1992 (Hunt et al., 1992). The first version of ISO 14040 (ISO, 

2006a) was first published in the year 1997. Some direct applications are 

product development and improvement, strategic planning and public 

policy making. The result can be used to inform decision-makers or to 

choose a design of a product. The LCA method is illustrated in Figure 2.1 

and consists of four stages:  

1) goal and scope definition,  

2) inventory analysis (LCI),  

3) impact assessment (LCIA), 

4) interpretation.  
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Figure 2.1. Life Cycle Assessment framework – stages of an LCA (ISO, 2006a). 

 

There are several guidelines, both international, national and for 

specific clients, on how to perform an LCA. International and national are, 

for example, The European Platform on Life Cycle Assessment (EC, 2022), 

a guideline with LCA principles and practice in the US (EPA, 2006), a 

guideline for the Nordic countries (NordFoU, 2020), a guideline from the 

Swedish National Board of Housing, Building and Planning (Boverket, 

2019). In infrastructure projects in Sweden run by the Swedish Transport 

Administration (STA), their guidelines (STA, 2021) are used. 

2.2.1. Goal and scope definition 

In the goal and scope definition, the goal of the study and the system 

boundary is defined (ISO, 2006a; ISO, 2006b). The system boundary of 

the studied system should be defined according to the goal. The goal 

depends on the intended use of the study. The system boundary consists of 

the included activities and materials used during the life cycle of the 

studied system. The included life cycle stages, which impact categories to 

account for and the quality of the input data should be decided. The 

included life cycle stages depend on the goal of the study. The modules for 

the life cycle stages of construction products which include geotechnical 

engineering works are in Europe defined in EN 

15804:2012+A2:2019/AC:2021 (CEN, 2021) and are presented in Figure 

2.2. 
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Figure 2.2. Modules for the life cycle stages for construction products (CEN, 2021). 

 

An LCA including modules A1-A3 is called cradle-to-gate and an LCA 

including modules A, B and C is called cradle-to-grave. In goal and scope 

definition a functional or a declared unit is decided which purpose is to 

provide a reference to which the inputs and outputs of the LCA are related. 

The definition of a functional unit or a declared unit is necessary, to ensure 

the comparability of LCA results. Based on the goal and scope, the LCA may 

relate to a specific function using a functional unit or it may cover a range 

of functionalities using a declared unit.  
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2.2.2. Life cycle inventory analysis (LCI) 

The Life Cycle Inventory analysis (LCI) is an inventory of input and output 

data of the activities and material within the system boundary (ISO, 2006a; 

ISO, 2006b). The LCI includes the collection of data necessary to meet the 

goals of the study. The data necessary to collect are quantities of the 

included activities and materials, emission factors and conversion factors. 

The quantities for geotechnical engineering work are, for example, length 

of piles, area of sheet pile walls, volumes of soil, transport distances, work 

machine specifications, and water volumes. Some of the quantities are 

usually defined by the geotechnical engineer during the design process, but 

some quantities, for example, transport distances and work machine 

specifications are not a normal part of the work for a geotechnical engineer.  

In the LCI the emission factors are collected. Emission factors are 

needed to calculate the amount of each type of emission caused by the 

production, construction, use and end-of-life of the geotechnical 

engineering works. The emission factors can be, for example, kg CO2eq/m3, 

kg SO2eq/kg (where SO2 is sulfur dioxide), and kg PO4
3-eq/m3 (where PO4

3- 

is phosphate). The emission factors can be found in Environmental 

Product Declarations (EPD), in international, national or private databases 

or if no other data are found, from expert judgement. EPDs are LCAs 

reviewed by a third party, often made by manufacturers, and include the 

modules A1-A3, but EPDs can also include data of, for example, an entire 

building. The EPD specifies the emissions produced and the energy and 

resources needed for the evaluated product. Conversion factors are needed 

when the unit of the evaluated quantity is not the same as the unit of the 

emission factor. 

The LCI results are emissions and resource extraction. The emissions 

can be, for example, ammonia (NH3), benzene (C6H6), cadmium (Cd), 

carbon dioxide (CO2), copper (Cu), lead (Pb), mercury (Mg), methane 

(CH4), nitrogen oxides (NOX), particles (PM10), pesticides, phosphate 

(PO4
3-), radon (Rn-222), and sulfur dioxide (SO2). The extractions can be, 

for example, iron ore, oil, groundwater, land, and wood. The LCI result can 

also be, for example, sound (dB), radioactive radiation (Bq), and light (lux, 

lumen). 
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2.2.3. Life cycle impact assessment (LCIA) 

The Life Cycle Impact Assessment (LCIA) is an optional stage in the LCA 

(ISO, 2006a; ISO, 2006b). In the LCIA the result from the LCI is assigned 

to an impact category to illustrate the potential environmental impact. The 

LCIA process includes several steps (ISO, 2006a; SAIC, 2006). 

Selecting the impact categories is the first step in an LCIA. The 

selection of impact categories is determined by the goal and scope 

definition. The selection also depends on the availability of inventory data 

and therefore the results from the LCI. Typically, the LCIA focus on the 

potential impacts on human health, ecological health, and resource 

depletion. The impact categories are, for example, global warming, 

acidification, eutrophication, and ozone depletion. 

Classification sorts the LCI results and assigns them to the selected 

impact categories. For example, carbon dioxide emissions can be classified 

into the global warming category. If there are two or more impact 

categories, there are two ways to assign emissions to multiple impact 

categories. Either split up the LCI results into the impact categories to 

which they contribute or assign all LCI results to all impact categories to 

which they contribute.  

Characterization uses conversion factors, called characterization 

factors, to convert and combine the LCI results into impact indicators used 

for an impact category. Characterization translates different inventory 

inputs into directly comparable impact indicators. For example, in the 

impact category of global warming, all greenhouse gases (GHG) are 

expressed in terms of CO2 equivalents by multiplying the LCI results of 

CO2, methane, chloroform etc. by a characterization factor. For each GHG 

a different characterization factor is used to calculate the global warming 

potential (GWP). For the characterization step, there are developed 

methods. One common method is ReCiPe2016 (Huijbregts, 2016). The 

ReCiPe2016 method translates the emissions and resource extraction into 

a limited number of impact categories using characterization factors. The 

midpoint impact categories and corresponding endpoint area of protection 

in ReCiPe2016 method are presented in Table 2.1. 
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Table 2.1. The midpoint impact categories and corresponding endpoint area of protection in 
the ReCiPe2016 method. (SimaPro, 2017).  

Midpoint impact category Endpoint area of protection. Damage to: 

 Human health Ecosystems Resource availability 

Particulate matter X   

Trop. ozone formation (hum) X   

Ionizing radiation X   

Stratos. ozone depletion X   

Human toxicity (cancer) X   

Human toxicity (non-cancer) X   

Global warming X X  

Water use X X  

Freshwater ecotoxicity  X  

Freshwater eutrophication  X  

Trop. ozone (eco)  X  

Terrestrial ecotoxicity  X  

Terrestrial acidification  X  

Land use/transformation  X  

Marine ecotoxicity  X  

Mineral resources   X 

Fossil resources   X 

 

There are three optional steps in the LCIA stage (ISO, 2006a; SAIC, 

2006). 

Normalisation is used to analyze each emission share to the total 

impact within an impact category. The normalisation is made by using a 

selected reference value. The goal and scope of the LCA influence the 

choice of a reference value. The reference value can be, for example, the 

total emissions for a given local area, the ratio of one alternative to another, 

and the highest value. 

Grouping sorts the characterization result into one or more sets to 

make the interpretation easier. The grouping can be based on indicators of 

characteristics such as location (global, regional, local) or emissions (air or 

water) or by a ranking system such as high, low or medium. 

Weighting assigns weights or relative values to the different impact 

categories based on their importance or relevance. The weighting reflects 

the goal of the study and the stakeholder values. The methodology of the 

weighting must be documented. The unweighted data should be presented 



LITERATURE REVIEW | 13 

together with the weighted results to ensure a clear understanding of the 

results. 

2.2.4. Life cycle interpretation 

The interpretation is the final stage in which the results of an LCI or an 

LCIA are summarized and discussed (ISO, 2006a; ISO, 2006b). The results 

should be analyzed, limitations explained, and the results communicated. 

Conclusions and recommendations should be given for decision-making 

according to the goal and scope definition. The results should be reported 

understandably and transparently (SAIC, 2006).  

2.3. Life cycle cost assessment method (LCCA) 

Life Cycle Cost Assessment (LCCA) is a method to quantify a product’s or 

studied system’s Life Cycle Cost (LCC) i.e., its monetary cost during its life 

cycle. The standard ISO 15686-5:2017 (ISO, 2017) are including the 

following stages:  

1) construction,  

2) operation,  

3) maintenance, 

4) end of life,  

in LCCA service-life planning for buildings and constructed assets. There 

are guidelines on how to perform an LCCA. In infrastructure projects in 

Sweden run by the Swedish Transport Administration (STA), their 

guidelines (STA, 2020) are used. LCCA often includes an economic 

comparison of different alternatives with a focus on minimizing costs. 

Future cash inflows and outflows should be discounted to the cost 

status at the chosen baseline year. Doing this is defined as calculating the 

present value of a specific cash flow. The Net Present Value (NPV) is the 

sum of all present values and is obtained by:  
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𝑁𝑃𝑉(𝑖, 𝑁) =  ∑
𝑅𝑡

(1 + 𝑖)𝑡

𝑁

𝑡=1

 
 

(2.1) 

 

where t is the time of the cash flow, i is the discount rate and Rt is the net 

cash flow (inflow-outflow) at time t (STA, 2013). NPV can be calculated in 

other ways. The PV (present value) is, for example, 
𝑅

𝑖
 for longtime 

investments. The discount rate, i, changes over time.  

2.4. Summary of appended Paper A: status of research 

until 2019 

The material and processes used for geotechnical engineering work 

account for a great share of the environmental impact and costs in 

construction and infrastructure projects. In Paper A, a literature review 

was made to investigate the current status of published research and 

research gaps for LCA and LCCA for geotechnical engineering works. Only 

56 published papers (by the end of 2019) were found and reviewed. The 

papers were conference papers, journal papers and books that included 

sustainability in geotechnical engineering. Of those 56 papers, 29 

contained LCA and/or LCCA for geotechnical engineering works.   

Paper A includes a statistical overview of those papers. The main 

findings from that overview of the 29 papers including LCA and LCCA are: 

• 17 of the papers were journal papers and 12 papers were 

conference papers and books. 

• Most of the LCA and LCCA papers, 24 of the 29 papers, include 

an executed LCA and/or LCCA. The 5 remaining papers were 

discussions and reviews. 

• Most of the papers, 17 papers, were about LCA, 5 papers about 

LCCA, and 7 papers contained both LCA and LCCA. 

• Three main topics covered 26 of the 29 papers namely: 

geotechnical engineering (5 papers), retaining wall/slope 

support (13 papers) and ground improvement (8 papers).  
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Based on the result from the statistical overview some research gaps 

were found: 

• This is a rather new research area, and more research can be 

done on all parts of the topic. 

• More published papers were found about LCA than LCCA. 

• The full life cycle was rarely included. The use and end-of-life 

stage were often excluded. 

• The selection of environmental impact categories was limited. 

• The topics of ground improvement and retaining wall/slope 

support were dominating the papers, see Figures 2.3a and 

2.3b. 

Further research was recommended on the development of a 

framework to facilitate the use of LCA and LCCA for geotechnical 

engineering works. The open databases should be expanded with a larger 

selection of input data needed for geotechnical engineering works. The 

data should include valid EPDs, emission factors, unit costs and conversion 

factors.  

 

Figure 2.3a. Distribution of paper topics 
from Paper A. Including all 56 papers. 

 
Figure 2.3b. Distribution of paper topics 
from Paper A. Including papers with only 
LCA and LCCA. 
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2.5. Status of research during the years 2020-2022 

Paper A reviewed the current status of research of published papers until 

the end of 2019. The status of the published research of LCA and LCCA for 

geotechnical engineering works during the years 2020-2022 is presented 

in this section. Literature research was made using the same search words 

as in the literature review presented in Paper A. 28 papers were found 

including LCA and LCCA for geotechnical engineering works.  

The three topics; geotechnical engineering (7 papers), retaining 

wall/slope support (8 papers) and ground improvement (6 papers) were 

dominating the published papers as in Paper A. The papers on retaining 

wall/slope support include, among others, LCA of geosynthetic reinforced 

soil structures evaluating embodied energy and carbon emissions (Zhu et 

al., 2022). The papers on ground improvement include, among others, an 

LCA and LCCA of two soil improvement methods (Miguel et al., 2022). The 

other topics were geotechnical investigation (2 papers), piles (4 papers) 

and cement (3 papers). For geotechnical investigation, the environmental 

and economic impacts were evaluated of several common site 

investigations using life cycle sustainability assessment (LCSA) (Purdy et 

al., 2022). For piles, an LCA of precast concrete piles during the building 

construction stage was presented (Li and Zheng, 2020). 

The number of papers found published between 2020-2022 is almost 

equal to the number of papers published until the end of 2019 presented in 

Paper A. 5 of the papers are including social life cycle assessment.  
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3. Performing LCA and LCCA for geotechnical 

engineering works 

3.1. Introduction 

In this section, the execution of LCA and LCCA for geotechnical 

engineering works is presented. A case study was performed in Paper B to 

investigate, together with the literature review in Paper A, how LCA and 

LCCA are currently performed for geotechnical engineering works. In 

Section 3.2 a summary of the appended Paper B is presented. In Section 

3.3 the current practice of goal and scope is described.  Section 3.4 presents 

the inventory analysis. Section 3.5 presents the impact assessment and 

Section 3.6 presents the interpretation.  

3.2. Summary of appended Paper B: case study 

To investigate how LCA and LCCA are executed, a case study was 

performed for an infrastructure project run by the Swedish Transport 

Administration (STA) and presented in Paper B. The calculations were 

made both by hand and by using the STA software Klimatkalkyl and 

Geokalkyl. Data was collected from EPDs, Klimatkalkyl, Geokalkyl, 

manufacturers and expert judgement.  

The case study was a high-speed railway embankment between 

Hässleholm and Lund in Sweden. The project is in an early phase and the 

client STA wanted to assess the climate impact and cost in the production 

and construction stages of two embankment fill methods: a conventional 

filling of crushed bedrock and a stabilizing filling of sandy till. The cement 

stabilized till method, is not an approved method according to STA. The 

LCA and LCCA assessments are a part of a more extensive evaluation 
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including other assessments, to decide if the method will be approved to 

use in STA’s project. 

Crushed bedrock is often used as fill material in railway 

embankments. Construction activities and materials, such as geotechnical 

engineering works, account for a great share of the environmental impact 

and monetary costs in an infrastructure project. Despite that, LCA and 

LCCA are rarely made comparing the environmental impact and costs of 

different embankment fill methods. The results from the assessments are 

the output from the life cycle inventory stage (LCI). 

For the climate impact results presented in Figure 3.1, a sensitivity 

analysis was made for the cement material stage (A1-A3) using three 

cement types CEM I, II and III, as the climate impact from cement has the 

largest share of the total climate impact result of the method. The results 

are presented as the three stacks to the left in Figure 3.1. For the crushed 

bedrock method, the transport distance (A4) was changed, between  

15, 25 or 35 km, as transportation constitutes a large share of the total 

climate impact result of the crushed bedrock method. The results are 

presented as the three stacks to the right in Figure 3.1. The cement 

stabilized till method using CEM III had the lowest climate impact result, 

followed by the three crushed bedrock results, and the cement stabilized 

till using CEM I and II had the highest climate impact. 

For the life cycle cost results presented in Figure 3.2, a sensitivity 

analysis was made for the crushed bedrock method, altering the degree of 

contamination of the till in three degrees: uncontaminated, little 

contaminated and very contaminated. The results are presented as the 

three stacks to the right in Figure 3.2. The cement stabilized till method 

using CEM II had the lowest LCC presented as the one stack to the left in 

Figure 3.2., followed by the three LCCs for the crushed bedrock method. 

The very contaminated till alternative had the highest LCC. 

Using LCA and LCCA is possible when assessing climate impact and 

LCC when comparing embankment fill methods. Paper B shows how an 

LCA and LCCA can be done, and the result can help the designer to make 

choices that reduce climate impact and life cycle costs. 
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Figure 3.1. The climate impact result from the LCA in Paper B.  

 

 

Figure 3.2. The cost result (LCC) from the LCCA in Paper B.  

  

3.3. Current execution of LCA and LCCA for geotechnical 

engineering works 

3.3.1. Goal and scope definition 

The goal of the study in Paper B is to compare the climate impact and cost 

of the two embankment fill methods. When performing LCA and LCCA for 

geotechnical engineering works, comparing assessments are often made. 

Comparing LCA and LCCA in an early phase make it possible to affect the 

decisions during the design of the construction throughout the project. In 

an early phase, the LCA and LCCA made are not detailed; instead, a broad 
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analysis is made focusing on, for example, construction methods, location 

of roads, railways and buildings, profiles and cross sections of roads and 

railways or the number of basement floors. The potential for reducing 

environmental impact and costs is the highest in an early phase of a project. 

Another way to analyze the LCA and LCCA results than a comparative 

assessment is to analyze one method and find the activity or life cycle stage 

within the method, that has the highest environmental impact or cost. This 

analysis is useful for a manufacturer to improve their product or in the 

design phase for the geotechnical engineer to consider other methods or 

materials that could reduce the results. In the design process, a 

geotechnical engineer often has several methods to choose from with 

different technical advantages and disadvantages. The choice of 

geotechnical design can also be based on tradition, for example, using a 

design favoured by the client or by the geotechnical engineer. Instead using 

the results from the LCA and LCCA can help the geotechnical engineer 

choose the most sustainable method. 

The goal of the LCA and LCCA could also be to set demands regarding 

expected LCA and LCCA results when choosing a contractor. The goal can 

also be to set demands on the material manufacturer to have EPDs which 

can help reduce the emission derived from the geotechnical construction 

work and make comparing different construction materials more 

transparent.  

The life cycle stages included in the LCA and LCCA in Paper B are 

production and construction (modules A1-A5). These are the modules 

often used, according to Paper A, when performing LCA and LCCA for 

geotechnical engineering works. The use stage and end-of-life stages, 

however, lie far ahead in the future. Predicting the need for maintenance 

can be difficult to do. For example, the end-of-life stage for roads may occur 

hundreds of years from the completion of the construction works. 

However, to do an LCA or LCCA without the use and end-of-life stages is 

only a half life cycle and a prediction of all stages should be made, and the 

results should be presented along with the uncertainties in the prediction. 

The environmental impact categories used in LCA and LCCA for 

geotechnical engineering works were limited as presented in Paper A. The 
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EPDs and the more comprehensive databases, such as Ecoinvent, however, 

have input data needed for several more impact categories than the ones 

often used. Political interests and the client’s requirements have probably 

the greatest impact on the selection of impact categories and the 

determination of the goal of the LCA and LCCA. 

3.3.2. Life cycle inventory analysis (LCI) 

The life cycle inventory is usually the most time consuming part when 

executing an LCA and LCCA. It includes the quantification of the material 

and activities within the system boundary and the inventory of emission 

factors, unit costs and conversion factors for each of the included materials 

and activities. A large part of the quantification work is often already made 

by the geotechnical engineer in a project such as the length and type of 

piles, volumes of soil for fill and excavation, and area of sheet pile walls. 

But there are additional quantifications needed for the LCA and LCCA 

calculations such as transport distances, type of transport vehicles, work 

machine types or working hours. In the following, different quantities like 

these are denoted 𝑄𝑖,𝑗. These types of input data can sometimes be found 

in databases specialized in construction works or may sometimes need to 

be collected from contractors.  

The emission factors can be found in EPDs, databases or from expert 

opinion. The EPDs can be collected from, for example, manufacturers, 

EPDNorge (EPDNorge, 2022), and EPD International (EPD International, 

2022). Public databases are, for example, Ecoinvent (Ecoinvent, 2022) 

which is one of the main international databases often included in 

international calculation tools, and national databases such as NorEnviro 

(NorEnviro, 2022) in Norway, CO2data.fi (SYKE, 2022) in Finland, 

Boverket climate database (Boverket, 2022b) and Klimatkalkyl (STA, 

2022) both in Sweden. The databases including emissions produced and 

energy used are often integrated into LCA tools such as software or plugins, 

or standalone. The databases need to be updated when, for example, new 

materials, production methods and fuel are invented. 

The costs can be collected from manufacturers, databases or expert 

opinion. Costs, however, change over time and depend on location.  It 
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needs to be updated for each new project to have the current cost at that 

time and for that location. 

When the quantification is made and all needed emission factors, 

conversion factors and costs are gathered, the resulting amount of the kth 

emission, 𝐸𝑖,𝑗,𝑘 , for the ith geotechnical design is obtained by (Paper C):  

 

𝐸𝑖𝑗𝑘 = 𝑄𝑖,𝑗 × 𝐸𝐹𝑖𝑗𝑘 × 𝐶𝑉𝑖𝑗𝑘  (3.1) 

 

where 𝑄𝑖,𝑗 is the jth quantity, 𝐸𝐹𝑖,𝑗,𝑘 is the emission factor and 𝐶𝑉𝑖,𝑗,𝑘 is the 

conversion factor for the kth emission related to the jth quantity. 

The resulting cost, LCCi,j, for geotechnical design, Di, is obtained by: 

 

𝐿𝐶𝐶𝑖,𝑗 = 𝑄𝑖,𝑗 × 𝑈𝐶𝑖,𝑗 × 𝐶𝑉𝑖,𝑗  (3.2) 

 

where 𝑄𝑖,𝑗 is the jth quantity, 𝑈𝐶𝑖,𝑗 is the unit cost and 𝐶𝑉𝑖,𝑗 is the conversion 

factor of the jth quantity. 

The calculations in an LCA or LCCA can be made by hand or in 

spreadsheets but there are several tools developed to simplify the 

calculations. Two main international software for LCA are SimaPro (PRé 

Sustainability, 2022) and GaBi (Sphera, 2022) which can be used for all 

sorts of products, not only for construction works. For construction works 

including geotechnical engineering, the national software and plug-ins are 

often specialized on a specific product area and the local conditions in that 

region. Energy, for example, is produced in different ways in different 

countries. The proportion of fossil fuels or renewable energy from the sun, 

water or wind used to produce electricity and heat is different, called the 

energy mix, and the proportion affects the magnitude of the emission 

during production. The national calculation tools and databases are 

specified on the traditional products used in that specific country. For 

example, a colder climate requires removing snow and prevention of frost 

heave which are not needed at all in warmer countries. The national 

government can have different requirements and also the clients are 

traditionally having region-specific requirements on types of geotechnical 
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construction works and result presentation. The national calculation tools 

are often specialized for that region or a certain client. Some national 

calculation tools for the Nordic countries are Klimatkalkyl from the STA 

(STA, 2022), Geokalkyl from the STA (STA, 2018), Geokalkyl from the 

Swedish Geotechnical Institute (SGI, 2016), InfraLCA from Denmark 

(Vejdirektoratet, 2022).  

3.3.3. Life cycle impact assessment (LCIA) 

The life cycle impact assessment is an optional stage in the LCA where the 

result from the LCI in Equation 3.1, 𝐸𝑖,𝑗,𝑘 , is assigned to an impact category 

using characterizing factors, CHk,m. The LCIA result is obtained by: 

 

𝐼𝐶𝑖,𝑗,𝑚 = ∑[𝐸𝑖,𝑗,𝑘 × 𝐶𝐻𝑘,𝑚]

𝑛

𝑘=1

 
 

(3.3) 

 

where CHk,m is the characterization factor for the kth emission included in 

the mth impact category. The LCIA result, 𝐼𝐶𝑖,𝑗,𝑚, is the sum of all emissions 

connected to the mth impact category of the jth quantity for the ith 

geotechnical design Di. 

The selection of impact categories used in published research of LCA 

and LCCA in geotechnical engineering is limited, often being global 

warming and used energy. Some examples of impact categories and their 

common unit are presented in Table 3.1. The characterization factors 

convert the unit of the emission to a common unit used for the impact 

category. The characterization factors for some of the emissions belonging 

to the impact categories in Table 3.1 are presented in Table 3.2. 

Table 3.1. Impact categories and their common unit (NIPHA, 2018).  
Impact category Unit 

Global warming kg CO2eq/kg GHG 

Acidification kg SO2eq/kg unit 

Eutrophication kg P-eq/kg unit 

Fossil resource scarcity kg oil-eq/unit of resource 
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Table 3.2. Characterization factors (NIPHA, 2018). 
Impact category Emission Impact over  

20 years 

Impact over 

100 years 

Global warming CO2 1 1 

 CH4 84 34 

 N2O 264 298 

Acidification SO2 1 1 

 NOx 0.36 0.36 

 NH3 1.96 1.96 

Eutrophication (freshwater) P 1 1 

 PO4
3- 0.33 0.33 

Fossil resource scarcity Crude oil 1 1 

 Hard coal 0.42 0.42 

 Peat 0.22 0.22 

 

The characterization factor for the impact category global warming is 

called Global Warming Potential (GWP).  The emission's GWP depends on 

its capability to adsorb heat in the atmosphere, the number of years over 

which the GWP is calculated and the emission’s atmospheric lifetime. 

GWP20 (impact over 20 years) and GWP100 (impact over 100 years) are 

presented in Table 3.2. 

3.3.4. Life cycle interpretation 

In the interpretation, the results should be summarized and discussed. In 

the published research literature on LCA and LCCA in geotechnical 

engineering, the results are often presented in diagrams such as the 

histograms in Figures 3.1 and 3.2. Such presentation allows the decision-

makers to easily evaluate several designs or methods. Separating the 

included material, activities, and life cycle stages makes it possible to study 

the result in detail.  

However, the interpretation is also about giving recommendations 

based on the goal of the study. The recommendations should be based on 

the presented results. One way to interpret the results is to sum up the 

results from different assessments into one joint result, as presented in 

Paper C. The results from the LCI and LCA are converted to a common unit 

by applying a conversion factor, COk, COLCC, COm, COx, to the results from 

the assessments. By then applying a weight factor, Wk, WLCC, Wm, Wx, the 
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importance to reduce the result from one assessment relative to the results 

of the other assessments is accounted for. Each assessed result then gets a 

converted and weighted result with a common unit of the jth quantity for 

the ith geotechnical design Di. For the LCI result the converted and 

weighted result is obtained by: 

 

𝜀 𝑖,𝑗,𝑘 = 𝐸𝑖,𝑗,𝑘 × 𝐶𝑂𝑘 × 𝑊𝑘 . (3.4) 

 

For the LCC result the converted and weighted result is obtained by: 

 

𝜅𝑖,𝑗 = 𝐿𝐶𝐶𝑖,𝑗 × 𝐶𝑂𝐿𝐶𝐶 × 𝑊𝐿𝐶𝐶 . (3.5) 

 

For the LCIA result the converted and weighted result is obtained by: 

 

𝜄 𝑖,𝑗,𝑚 = 𝐼𝐶𝑖,𝑗,𝑚 × 𝐶𝑂𝑚 × 𝑊𝑚.  (3.6) 

 

The results from Equations 3.4-3.6 are then summed up into one 

summed result, 𝑅𝐷𝑖
, for each geotechnical design Di by: 

 

𝑅𝐷𝑖
= ∑ ∑ ∑[𝜀 𝑖,𝑗,𝑘 + 𝜅𝑖,𝑗 + 𝜄 𝑖,𝑗,𝑚].

𝑝

𝑘=1

𝑜

𝑚=1

𝑛

𝑗=1

 
 

 

(3.7) 

 

The geotechnical design with the lowest 𝑅𝐷𝑖
 is the most sustainable 

choice based on current assumptions and limitations. 
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4. Integrating LCA and LCCA into the 

geotechnical design process  

LCA and LCCA can be used for any product, material and activity in every 

thinkable business area. Despite that, LCA and LCCA are rarely made for 

geotechnical engineering works. Each area of expertise has its standards 

and regulations, specific materials, activities and work machines and the 

design process can differ significantly. A methodology illustrating how to 

use LCA and LCCA is therefore needed for geotechnical engineering work. 

It would guide the geotechnical engineer, for example, where to find input 

data, which calculation tools to use, how to further reduce the LCA and 

LCCA result in the design process, and how to present and interpret the 

LCA and LCCA results. 

There are some methodologies already developed on how to perform 

LCA and LCCA for geotechnical engineering works. However, they are not 

focused on the integration of LCA and LCCA in the design process and how 

to further reduce the costs and environmental impacts. The methodologies 

found in the literature review are presented in Section 4.1. Section 4.2 

presents a summary of the appended Paper C. 

4.1. Literature review: methodologies for LCA and LCCA 

in geotechnical engineering 

The already developed methodologies for LCA and LCCA for geotechnical 

engineering works mentioned shortly in Paper C are here described in 

more detail.  

Schillaber et al. (2016a) and Shillaber et al. (2016b) presented a 

Streamlined Energy and Emission Assessment Model (SEEAM) including 

a simplified methodology to assess embodied energy (EE) and CO2 

emissions associated with ground improvement works. The presented 
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model includes a simplified methodology, based on the LCA method, to 

assess embodied energy and CO2 emissions. The model includes four major 

stages in ground improvement construction: 1) material production, 2) 

transportation to site, 3) operation on site and 4) transportation of waste 

off-site. These four stages involve three types of calculations for EE and 

CO2 emissions: 1) input material production, 2) transportation and 3) site 

operation. 

Das et al. (2016) proposed a methodology for the evaluation of slope 

stabilization, assigning weights to the impact categories in the LCA based 

on their relative importance. Weights are after that applied in several steps 

to get a final sustainability and resilience index for the design using multi-

criteria analysis.  

Damians (2016) presented a methodology for evaluation, using weights 

on the environmental, economic and societal results for earth-retaining 

wall structures to find the best design choice using a value-integrated 

model. 

Cho et al. (2017) presented a methodology to estimate the 

environmental load in geotechnical structures using LCA and multiple 

regression analysis. An environmental load evaluation technique that 

statistically analyzed the effect of work processes, input materials and 

energy sources for tunnel projects was suggested. Depending on the tunnel 

pattern an environmental load equation was presented for each impact 

category. 

Basu and Lee (2022) optimized the geotechnical design regarding the 

LCA results using a reliability and resilience approach. The reliability 

method captures the uncertainty and reliability of a design’s structure in 

terms of a reliability index. The reliability index, cost and environmental 

impact can then be optimized using multi-objective optimization to obtain 

a sustainable solution. 
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4.2. Summary of appended Paper C: integrated 

methodology for geotechnical engineering works 

Geotechnical engineering works cause environmental impacts and costs 

during their lifecycle. When designing geotechnical engineering works, the 

geotechnical engineer often has design choices where different materials 

and methods can be used. One possibility to make the geotechnical 

engineering work more sustainable is to integrate the assessments of 

environmental impact and costs in the geotechnical design process. Paper 

C, therefore, presents a novel methodology showing how LCA and LCCA 

could be integrated into the geotechnical design process. The methodology 

is then illustrated in a case study. The methodology is presented in Figure 

4.1. 

The methodology consists of four stages: 

1. geotechnical design, 

2. LCA and LCCA, 

3. identify and improve, 

4. evaluation, 

where the methodology of Stage 2 is presented in Figure 4.2. 

The methodology is illustrated by using the assessment made in Paper 

B with the two initial design methods cement stabilized till and crushed 

bedrock as embankment fill material. In Stage 3 of the methodology, a 

third method using foam glass was added. The LCA and LCCA results of 

the three methods are presented in Figures 4.3 and 4.4.  

The LCA and LCCA results are then summed up after applying 

conversion factors and weight factors to the results. The conversion factors 

convert the results to a common unit, Swedish krona (SEK), and the weight 

factors reflect the importance of the assessment results relative to the other 

assessment results. The summed, converted and weighted results of the 

three methods are presented in Figure 4.5. 

The presented methodology integrates LCA and LCCA into the 

geotechnical design process to simplify the sustainability considerations 

for the geotechnical engineer. The methodology includes the possibility of 
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further reducing the costs and environmental impact by adjusting the 

geotechnical design based on the initial LCA and LCCA results. 

 

 

Figure 4.1. The presented methodology from Paper C with integrated LCA and LCCA in the 
geotechnical design process. 
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Figure 4.2. The methodology in the LCA and LCCA stage from Paper C. 
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Figure 4.3. The climate impact result from the LCA in Paper C. 

 

 

Figure 4.4. The cost result from the LCCA in Paper C. 

 

 

Figure 4.5. Summed results based on the unit Swedish krona (SEK) in Paper C. 
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5. Discussion 

In this thesis, the current state of research and how LCA and LCCA are 

being performed for geotechnical engineering work were analyzed. The 

results are discussed in Sections 5.1 and 5.2. A methodology to facilitate 

LCA and LCCA for geotechnical engineering works was presented in Paper 

C based on the results in Papers A and B and is discussed in Section 5.3. 

5.1. Current state of research 

5.1.1. New research area 

The number of scientific papers containing LCA and LCCA for geotechnical 

works found in the literature research was limited despite the complexity 

of the LCA and LCCA methods and the number of existing geotechnical 

construction methods. Since the LCA and LCCA reports made by the 

industry are not publicly available, the actual number of executed LCA and 

LCCA for geotechnical engineering works is much bigger than the result 

presented in Paper A. The LCA and LCCA executed by the industry are, 

however, affected by the client’s requirements and often the full life cycle 

is not included and only a few impact categories are assessed.  

5.1.2. Published LCA and LCCA papers 

An estimation of costs related to construction works in infrastructure and 

construction projects has always been a natural part of the projects. 

Despite that, the literature review in Paper A showed that more published 

papers included LCA than LCCA. The LCA method and the concept of 

sustainability are rather new aspects of construction projects. The ISO 

14040:2006 for the LCA method was first published in the year 1997, and 

from the 90s until today there has been a great development and increase 

in interest in LCA and LCCA. LCA and LCCA are reaching more and more 



34 | DISCUSSION 
 

business areas today. The development of circular construction, where the 

reuse of construction materials is in focus, is increasing. The inclusion of 

resilience i.e., the robustness of the structure to a changing climate is 

increasing, for example, risk management is needed because of the 

increased risk of landslides due to climate change (Andersson-Sköld et al., 

2013). Political goals to reduce environmental impact and demands from 

customers put pressure on clients of construction projects and 

manufacturers to reduce their environmental impacts. The general trend 

is that the publication of papers including LCA is increasing for 

geotechnical engineering works according to Paper A and the additional 

literature review made. Often both LCA and LCCA and sometimes the 

whole concept of sustainability with all three parts, environment, 

economics and society (Basu and Lee, 2022) are included in the papers. 

5.1.3. Paper topics 

The most common topics of the papers reviewed were ground 

improvement and retaining wall/slope support. Ground improvement 

methods are commonly used in road and railway projects when the 

underground is too soft to handle the extra weight caused by the 

embankment fill. During the literature search, a lot of papers on ground 

improvement along with LCA and LCCA of asphalt and pavement were 

found showing that road engineers have reached a little bit further in their 

LCA and LCCA research.  

The retaining walls and slope supports are often used close to bridges. 

On both ends of a bridge, the differences in ground level often need a 

retaining wall or slope support as the lack of space due to the road or river 

under the bridge does not allow the soil to lay in a low inclination. For this 

topic, a lot of papers were found showing that also bridge engineers have 

reached further in their LCA and LCCA research than geotechnical 

engineers. Including published research in nearby technical areas is 

therefore beneficial for the development of LCA and LCCA for geotechnical 

engineering works.  
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5.2. Execution of LCA and LCCA for geotechnical 

engineering works 

5.2.1. Prediction of future stages and uncertainties in the input data 

The results presented in this thesis showed that the full lifecycle was rarely 

assessed. Often only the life cycle stages of production and construction 

were included in the assessments and the use and end-of-life stages were 

rarely included. To include the use and end-of-life stages, a prediction of 

the need for maintenance needs to be made and can be difficult to do. The 

uncertainty of the input data and estimated quantities in the use and end-

of-life stages can be reasons why often only the production and 

construction stages are included. For geotechnical engineering works, for 

example, ground improvements for roads, the cause of a crack in asphalt 

that requires maintenance is difficult to know. The cause can be, for 

example, too heavy vehicles, thin asphalt or under-dimensioned ground 

improvement.  

Research on the effect on the results and the decision on the final design 

when only a half life cycle is assessed is needed. Geotechnical engineering 

works with a large need for maintenance could otherwise be selected. 

Analyzing the uncertainties related to the predictions of the use and end-

of-life stages and the uncertainties in the input data is essential to make it 

possible to perform LCA and LCCA for geotechnical works including a full 

life cycle and make the assessment trustworthy for the geotechnical 

engineer.  

Since the development of construction works are ongoing, for example, 

the research progress of a more environmentally friendly cement can 

hopefully lead to net zero emissions, and a change to battery or electrically 

powered vehicles and work machines can reduce the environmental 

impacts from transportation. Therefore, we can only imagine how the 

foundation of a building will be demolished and hopefully recycled or 

reused in a hundred years, but the prediction still needs to be done and 

more research is needed on how to take care of the uncertainties in the 

prediction.  
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To increase the quality of the input data, public databases should be 

expanded with a larger selection of input data needed for geotechnical 

engineering works. The data should include valid EPDs, emission factors, 

unit costs and conversion factors and the data should be updated regularly. 

This would make it easier for the geotechnical engineer to perform LCA 

and LCCA. This is not mainly a research question but merely a note that to 

develop the LCA and LCCA for geotechnical engineering works a 

collaboration between the industry and the researcher would be beneficial 

for the development. 

5.2.2. Evaluation stage 

The inclusion of several different assessments, such as LCA and LCCA, for 

the geotechnical design creates new challenges for the geotechnical 

engineer. Not just to perform the assessments which can be challenging for 

some engineers. But to also know how to evaluate the results. Das et al. 

(2016) and Damians (2016) used weights in the evaluation of the results 

which are also used in the methodology presented in Paper C. How the 

weights should be decided and who should keep them updated needs 

careful consideration. International and national sustainability goals 

should be strived to reach, and national climate laws need to be followed 

when deciding the weights. The weights can differ depending on location 

and project as the construction client always can choose to have even 

stricter goals. The weights can be applied to assessment results, for 

example, LCA and LCCA results, on life cycle stages results, on certain 

activities such as transportation, or different materials based on the 

emissions produced during its lifetime. Geotechnical engineering works 

often include cement, steel, soil and fuel which when produced, often are 

the ones causing a lot of emissions. To reduce the emissions, one way is to 

put weight factors on certain construction materials, for example, a higher 

weight factor on lightweight fill to instead favour the use of excavation of 

soft soil and fill with harder soil. The weight factors should be decided on 

a national level by representatives from, for example, The Swedish 

Transport Administration, The Swedish National Board of Housing, 

Building and Planning, The Swedish Geotechnical Institute, researchers, 
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municipalities, consultants and contractors, to enable the national goals to 

be achieved. Using weights enables the calculation of one summed result, 

RDi, for each geotechnical design based on the LCA and LCCA result which 

is presented in the methodology in Paper C.  

5.3. Integrated methodology for LCA and LCCA in the 

geotechnical design process 

Nowadays, an LCA or LCCA manager is assisting with the LCA and LCCA 

calculations. To help the geotechnical engineer to know how the LCA and 

LCCA can be integrated into the design process, the methodology in Paper 

C was developed. The methodology has the potential to improve already 

developed public calculation tools to make it even easier to do the LCA and 

LCCA calculations. The workflow in the LCA and LCCA stage and 

evaluation stage can be implemented, and input data needed for 

quantification, emission factors, conversion factors, soil data, unit costs 

and weight factors can be added to databases for geotechnical engineering 

works. However, the variability in costs, fast development of new and more 

environmentally friendly materials, and “greener” fuel can be a challenge 

for keeping the databases updated. But to keep the public databases up-to-

date is essential to be able to perform LCA and LCCA for geotechnical 

works that are trustworthy and comparable.  

In Stage 4 of the methodology, the evaluation of the results and the 

decision on the final design were made. A methodology using conversion 

factors to get a common unit on the different assessment results was used 

and thereafter weights were assigned reflecting the assessment’s relative 

importance. The converted results were then summed. Already published 

scientific papers including LCA and LCCA for geotechnical engineering 

works have considered weights and reliability-based analyzes. The 

optimization of pile dimensions made by Basu and Lee (2022) to reduce 

the environmental impact and costs and the other presented 

methodologies are focusing on improving one method instead of 

comparing different methods as the presented methodology in Paper C 

enables.  
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To develop the methodology further, a collaboration between the 

industry and universities would be beneficial, to get calculation results 

from construction projects including all kinds of geotechnical engineering 

designs which can be analyzed further to improve the methodology.  

However, the results from the projects are valuable to the companies to 

keep for themselves and their client and are therefore hard to get. The 

improvement can be a more detailed methodology where the decisions in, 

for example, project phases, life cycle stages, impact categories and 

geotechnical designs can be included as a starting point and then excluded 

depending on the specific project. The possibility to adjust the design based 

on the LCA and LCCA result can be further developed with more 

alternatives covering all possible geotechnical designs. To be able to 

analyze several possible geotechnical designs, artificial intelligence (AI) 

and machine learning for LCA and LCCA can be developed and used. It 

allows making LCA, LCCA and the evaluation stage in a shorter time and 

therefore more designs can be evaluated (Mathern et al., 2019). 
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6. Conclusions and future research 

To investigate the current status of published research and research gaps 

for LCA and LCCA for geotechnical engineering works, a literature review 

was made presented in Paper A. The results were: 

• This is a rather new research area, and interest in the topic is 

increasing. 29 published papers were found until the end of 

the year 2019 and 28 papers were found published in 2020-

2022. 

• More published papers were found about LCA than LCCA. 

• The topics of ground improvement and retaining wall/slope 

support were dominating the papers. 

• Most of the papers include an executed LCA and/or LCCA. The 

remaining papers were discussions and reviews. 

To analyze how LCA and LCCA are being executed for geotechnical 

engineering works a literature review and a case study presented in Paper 

B were made. The results from the analysis were: 

• The full life cycle was rarely assessed. Often the production 

and construction stages were included, and the use and end-

of-life stage were excluded. 

• The selection of environmental impact categories was limited. 

Often global warming and energy use were assessed. 

• Available input data in the LCI for geotechnical engineering 

works are sometimes missing. The input data for climate 

impact are often found in databases and EPDs. The input data 

for the LCCA are, however, more difficult to find and the costs 

are changing over time. 

• In the evaluation of which design to use weights can be used 

and the design can be optimized based on the LCA and LCCA 

results. 
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To facilitate LCA and LCCA for geotechnical engineering works a novel 

methodology was presented in Paper C, showing how LCA and LCCA could 

be integrated into the geotechnical design process. The presented 

methodology consists of four stages:  

1) geotechnical design,  

2) LCA and LCCA,  

3) identify and improve,   

4) evaluation.  

Stage 1 is the traditional geotechnical design resulting in several possible 

geotechnical design alternatives. Stage 2 includes the LCA and LCCA with 

the three stages: 

I) goal and scope definition, 

II) life cycle inventory (LCI), 

III) life cycle impact assessment (LCIA). 

Stage 3 enables a reduction of the costs and environmental impact in three 

ways: 

• adjust superstructure, 

• reduce the amount of material, 

• change material. 

In Stage 4, weights are assigned to the LCA and LCCA results, and the 

results are converted into one summed result for each geotechnical design. 

The results for the design alternatives are then compared to decide the final 

geotechnical design. 

The following issues can be further investigated: 

• The uncertainties in the input data should be investigated to 

make the assessment trustworthy for the geotechnical 

engineer. 

• The uncertainties related to the predictions of the use and end-

of-life stages should be investigated to enable LCA and LCCA 

to include a full life cycle. 

• The evaluation of the final geotechnical design needs further 

research. The implementation of weights, conversion factors 

or other optimization techniques needs further research 

including the most common geotechnical engineering works. 
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