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This is a systematic literature review of quantitative sustainability assessments, focusing on life cycle sustainability assessment (LCSA), of bio-mediated and bio-inspired ground improvement technologies applied to geologic hazard mitigation. The aims of the systematic review are to 1) compare the sustainability of various ground improvement techniques and, 2) to evaluate the rigor and consistency of sustainability assessment methods applied to these techniques. The literature review considers studies identified through keyword searches of bibliographic databases. After selection criteria were applied to ensure identified articles were within scope, a total of 8 articles were found which assessed bio-mediated and bio-inspired ground improvement technologies. The technologies represented in the literature include enzyme induced carbonate precipitation (EICP), microbially induced carbonate precipitation (MICP), and microbially induced desaturation and carbonate precipitation (MIDP). While sustainability is typically conceived to include environmental, economic and social impacts, most studies examined only life cycle environmental impacts, three included life cycle cost accounting, and none included social impacts. Analysis of the studies’ system boundaries show inconsistencies across studies, making comparison of results inaccurate. The most common environmental impact categories included in the identified studies are global warming and eutrophication. Raw materials production and field emissions from the biogeochemical reactions that drive the technologies are the largest contributors to these impacts. Based on the review, it is clear that a set of LCSA guidelines is needed to produce high-quality LCSAs that can be used in comparative assessments and to confidently identify processes where the impacts of bio-mediated and bioinspired technologies can be reduced.
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1 INTRODUCTION
Resilience is crucial when planning and designing infrastructure projects that holistically reduce geologic disaster risk, including effects exacerbated by climate change (Risken et al., 2015; Chang et al., 2019). Mitigating geologic hazards in our built environment (e.g., earthquake-induced liquefaction, landslides, coastal erosion, and subsidence) via geotechnical engineering techniques can improve infrastructure resiliency. Ground improvement techniques are one category of hazard mitigation technologies that have seen increased adoption. Ground improvement methods such as jet grouting (subsurface application of pressurized cement grout) and vibro compaction (vibrations to physically densify soil) can provide earthquake-induced soil liquefaction mitigation and landslide mitigation through soil reinforcement and densification mechanisms, respectively (Mitchell, 2012; Raymond et al., 2021a). However, hazard mitigation techniques impact social, environmental, and economic dimensions. Traditional ground improvement techniques can be resource-intensive and often lead to high life cycle greenhouse gas (GHG) emissions due to their high rates of cement use and fuel consumption (Jefferis, 2008; Basu et al., 2015; Raymond et al., 2021a). However, ground improvement plays a significant role in improving the resilience of critical lifelines such as electricity and transportation systems which are crucial in providing support to communities after a geologic event and throughout potential evacuation procedures (Andrus and Chung, 1995).
The need to continue investing in civil infrastructure coupled with the need to mitigate GHG emissions and other environmental impacts has led to development of a number of sustainability rating systems and benchmarks for use across civil design, but to date, they lack guidance for geotechnical engineering applications such as geologic hazard mitigation (Kendall et al., 2018; Raymond et al., 2021a). In addition, these rating systems and benchmarks do not require evaluation of projects from a life-cycle standpoint. Previous research has concluded that life cycle-based methods can improve both the sustainability and technical feasibility of geotechnical projects (Shillaber et al., 2016; Kendall et al., 2018; Lee and Basu, 2018). Life cycle sustainability assessment (LCSA) is one such method. It evaluates the social, environmental and economic impacts of a system or project over its entire supply chain and life cycle and can be used to guide the development of more sustainable geotechnical solutions (Kendall et al., 2018; Raymond et al., 2021a).
LCSA builds on existing life cycle assessment (LCA) and life cycle cost assessment (LCCA) frameworks—two methods with long histories and broad acceptance in civil engineering (Harvey et al., 2011; Cabeza et al., 2014; Parrish and Chester, 2014). Traditional LCSAs of civil infrastructure projects typically assess only environmental and economic impacts, excluding social impacts such as human rights, working conditions, or impacts on cultural heritage (Jørgensen et al., 2007; United Nations Environment Programme, 2020). However, a complete LCSA should include a social life cycle assessment (S-LCA) to understand the sometimes competing social, environmental, and economic impacts of a project. Throughout this article, we use the term LCSA to describe any study which includes at least LCA, and may also include LCCA, but recognize that a true LCSA must include all three (LCA, LCCA, and S-LCA).
LCSA has previously been applied to evaluate geotechnical engineering projects (e.g., Raymond et al., 2021a), but it remains in its nascent stages for the geotechnical community. Previous reviews of geotechnical LCSAs have shown that the methods used to perform geotechnical LCSA vary, producing data that are not harmonized and that cannot be used in project or technology comparisons across studies (Kendall et al., 2018; Song et al., 2020; Samuelsson et al., 2021).
Biogeotechnics has emerged as a promising solution to improve the sustainability of geotechnical infrastructure for geologic hazard mitigation, by reducing the environmental impacts and cost of ground improvement (Dejong et al., 2014; Wang et al., 2017; Sharma et al., 2021). Biogeotechnics are typically classified in two ways, as bio-mediated technologies and bio-inspired technologies. Bio-mediated technologies rely on microbial activity to achieve geologic hazard mitigation while bio-inspired technologies mimic natural systems to reduce geologic risks (Khodadadi et al., 2017). Bio-mediated and bio-inspired technologies often replace cement-intensive traditional grouting methods, which have high costs associated with them (Jefferis, 2008; Basu et al., 2015; Raymond et al., 2021a).
Biogrouting, or biocementation, is a group of methods currently under development for ground improvement applications, such as foundational support and earthquake-induced liquefaction mitigation (DeJong et al., 2010; Khodadadi et al., 2017). Biogrouting techniques include enzyme-induced carbonate precipitation (EICP), microbially induced carbonate precipitation (MICP), and microbially induced desaturation and precipitation (MID and MIDP) (van Paassen et al., 2010a; Almajed et al., 2018; Moug et al., 2022). MICP and MIDP rely on microbial activity to produce carbonate precipitates, whereas EICP relies on enzymatic activity to produce these precipitates (Khodadadi et al., 2017). Carbonate precipitation improves the strength and dilatancy of soil (Cui et al., 2021). MIDP also involves another mechanism, microbially induced desaturation, through which microbial activity produces nitrogen gas desaturating the soil thereby providing liquefaction mitigation (Dejong et al., 2014; O’Donnell et al., 2017).
While a key driving factor behind the development of bio-mediated and bio-inspired geotechnical technologies has been their assumed environmental benefits, such as reduced cement consumption, these technologies carry their own environmental impacts (Raymond et al., 2021b). As these technologies develop, quantitative sustainability assessments can be used to verify their performance regarding social, environmental, and economic impacts and to guide sustainable bio-mediated and bio-inspired technology development (Raymond et al., 2020). At the same time, traditional geologic hazard mitigation technologies must also be assessed so that fair comparative assessments can be made.
To understand the current state of practice for LCSA applied to bio-mediated and bioinspired ground improvement technologies, a systematic literature review of quantified sustainability assessments, such as LCSA, of EICP, MICP, and MIDP technologies, is undertaken. In addition to understanding the current state of practice, the literature review:
Investigates the frequency of bio-mediated and bio-inspired LCSA studies within broader ground improvement literature
Summarizes the sustainability potential of bio-mediated and bio-inspired technologies at their current stage of development
Recommends future directions for bio-mediated and bio-inspired technology development to achieve sustainability goals
2 BACKGROUND
2.1 Life cycle assessment
LCA can be used to determine the environmental and human health impacts of any product or system, over its entire life cycle. Examples of impact categories assessed include global warming, eutrophication, acidification, and human health impacts. LCA is also used to quantify the life cycle water consumption and cumulative energy demand of a product or system. LCAs are typically completed with a “cradle-to-grave” scope, or system boundary, where each of the following life cycle stages is modeled: extraction and processing of raw materials, manufacturing, transportation of materials and equipment, construction, operation and maintenance, and end-of-life. For a geotechnical engineering project, the whole life cycle includes these stages over the entire project life including site investigation, construction, potential remedial measures in the case of a geologic event, and decommissioning.
The International Organization for Standardization (ISO) 14040 and 14044 standards are the most commonly cited standard for LCA (ISO, 2006a; ISO, 2006b). The ISO standard is conceived in four phases. The goal and scope phase includes determining the purpose of the study, the system boundary of analysis, and the application and its function and functional unit, among other criteria. In the life cycle inventory (LCI) analysis phase, all environmental inflows, including energy and material inputs, and outflows, including water and air emissions as well as solid waste outputs, across the modeled system are quantified and aggregated. A life cycle impact assessment (LCIA) is then performed through which characterisation factors are applied to relevant flows to estimate the environmental and human health impacts of the system. Conclusions from the LCI analysis and LCIA are then drawn during the interpretation phase and possible recommendations for technology use or development, or future LCAs are provided.
2.2 Life cycle cost assessment
LCCA accounts for the capital, operation and maintenance, potential replacement, and end-of-life phases of a product or system and can also include external costs associated with the system. In an LCSA, these costs are estimated for the same goal and scope outlined in the LCA. In an LCCA, all future costs are discounted to account for the change in monetary value over time. While less common, LCCA can also be used to estimate the external costs of a system such as the environmental or social cost of environmental emissions. For example, the social cost of carbon (SCC) has been applied to geotechnical projects where the economic damages that would result from 1 ton of carbon emissions are evaluated (Reddy and Kumar, 2018; Raymond et al., 2021b).
2.3 Social life cycle assessment
Social life cycle assessment is a method to assess the direct and indirect social impacts of a project. Direct impacts refer to those stemming from the project itself, such as the benefits of geologic hazard mitigation on a community, while indirect impacts refer to those that occur further up the supply chain. One method to assess the indirect social impacts of a project are through existing social hotspot databases such as the Product Social Impact Life Cycle Assessment (PSILCA) database and the Social Hotspot Database (SHDB) (Benoit-Norris et al., 2012; Maister et al., 2020). However, these databases currently do not comprehensively cover geotechnical-related construction materials or assess emerging alternative construction methods (e.g., bio-inspired and bio-mediated technologies). Tools such as Design for Freedom have also recently been developed to highlight the resource intensity and equity of building construction material supply chains predominantly across the buildings sector (Grace Farms, 2022). These supply chains are analyzed and evaluated to provide a qualitative assessment of a variety of social sustainability indicators (e.g., labor practices, resource exploitation). While the ground improvement materials can differ from conventional building construction materials, Design for Freedom presents a social and environmental sustainability framework that can be applied to understand the sustainability of materials-intensive industries. Direct impacts such as those on construction workers and the local community should similarly be assessed through qualitative means.
3 OVERVIEW OF BIO-MEDIATED GROUND IMPROVEMENT TECHNIQUES
MICP and MIDP are considered bio-mediated technologies since they directly use microbial activity in the treatment process. However, EICP is considered a bio-inspired technology because it uses a manufactured enzyme for treatment and does not involve microorganism activity (Khodadadi et al., 2017). Common benefits across each technology include the omission of carbon-emitting cement and the non-disruptive nature of treatment allowing, in many cases, ground improvement to be implemented below existing structures (Dejong et al., 2014; Khodadadi et al., 2017). Concerns across each technology include obtaining uniform treatment throughout the targeted soil volume and groundwater and soil contamination via unreacted process inputs or intermediary products resulting from the incomplete conversion of inputs (Hall et al., 2022b). In addition, due to the novelty of each technology, the duration and durability of treatment have not been robustly tested.
The applications, process inputs, and technological and environmental concerns of EICP, MICP, MIDP, and MID are summarized in Table 1. The technical feasibility and sustainability impacts of each technology are determined by factors including:
The bacterial and material inputs required for the biogeochemical process
The equipment installation and treatment methods required for implementation
The biogeochemical reaction rate
The durability of treatment, and whether treatment needs to be repeated over the service life of the system
Reagent utilization (i.e., the efficiency of each biogeochemical reaction)
The products and by-products of the overall biogeochemical process
Whether each biogeochemical reaction is performed to completion
TABLE 1 | Summary of bio-mediated technologies and their environmental impacts.
[image: Table 1]3.1 Enzyme induced carbonate precipitation (EICP)
EICP uses plant-derived (e.g., Jack beans) urease enzymes to induce urea hydrolysis, and when combined with calcium chloride calcium carbonate precipitation occurs (Eqs 1–5) (Khodadadi et al., 2017; Almajed et al., 2018). Non-fat milk powder can also be used as an additive in the EICP process to stabilize the enzymes (Martin et al., 2021). EICP can be applied as a treatment to the soil via three mechanisms depending on application purpose and soil properties: mechanical mixing and compaction, solution injection using traditional grouting methods, and surface spraying (Martin et al., 2020; Woolley et al., 2020; Arab et al., 2021). EICP improves the strength of soils, such as the shear strength, by cementing soil grains together (Almajed et al., 2021).
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The reaction rate of EICP is governed by the concentration of inputs, the source of the urease enzyme, which influences enzyme activity, the temperature and pH of the system and the soil type (Saif et al., 2022). These parameters must be optimized to obtain a slow reaction rate to reduce precipitate clogging near the injection points (van Paassen et al., 2010b). Experimental studies have presented varied optimal concentrations for urea and calcium chloride due to differences in urease concentration and enzymatic activity, as well as environmental conditions (Almajed et al., 2019; Ahenkorah et al., 2021).
While EICP eliminates the need for large volumes of cement, cost and environmental concerns still exist. For example, the cost of the urease enzyme has been highlighted as a concern (Khodadadi et al., 2017). Environmental concerns of EICP are the production of ammonium, which contributes to eutrophication, and chloride ions which contribute to salinisation and can corrode steel (Eqs 2, 4). If the overall reaction does not occur to completion, ammonia may also be introduced as an intermediary product to the groundwater (Eq. 1). When applied to the surface layer of the soil, the introduction of urea may result in nitrous oxide and ammonia emissions to the air (Raymond et al., 2021b). However, at depth, it is unlikely for these emissions to occur.
3.2 Microbially induced carbonate precipitation (MICP)
MICP via urea hydrolysis has been the most widely researched MICP pathway. MICP relies on introducing cultivated microorganisms, most often Sporoscarcina pasteurii which carry the urease enzyme, urea, and calcium chloride to the soil that is to be treated through augmentation (van Paassen et al., 2010b). Stimulation of microorganisms native to the soil to be treated can also be conducted to achieve MICP (Burbank et al., 2011; Burbank et al., 2012; Gomez et al., 2014; Gomez et al., 2017). MICP can be applied below the surface through injection of the microorganisms and substrates. MICP can improve the load-bearing capacity of soils and provide liquefaction mitigation (Whiffin et al., 2007; Montoya et al., 2013).
The MICP process via urea hydrolysis is as follows:
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Similar to EICP, the rate of substrate injection must be controlled to avoid precipitate clogging at the injection points (Mortensen et al., 2011). The efficiency of the MICP process is dependent on the rate of ureolysis and treatment formula used (Martinez et al., 2013). This influences the applicability of MICP as a method to produce uniform treatment over large areas (van Paassen et al., 2010a).
Among the environmental concerns of MICP, ammonium chloride is produced as a by-product of the MICP process and must be removed or treated to reduce the risk of eutrophication and salinisation of groundwater. Rinsing processes have been introduced to remove ammonium from the treated soil, however, this produces wastewater which must be treated (Lee et al., 2019; San Pablo et al., 2020). Regarding costs, bio-stimulation of native organisms may be favored over bio-augmentation as this requires the construction and maintenance of on-site bioreactors (Sharma et al., 2022).
3.3 Microbially induced desaturation and carbonate precipitation (MIDP)
MIDP is a two-mechanism hazard mitigation process that relies on microbial denitrification to produce biogenic gas for desaturation and calcium carbonate precipitation for biocementation. MIDP uses the user-supplied substrate recipe of calcium acetate and calcium nitrate. Acetate acts as the electron donor (provides energy to the microbes) to facilitate microbial reduction of the nitrate to inert nitrogen gas through denitrification. Dissolved inorganic carbon (i.e., CO2, CO32−, HCO3−, and H2CO3) is also produced during denitrification, which when combined with the provided calcium leads to calcium carbonate precipitation. Biogenic gasses desaturate the soil, thereby reducing the liquefaction potential of soil by dampening pore pressure build-up during a cyclic shaking event (Eqs 11–16) (Dejong et al., 2014; O’Donnell et al., 2017). The precipitation of calcium carbonate mitigates liquefaction through the same hazard mitigation method as MICP, by improving the strength and dilatancy of soil (Eq. 17) (O’Donnell et al., 2017; Hall, 2021).
When aiming to mitigate liquefaction, MID may be preferred over MIDP since treatment via desaturation is reached before sufficient carbonate precipitation occurs to provide liquefaction mitigation (Hall et al., 2022b). Additionally, a greater amount of calcium acetate and calcium nitrate are required for carbonate precipitation, increasing costs and environmental impacts.
An advantage of MID and MIDP is that microorganisms do not need to be cultivated and injected into the soil since denitrifying microorganisms are widely found across various soil types, reducing costs (Hall et al., 2018). Another advantage of the processes is that users extract groundwater from the treatment site to dissolve and mix the substrates then, this water is re-introduced to the ground in a closed system with no external input of water. Existing groundwater technology, including injection and extraction wells, can be used to implement MID and MIDP (Moug et al., 2022).
Ongoing field trials of MID have demonstrated a desaturation persistence of at least 92 days, the length of the experiment when monitoring ceased (Moug et al., 2022). While longer-term trials of MID have not been conducted yet and the durability of desaturation has not been robustly tested, previous studies have indicated that abiotic desaturation can persist for up to 26 years (Okumura, 2006).
Benefits of MID and MIDP are the lack of waste products generated. For example, when the MID and MIDP reactions occur to completion, the products, nitrogen gas and carbon dioxide, do not need to be removed as is with EICP and MICP. It is unlikely that a significant amount of carbon dioxide will be released to the atmosphere through this process because of the typical pH levels of application sites and the high solubility of CO2, leading the majority of produced CO2 to remain in solution (Hall, 2021).
Complications of MID and MIDP include the impact that the primary and intermediary products can have on technical feasibility and environmental impacts. For example, the hydraulic conductivity of the soil may be reduced by the production of nitrogen gas and carbon dioxide gas and this may impact flow of the substrates through the soil (Stallings Young et al., 2021). Further, if the reaction is incomplete, process intermediates (primarily nitrite, but potentially nitrous and nitric oxide) may accumulate (Hall, 2021). The accumulation of these intermediates are potentially toxic and harmful to the environment. Intermediates also inhibit denitrification and can lead to reduced precipitation and desaturation (Eqs 13, 15) (van Paassen et al., 2010a; Hall, 2021)).
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4 SYSTEMATIC LITERATURE REVIEW PROTOCOL
4.1 Process for identifying relevant literature
We conducted a systematic literature review of published ground improvement studies, including journal articles, conference papers, book chapters and industry reports. We completed a literature search following the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) framework (Page et al., 2021). The databases utilized for the literature search were Web of Science, Scopus, and the American Society of Civil Engineers (ASCE) databases. We identified articles by searching abstracts using the search term: (“sustainability” OR “life cycle” OR “cost” OR “economic” OR “carbon” OR “energy”) AND (“EICP” OR “MICP” OR “carbonate precipitation” OR “microbially induced desaturation” OR “biocement” OR “biogrout” OR “bio-grout” OR “bio-mediated” OR “bio-mediated” OR “bioinspired” OR “bio-inspired”) AND (“assessment” OR “analysis” OR “footprint”). The resulting studies were then reviewed for relevance and duplication to arrive at a final set of studies that met our review criteria. We further sought to identify studies that may have been overlooked in the database searches by screening the references cited in the relevant studies that were found via database.
4.2 Methods for systematic review
To respond to the research goals of this study, which include an assessment of the relative frequency of sustainability assessment of bio-mediated and bio-inspired ground improvement technologies compared to conventional methods, we also conducted a literature review of quantitative sustainability assessments applied to conventional ground improvement techniques. The flow chart for this literature search is presented in Supplementary Figure S1.
We reviewed each of the identified sustainability assessment studies with specific focus on the following parameters:
Application (e.g., EICP, MICP, MIDP)
Functional unit
System boundary
Life cycle inventory
Biogeochemical reactions
Life cycle impact assessment
Results
Uncertainty assessment
The goal of examining these parameters is to examine variability across the methods and modeling choices in existing studies, which determines the comparability and comprehensiveness of studies that reflect the current state of practice. The greater the variability in methods and key assumptions, the less comparable study findings are likely to be.
We also document the findings of the reviewed studies, with the goal of making recommendations for reducing the environmental impacts and cost of bio-mediated applications.
5 RESULTS
Scopus returned 21 references, Web of Science returned 18 references, and the ASCE database returned two references. As shown in Figure 1, we screened these references for relevance to identify ground improvement-related EICP, MICP, MID or MIDP studies such as those that reference soil stabilization or liquefaction mitigation. Only studies that completed a quantitative sustainability assessment, such as an LCA, an LCCA, S-LCA were chosen for this review. One study identified is a techno-economic analysis (TEA), however, this is considered as an LCCA in this review since the methods followed align with those of an LCCA. Studies that assessed bio-mediated or bio-inspired methods that can be applied to ground improvement even when they were not used in ground improvement applications were also included; however, those applied to structures, such as carbonate precipitation within concrete, were not included since the function of these technologies differs to ground improvement. After screening relevant studies for duplicates, five unique studies remained. After screening the citations of these studies, an additional two studies were identified that met the search criteria, one of which was an industry report. An additional paper was identified outside of the systematic review via knowledge of the authors. We identified eight sustainability assessment studies in total. Seven of these studies are life cycle assessments, two of which also include a life cycle cost assessment, and one is the TEA considered as an LCCA.
[image: Figure 1]FIGURE 1 | Flow diagram of the systematic literature search.
5.1 Articles identified through systematic literature review
Eight studies published between 2009 and 2023 were identified, three of which evaluate EICP, three evaluate MICP, one evaluates MID and MIDP, and one evaluates MID only. A summary of these studies is provided in Table 2. Six of these studies assess either one or multiple bio-mediated technologies or pathways and compare them to a traditional, cement-based ground improvement technique. Meanwhile, Martin et al. (2020) only provides a hotspot analysis of EICP. Each study is a process-based LCA considering environmental impacts or cost. None of the identified studies includes a social life cycle assessment.
TABLE 2 | Summary of identified sustainability assessment studies of bio-mediated and bio-inspired geologic hazard mitigation techniques.
[image: Table 2]The life cycle studies considered ground improvement applications, including soil stabilization for roadways and railways, foundation reinforcement, and liquefaction mitigation. Porter et al. (2021) did not provide a specific application for MICP, instead focusing on the production of calcium carbonate only. Each EICP and MICP life cycle study considered a urea hydrolysis pathway. Porter et al. (2021) also evaluated another five pathways for MICP including denitrification (MIDP).
The frequency of LCSA applied to biotechnologies compared to conventional technologies has been uneven over time, but biotechnologies are over-represented in the literature relative to their frequency of application in real world projects. Figure 2 shows the results of literature reviews for both biotechnologies and conventional based on the number of studies published per year between 2009 (the first year an LCSA of a ground improvement technology was published) and 2023. What is evident, is that there has been uneven growth in LCSA-related studies since 2009, but that biotechnology LCSAs are growing in popularity alongside conventional ground improvement LCSAs.
[image: Figure 2]FIGURE 2 | LCSA studies of conventional and bio-mediated or bio-inspired ground improvement technologies.
5.2 Critical review
5.2.1 Functional unit
The functional unit of an LCSA serves as the basis for which technologies are evaluated over and compared (ISO, 2006a). The functional unit should specify the service provided by a ground improvement project and include relevant performance requirements such as the target strength of a soil structure (Kendall et al., 2018). Further, for bio-mediated technologies in particular, because they often require multiple treatments over the service life of a project, the functional unit of a study should specify the duration of the project.
The functional unit of each reviewed study varies between those focused only on mass of carbonate produced or an area or volume of soil treated and those that also included performance requirements for the technologies considered (Table 2). Martin et al. (2020) and Salemans & Blauw (2010), use the most comprehensive functional units, specifying the volume of soil treated, target strength, and location of the study. Salemans and Blauw (2010) also specify soil grain size in their functional unit. No study considers service life in the functional unit. As such, no study evaluates impacts from potential re-applications of bio-treatment required over the service life of the projects.
Poorly defined functional units can result in an unfair comparison across technologies. For example, Porter et al. (2021), compare the production of 1 kg of precipitated calcium carbonate from various different pathways; however, leaving performance requirements out of the functional unit omits potential differences in the service provided by each pathway. For example, MIDP produces calcium carbonate as well as nitrogen which provides mitigation against liquefaction through MID. For a fair comparison, each system must provide the same services.
5.2.2 System boundary
Each reviewed study only considers the construction stage of the assessed ground improvement projects and within this stage, raw materials supply is the most commonly assessed process (Table 3). Suer et al. (2009), provide the most comprehensive system boundary considering materials transportation, equipment mobilization, on-site equipment use, biogeochemical emissions, and construction waste transportation in addition to raw materials supply. The authors only, however, provide a qualitative assessment of biogeochemical emissions. No studies assess the impacts of quality assurance and quality control and Salemans and Blauw were the only authors to evaluate the impacts of biogeochemical emissions treatment, considering wastewater treatment to remove ammonium chloride from the system. Raymond et al. evaluate impacts of rinsing to remove ammonium, however, they do not include wastewater treatment in their analysis. All studies except Deng et al. (2021), Hall et al. (2022a), and Suer et al. (2009) include a quantitative assessment of the impact that bio-mediated process emissions have on the environment. Deng et al. (2021) and Salemans and Blauw (2010), are the only authors to evaluate the impacts of bacteria cultivation on total MICP impacts.
TABLE 3 | Life cycle processes for the construction stage considered in the system boundary of each reviewed study.
[image: Table 3]By omitting the use stage of ground improvement projects, the impact of treatment durability can not be assessed and the total sustainability impacts may be underestimated if potential treatment re-applications are not evaluated. While the durability of treatment is currently unknown for EICP, MICP and MIDP, sensitivity analysis can be employed to assess the potential impact of treatment re-applications over the service life of the infrastructure.
5.2.3 Life cycle inventory
Transparency of methods used to develop a life cycle inventory (LCI) for each technology vary, with Suer et al. (2009) providing the most detailed information including primary data sources. Hall et al. (2022a) also use primary data from industry and provide transparent unit costs and calculations for their cost assessment. Due to lack of transparency regarding the models used by the other authors, reproducibility of these studies is low. The LCI databases utilized also vary and it should be noted that many studies utilize datasets from old databases which may not reflect current industry practices (Table 4). Further, life cycle inventory datasets are not currently available for key material inputs such as jack beans for EICP, with Martin et al. using a dataset on soybean production as a proxy for Jack Beans (Martin et al., 2020). None of the studies provide a complete life cycle inventory for the technologies assessed and this in addition to low reproducibility means that it is difficult to use this data in other sustainability assessments such as extensions of those published or applications to broader construction projects.
TABLE 4 | Life cycle inventory and impact assessment methods.
[image: Table 4]5.2.4 Biogeochemical reactions
Consideration of the factors that influence the sustainability and technical feasibility of bio-mediated technologies, as outlined in Section 2, is limited for each study. All studies assume that reagent utilization is 100% efficient, omitting impacts from potentially unreacted material inputs, and only one study evaluates the impact of intermediary products on the environment. Salemans and Blauw (2010) assume that incomplete denitrification takes place for MID where 10% of the nitrogen input into the system for MID is converted to NOx and N2O. No study evaluates the reaction rate of the relevant biogeochemical processes and none address durability of the treatment provided. As such, the studies potentially underestimated impacts as it is likely that treatment will need to be repeated over the service life of the infrastructure project. Further, the studies do not allow for a comparison of technical feasibility since the reaction rate and durability of each treatment is unknown.
5.2.5 Life cycle impact assessment
Global warming potential and eutrophication potential are the most commonly assessed impact categories in the identified studies with six studies quantifying each (Table 5). Four studies evaluate energy use and only two assess the cost of the evaluated technologies. No study assesses the social impacts of bio-mediated or bio-inspired ground improvement techniques. Salemans and Blauw (2010) assess the most comprehensive list of impact categories. However, the impacts are presented as a normalized Eco-Indicator 99 value making it difficult to discern the individual impacts and compare them with other technologies. Eco-Indicator 99 is a method used to weight various environmental impacts, producing a single impact score which can be used to compare different technologies (Goedkoop, 2007). While Suer et al. (2009) only quantify the energy use and cost of MICP, the authors do provide a qualitative assessment of the additional impact categories that each system input contributes to. The impact assessment models used vary across the studies making it difficult to complete direct comparisons of results (Table 4).
TABLE 5 | Indicators assessed in each identified study.
[image: Table 5]5.2.6 Comparability of assessments
A direct comparison of results cannot be achieved since the functional unit of each study varies and not enough information has been provided by the authors to normalize results to a consistent functional unit. For the studies that provide a hotspot analysis of biomedated or bio-inspired technologies, while they do not evaluate impacts relative to traditional technologies, the results can be used to determine the scale of possible impact reductions. For example, the impact of process emissions on the total global warming potential and eutrophication potential of each technology is reported to be significant compared to material production impacts which suggests that notable reductions could be achieved by capturing, avoiding, or treating these emissions. Additionally, data from these studies can be used to determine the potential impact reductions achieved by replacing commercial material inputs with alternative materials such as waste products from other industries. Further, some conclusions can be drawn regarding the ideal study scope for bio-mediated and bio-inspired studies as described below.
Project scale assessments are preferred over laboratory-scale studies, because laboratory-scale assessments can distort performance and cost estimates. For example, LCCA calculations based on laboratory-scale data typically overestimate costs due to use of high quality reagents that are not bought in bulk. Suer et al. (2009) report the cost of MICP at $2,554 per m3 of soil treated for a project-scale assessment and note that raw materials account for about 20% of the total cost. However, for treatment of a 0.14 m3 lab-scale soil column, Raymond et al. (2023) report a materials cost of $1,800. Scaling the Raymond et al. (2023) results leads to a cost of $12,857 per m3 suggesting that lab-scale cost data does not scale well to project applications.
Project-scale assessments are also more ideal because processes such as equipment rental and mobilization can only be modeled at this scale. While all other studies omit these processes, Suer et al. (2009), and Hall et al. (2022a) show the importance of including equipment rental, mobilization and use emissions in LCSA. These can have high impacts on the energy use and cost of ground improvement techniques. Suer et al. (2009) find that these processes contribute to 61.4% of the energy use of jet grouting and 22% of the energy use of MICP. For cost, these contributions are 62.6% and 77.1% for jet grouting and MICP, respectively. Hall et al. (2022a) find that equipment and labor for installation and mobilization account for 57.8% of the total cost of MID and 44.5% of the total cost of permeation grouting.
For MICP, bacteria cultivation is another stage that should be evaluated since Deng et al. (2021) find that this accounts for 20% of materials production impacts. The system boundary for MICP must also include treatment of the effluent that remains after ammonium rinsing since this can present a high contribution to total results (Salemans and Blauw, 2010).
5.2.7 Uncertainty assessment
Only two studies complete a sensitivity analysis of model input parameters and two studies performed scenario analyses. Alotaibi et al. investigate the impact of field emission assumptions and using waste non-fat milk as an input to the EICP process. By eliminating field emissions and using waste milk, the GWP of EICP can be reduced by 54% from a case where virgin milk powder is used and an upper bound of field emissions is considered. The eutrophication potential can be reduced by 92% for the same change in scenario. The authors do not, however, provide recommendations for how to eliminate EICP field emissions. The authors also provide a sensitivity analysis on the target unconfined compressive strength (UCS) of the soil demonstrating an exponential increase in environmental impacts as target UCS increases. The authors compare EICP to MICP using data from Deng et al. (2021) and show that at a target UCS of less than 1.5 MPa, EICP is favorable over MICP with regards to GWP. Deng et al. (2021), also demonstrate an exponential increase in GWP and energy demand as the target UCS of MICP-treated soil is increased. Deng et al. (2021) evaluate the relationship between MICP treatment, quantified as calcium carbonate content, and UCS based on a review of ten experimental MICP studies.
Raymond et al. (2023) provide the most comprehensive scenario analyses for the pathways of MICP assessing the impact of: reducing urea inputs, eliminating sodium acetate inputs, rate of ureolytic stimulation and augmentation, and ammonium rinsing. The authors demonstrate that a reduced urea input can reduce the GWP of MICP by roughly 20% and this in addition to removing sodium acetate as an input to the process can reduce the GWP by 29%. For this second scenario, the cost of MICP is reduced by 55%. Experimental work has shown that the urea reduction modeled by Raymond et al. (2023) can provide the same level of MICP treatment as provided by the baseline study (Gomez et al., 2018). The authors do not provide any potential differences in performance due to the removal of sodium acetate from the MICP inputs. Raymond et al. (2023) also report that a case with low ureolytic stimulation results in the lowest impacts while high ureolytic augmentation creates the highest impacts across GWP, eutrophication potential, and cost. While ammonium rinsing has a low impact on the GWP and cost of MICP, it provides significant reductions in eutrophication potential. For a case with low ureolytic stimulation, ammonium rinsing can reduce the eutrophication potential of MICP by 66%. Raymond et al. (2023), do not, however, discuss treatment solutions, or their environmental impacts, for the rinsed ammonium.
6 RECOMMENDATIONS FOR SUSTAINABLE GEOLOGIC HAZARD MITIGATION
To develop and implement sustainable geologic hazard mitigation techniques, critical issues highlighted above for bio-mediated and bio-inspired solutions must be resolved through alternative methods such as those presented in Table 6. This includes using substitutes for materials such as urea and urease enzymes, and reducing transportation impacts to reach the full potential of environmental benefits of EICP, MICP, and MIDP.
TABLE 6 | Alternative, sustainable design recommendations for bio-mediated and bio-inspired ground improvement technologies.
[image: Table 6]There are also barriers to implementation at the project scale. An example relates to the requirement of MICP bacteria cultivation on site which is yet to be demonstrated on a large-scale (Terzis and Laloui, 2019). Another barrier is the disconnect between existing engineering design codes and the design methods that relate to bio-mediated and bio-inspired technologies. Related to this is the lack of formal education of engineers and scientists in biogeotechnics (DeJong et al., 2010). Further, for successful implementation of these solutions, a shift in how hazard mitigation projects are currently managed is needed since these projects require assessment from a biological perspective which is not current practice in geotechnical engineering. Finally, use of bio-mediated and bio-inspired geotechnical technologies requires interdisciplinary collaboration such as between geotechnical engineers and ecologists across each project stage of a biogeotechnical hazard mitigation project to ensure success (DeJong et al., 2015).
With regards to impact, each potential bio-mediated or bio-inspired alternative must be evaluated for its sustainability and technological performance to assess whether they reduce social, environmental, and economic impacts on a life cycle basis. Quantitative sustainability assessment, such as through LCSA, must be adopted to assess the technological and sustainability impacts of such technologies and drive their sustainable development. Clear LCSA guidelines are needed to facilitate the production of high-quality sustainability data on traditional, bio-mediated and bio-inspired technologies to allow for useful comparisons and to guide decision-making (Kendall et al., 2018; Song et al., 2020; Samuelsson et al., 2021). One issue regarding the adoption of LCA for ground improvement applications is the high cost of reference life cycle assessment data, which are often derived from commercial databases and are crucial for conducting an LCA (Cho et al., 2017). A standardized approach to geotechnical LCSA can assist in developing an open database of comparable and transparent life cycle data. Guidelines for standardizing geotechnical LCSA would also improve reproducibility of studies, would allow for comparison across studies, could facilitate integration into the geotechnical design process, and could lower the cost and barriers to conducting LCSA by supporting the development of open source reference life cycle inventories for geotechnical processes and technologies.
Social assessment is important in holistically assessing the sustainability of a project and such guidelines must facilitate the assessment of the direct and indirect social impacts across ground improvement projects. While this is yet to be done for geotechnical projects, some construction-related studies have presented social impact assessments. For example, in one study comparing concrete and steel for use as building materials in Iran, the authors found that for impacts in many categories including health and safety and cultural heritage, steel resulted in more impacts, while concrete materials resulted in higher impacts for working conditions (Hosseinijou et al., 2014). Further, Dong and Ng (2015) present a social impact assessment methodology, the Social-Impact Model of Construction (SMoC), to evaluate construction projects based on expert surveys to determine the most important social impacts. The authors find that social impacts are higher during materials procurement than on-site construction processes.
For the successful project-scale and sustainable implementation of bio-mediated and bio-inspired geotechnical solutions, the barriers listed above must be addressed, including the lack of existing guidance regarding completion of LCSA. Adoption of LCSA across geologic hazard mitigation has the potential to reduce the social, environmental and economic impacts that infrastructure and the built environment have on communities. Facilitating this adoption through a clear and comprehensive methodology for LCSA is crucial in realizing the influence that LCSA can have on sustainable development.
7 CONCLUSION
Emerging biotechnologies, including EICP, MICP and MIDP, are steadily gaining popularity as alternative ground improvement techniques for geologic hazard mitigation. While sustainability gains have been a key driving factor behind the development of these technologies, each technology still carries concerns regarding environmental impact, and the social impacts of these technologies are currently unknown. Further, current sustainability assessment methods do not allow for the production of high-quality and comparable data. For example, existing studies do not use comprehensive functional units which address the service provided by each technology. Existing studies also do not assess the whole life cycle of ground improvement projects from site investigation to construction, use, and end-of-life, though this is needed for a comprehensive assessment. Thesestudies are largely not reproducible or transparent in their data collection methods and outdated datasets are commonly used which limits applicability of these studies to existing and future projects. A major drawback of the studies examined in this review is the lack of assessment of uncertainty across the project life cycles and potential by-products regarding the core biogeochemical processes that are induced by bio-mediated and bio-inspired technologies.
This review shows that quantitative sustainability assessment, such as LCSA, should be used to understand the impacts of bio-mediated technologies and identify areas where impact reductions can be made. Clear guidelines are needed to produce open, reproducible, and comparable LCSA for geotechnical applications such as ground improvement. These guidelines should provide clear advice about the selection of functional unit and system boundaries. Further, guidelines are needed to assist in the development of a life cycle inventory and completion of a life cycle impact assessment and uncertainty assessment. For emerging technologies, uncertainty assessment is particularly crucial since there is limited data available regarding the project-scale performance of such technologies as well as the industrial-scale production of bacterial and material inputs.
LCSA must include a social assessment and must be completed alongside a technological assessment. This must include an evaluation of impacts due to biogeochemical reactions as well as an assessment of performance such as through reagent utilization, degree of ground improvement provided for the given function, reaction rate, and durability. In tandem with these comprehensive biogeotechnical LCSAs, those of conventional ground improvement technologies must continue in development to provide baseline sustainability metrics against which emerging technologies can be compared.
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