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Abstract. The construction industry is responsible for one-quarter of the solid waste generated
globally, much of which is excavated soil. Repurposing this soil for the use of earthen
architecture (EA) will reduce a considerable amount of this waste. However, little research has
been conducted on how to assess the use of EA within the architectural, engineering,
environmental and economic context, and in comparison with other construction system
solutions. This paper presents the development of an integrated building information modelling
(BIM) and life cycle assessment (LCA) framework to explore what advantages EA may have,
based on the client’s needs and the building’s requirements. The decision-making conditions and
criteria for the use of EA are firstly identified in an extensive literature review supported by
interviews with decision-makers. A workflow is secondly proposed to apply a LCA evaluating
the decision criteria in a BIM tool at the early-design stages. This method allows for the
evaluation and comparison of choice criteria as functional requirements of the building and
objectives set by the decision-makers. The flexibility of setting input parameters in this tool
increases the visibility of the potential benefits of EA over other construction systems. Along
with this approach, upcoming applications on case studies will aim to be replicable by designers,
based on their practices and design tools, to support clients in their choice of using EA.

Keywords: Earthen Architecture, Life Cycle Assessment, Building Information Modelling,
Framework, Viability

1. Introduction

The building construction and operation sector is responsible for 38% of global CO, emissions, almost
50% of the resources extracted and removed from the ground [1] and more than 25% of the solid waste
generated, mostly composed of excavated soil [2]. Reusing this soil as a primary construction material
for earthen architecture (EA) will reduce both the extraction of virgin resources and the production of
waste [3]. The development and wider adoption of EA has the potential to help the building construction
and operation sector achieve the net-zero carbon targets by 2050 set by the IPCC [4]. This strategy fits,



according to Bui et al. [5], in a circular economy logic defined by the European Green Pact [6] and is in
line with the objectives of the New European Bauhaus [7] which assumes that creativity is sublimated
in the search for attractive, accessible and inclusive solutions to climate challenges.

Life Cycle Assessment (LCA) is recognised as a method for assessing the impacts of buildings. It is
also a standardised tool under the ISO 14040 standard [8], making its application possible globally, and
is implemented for the construction sector with the EN 15978 standard [9]. The framework of the
methodology is presented in 4 stages: definition of the goals and scope; development of the inventory
of all the elements to be analysed; assessment of the impacts of the elements identified; and
interpretation of the results (Figure 1). In particular, the first definition stage allows the building life
cycle phases and the functional unit considered for the LCA study to be stated. This setup functions as
a common basis for comparison between different systems.

The reliability of LCA studies is based on the quality and consistency of the data used that avoids
comparative bias between two different construction systems. The Environmental Product Declaration
(EPD), which includes the environmental impacts of transformed products such as the Global Warming
Potential (GWP) or the Cumulative Energy Demand (CED), is defined by the European standard EN
15804 [10] and provides a framework for data reliability. Environmental information on construction
products for LCA analysis is available both in databases using EPDs, either open-source such as INIES,
Okobaudat, or private such as Ecoinvent; or in databases using environmental data adapted to LCA
analysis, such as provided by the UK Institution of Civil Engineers (ICE), the Swiss coordination
conference of the responsible federal and cantonal clients and owners (KBOB), OpenDAP, or US-LCI
[11]. Data found in the literature are also used for LCA analyses [12].
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Figure 1. Life cycle stages and modules modified from EN 15978 [9].

In the same way that LCA is used to assess environmental impacts, Life Cycle Costs (LCC) are used
to assess the economic impacts, within the standard framework of ISO 15686-5 [13]. Although LCC can
be applied following the LCA methodological framework, the scope also takes into account the
additional costs of feasibility studies or externalities in what is called the Whole Life Costs [13]. The
data used for the LCC analyses come from price books or catalogues such as Spon's price books [14] or
Batiprix [15] or from dedicated software such as RS Means [16]. Unlike LCA and LCC, there is no
standardised framework for the assessment of social criteria but UNEP has built on the LCA framework
to define guidelines for Social-LCA (S-LCA) [17].



The Building Information Modelling (BIM) strategy enables the federalisation, processing and
analysis of data used and produced during the design, construction, operations, and maintenance phases.
As such, it can facilitate the setting up of a circular economy [18], in the management of the quantity
records of construction and demolition waste, including excavated earth. BIM methodology and
structured data recording can benefit LCA analysis by assimilating, in the BIM model, the quantitative
impacts resulting from the analyses that are related to the materials used in the building.

Despite its apparent environmental advantage and its integration in a circular economy strategy, EA
still has to find a widely-recognised place among other construction systems [19]. To date, attention
among academics and professionals has mostly been given to the mechanical and structural usability of
EA. Economic, organisational and social barriers are also receiving increasing attention [20]. However,
little research has been conducted on how to assess the use of EA in comparison with other construction
system solutions [21]. This paper aims to establish how an objective assessment framework in early-
design stage for the use of EA could be established. This assessment is based on the client’s needs and
the building’s requirements to be designed as choice criteria assessed over the life cycle of the building
with a LCA method. This proposed evaluation approach relies on the practices and tools of the designers,
here the use of BIM, to integrate the LCA criteria into the model. Based on an inductive approach,
constructing theories from collected empirical data [22], this paper addresses the following objectives:

e Determine which conditions and choice criteria should be considered, based on the client's
needs and the building’s requirements, to evaluate the use of EA with a LCA method.

e Identify how to integrate these LCA choice criteria into a BIM tool, in accordance with the
practices of the designers, in the early-design phase.

2. Methodology
To meet the set objectives, the research design comprises two parts: data collection and analysis from
the literature review; and the design of a decision-support tool.

In a first step, the literature review, supported by interviews with decision-makers, will allow the
identification of the factors playing a role in the decision-making process of the use of EA by focusing
on the actors, the timing, the criteria of choice, and the construction systems used as a reference for
comparison. The results of this analysis will highlight the relevant criteria to consider in the LCA for
evaluating the sustainability of the choice of EA.

In a second step, the decision-making tool will be elaborated, based on the problem-solving paradigm
of Design Science Research (DSR) which encompasses the development and use of artefact, here a piece
of software, to solve real problems [23]. A workflow will thus be proposed to create a scheme for
implementing a LCA analysis in BIM software. This workflow will integrate, through parametric
coding, an iterative process between the decision criteria and resulting impacts. The proposed approach
will be meant to consider all the possible constructive systems (e.g., reinforced concrete, fired masonry
etc.) to make an objective comparative assessment and thus offer the decision-maker the possibility to
choose the preferred solution.

3. Conditions of the decision-making for a sustainable EA use in the early-design phase
The identification of the actors, timing and criteria for decision making provides a basis for the proposed
decision support tool.

3.1. The stakeholders and the timing of the decision-making process



The decision-making of the construction system is done with actors belonging to several professions at
the early-design stage, which corresponds to phases 0, 1, and 2 respectively of strategic definition,
preparation and briefing and concept design, see Figure 2 [24], [25]. On the one hand, the project owner
composed of clients and/or investors can make a difference by procuring sustainable projects [26]. On
the other hand, the project delivery team, consisting of the architects and engineers accompanied by the
builders in the case of EA, also has a role to play as, in the early-design stages, they influence
environmental impacts, energy demand and costs [27].

These decision-makers traditionally intervene in different phases of the design process, preventing
smooth cooperation between the actors. Bringing together clients, architects, engineers and builders at
the early-design stages allows for a more relevant response to the needs and constraints of the building
[28]. Thus, the project owner defines its objectives and the project delivery team, based on its knowledge
of materials, orchestrates the design of different technical solutions to meet these objectives [29]. As the
feasibility of an earthen project must be anticipated at an early-design stage, decision-makers need to
have an informed view of the impacts of choosing this construction system.
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Figure 2. Project phases with corresponding objectives modified from RIBA’s Plan of Work [30] and
completed for stage 8 of end-of-life recovery from Charef [31] supporting circular activities.

3.2. The decision criteria for relevant use of EA

The level of sustainability of a building lies in its holistic assessment by environmental, economic,
social, health or comfort criteria [32]. Stakeholders can set these criteria as objectives according to the
requirements of the building to assess the relevance of EA and compare it to other construction systems
in the early-design stage, see Figure 3.

For the environmental assessment of a building, among the large number of indicators used in the
literature, the most recurrent are GWP (in kgCO»e) and CED (in MJ) [12], [16]. Ben-Alon et al. [33]
establish that the production of 1 m? of cob wall has lower impacts in terms of GWP and CED, than the
equivalent concrete block or light-frame wood system from cradle-to-site (A1-4). Meek et al. [34] obtain
similar results for the comparison of the production of stabilised walls, composed of recycled concrete
and crushed brick materials, with walls employing cavity double brick and brick veneer construction
systems. The distance of transported material (in tonne.km) must also be considered as this can quickly
become an impacting factor in the case of EA. The transport of soil extracted off-site can multiply by 3
the environmental impact for the production of an earthen brick [35]. In this case, the location of the
soil is crucial, the scale adopted is no longer that of a country but that of a region or a maximum radius.

Sustainability performance cannot be reduced to environmental impacts; it must also promote the
benefits of choosing one construction system over another taking into account economic and social
factors [36]. The economic viability of a building is based on the cost to the customer [16]. According
to Floissac et al. [15], although a house made with local materials using a wood-earth-straw system is



environmentally more efficient, it is 20% more expensive than a house made with standard materials for
the cradle-to-practical completion phases (A1-5). In a European context, this is due to labour that is
more expensive than the material, whereas, in a context where the cost ratio is reversed, earthen
construction is economically more interesting [37]. Villain [38] recalls that despite a cost up to twice as
expensive for a rammed earth wall, its social intensity, defined as the ratio of the cost of labour to the
cost of manufacturing, is 5 to 6 times higher than for a concrete block wall.

Popovic et al. [39] consider that the evaluation of social criteria for a complex system is also done
on health and comfort criteria. In a survey, Akom et al. [40] determine that occupant satisfaction is
related to indoor air quality, and that frequently used health criteria are Volatile Organic Components
(VOCs) and Particulate Matters (PM). Although there is little data available on thermal comfort for EA,
some studies use coefficients such as Standard Effective Temperature (SET) to assess comfort based on
temperature, relative humidity and air velocity [41]. The use of EA can improve both the thermal
comfort and energy performance of a building; however, the impacts on the architecture must be
considered. In a subtropical climate, based on modelling of a school, Yan et al. [42] achieve better
thermal comfort performance by replacing concrete walls with rammed earth walls. However, these
walls are respectively 230 and 430 mm thick (including 30 mm of insulation), resulting in a reduction
in the usable habitable surface. Similarly, Paiva et al. [43] show experimentally that an earth-based
bamboo coating achieves better energy performance than cementitious materials, but with the condition
that the earth-based bamboo coating is replaced more frequently, increasing the need for maintenance.
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Figure 3. Conditions for assessing the sustainability of the EA use.

4. Implementation of a decision-support tool using a BIM/LCA strategy

This procedure is intended to be replicable by architects and engineers using the RIBA stages and the
BIM design tool. Such a tool allows the evaluation of the use of EA by integrating data related to LCA
choice criteria into a model. This strategy will provide better visibility to architects and engineers on the
results of the LCA and therefore enhance communication with clients.

4.1. The use of a BIM strategy as a collaborative tool

The development and usage of BIM methodology and tools has been assisting in complex decision-
making by connecting stakeholders across the design, construction, operations, and maintenance phases
and supporting more automated data analysis. The use of BIM for the deconstruction phases has an



increasing interest among researchers and is used in several projects [44]. The simulation of using BIM
allows the focus to be on the design with an insight into the effects of a design or material choice [45].
According to Morel et al. [20], a better understanding of the impact criteria that the building will have
would allow more cohesion for the whole decision chain, necessary for the smooth running of an earthen
project. The stakeholders will work cooperatively and create a federated model in a cloud environment.
The client checks the feasibility of a project; the architect manages the creation of the BIM model; the
structural and thermal engineers include the physical-thermal and environmental properties in the
model; and the quantity surveyor uses the model information for LCC [46]. The choice is made in this
study to present an approach based on the Rhinoceros3D modelling software, and its graphical coding
interface Grasshopper, as it is a common and affordable design tool used by designers [47].

4.2. An approach for evaluating the sustainability of EA using a BIM/LCA strategy

The standardised LCA framework [8] allows for the systematic comparison of different construction
systems based on quantitative environmental, economic, and social data. This approach is in line with
the Sustainable Development Goals set by the United Nations [48] and is therefore defined as Life Cycle
Sustainable Assessment [36]. In the early-design stages, the choice of EA is usually perceived by the
clients as a more onerous initial investment, with more risks and with less visibility on its whole life
cycle than for other materials [20]. These choice phases also offer little visibility on more qualitative
criteria such as the user comfort or the environmental impact of the building. The use of the LCA method
coupled with BIM tools allows the implementation of a design scenario to analyse, control and visualise
impacts to optimise the design and thus orient it towards a more resource-efficient building [46]. Such
implementation of LCA data in a model developed in Grasshopper can be done through open-source
plugins such as Cardinal LCA (linked to LCA databases) [49] or Ladybug for energy analyses [50].

Simplified component-based approach

Design| Strategic Preparation & ||Concept Spatial Technical Manufacturing
stages| definition briefing design coordination design & construction
LOD|/Pre-LOD LOD 100 LOD 200 LOD 300 LOD 400 LOD 500
stage||Masses disposition ||Conceptual design ||Approximate design| Precise design Fabrication As built
i Approximate i Detailing and X
LOG| 2.5D surfaces 3D gene”c_ quantity, size, shape, Accurate quantlt)..', installation R_epresentat\on of
representation location size, shape, location information field components
Loillnone None Non-graphic Non-graphic Non-graphic !\Ion-graphic
information information information information
BIM Main grou Element Component material| Component material Material as planned Material as built
Structure group P ! P for fabrication
C020100x-Cob | (0" SO0, 0% Sraw 00¢Sraw
Building||C - Building C02.01 - External C02.01 00x - Straw
00x - Earth plaster 00x - Earth plaster 00x - Earth plaster
element||C02 - Wall wall C02.01 00x - Earth
laster 00x - Masonry base | 00x - Masonry base ||00x - Masonry base
plaste 00x - Lintel wood 00x - Lintel wood 00x - Lintel wood
Visual
aspect

Figure 4. The relationship between the building phases, LOD and BIM management modified from
[51] using SN 506511 building elements classification [52].



One of the main challenges in comparing EA with common construction systems lies in the necessary
architectural rethinking involved in the choice of earth materials. Indeed, depending on its structural
role, it may be impossible to change a concrete, wood, fired clay (or other) wall for an earthen wall of
the same thickness or span, meaning that the whole design must be adapted. This challenge requires
reconsidering the comparison method between construction systems that cannot be based only on
architectural elements, such as 1 m? of wall or floor, but using equivalent architectural systems. A
possible common denominator of the comparison is that the functional needs and constraints of the
building must be the same for the use of concrete, wood, fired clay, or other, than for an earthen
construction system. Some authors already make comparisons on a larger scale than the wall, based on
the whole building. Meek et al. [34] base their comparison on the wall scale for the cradle-to-gate phases
(A1-3) and the whole building for the gate to practical completion phases (A4-5). Likewise, Floissac et
al. [15] support their comparison of construction systems on a whole house for the cradle-to-practical
completion phases (A1-5). Gong et al. [53] base the functional unit of their comparison on a building
providing the same living space with the same thermal comfort. The use of this comparison involves
adapting the design to the material for the manufacturing, construction, operation, and disposal phases
(A1-3,5; B6-7; C3-4). Ventura et al. [35] warn, however, that comparisons at the level of the whole
building are generally unfavourable to raw earth for high-rise buildings. A three-storey earthen building
has a 19% higher GWP and CED impact than a one storey earthen building due to the need to thicken
the walls to increase their resistance.

Integrating LCA data into the BIM model involves matching the information to the components. It
means the BIM elements and the LCA database must be adapted to ensure a bijective link between them
[54]. A reference such as SN 506511 [52] of names of building elements allows setting a classification
system for the attribution of LCA data. In a BIM model, the Level Of Development (LOD), comprising
both the level of geometry (LOG) and level of information (LOI), is standardized by the EN 17412 [55]
allowing to link the project phase to the design level. The strategic phase corresponds to a Pre-LOD, the
preparation and briefing phase to LOD 100 and the concept design phase to LOD 200, see Figure 4 [16],
[51]. Although there is no referencing of LCA data for the different LOD [16], a LOD 200 is
recommended for using a simplified component-based approach that takes materials into account, in
both LCA [51] and LCC [16] analyses integrated into a BIM strategy. To conduct a LCA at the early-
design stages and at the building level, the EeBGuide [56] recommends including external walls,
windows, roofs, ceilings, floors, internal walls, columns, foundations, coatings and services. Other data
is accounted for with default values [24].

For the life cycle phases, according to the EeBGuide, an early-design stages’ LCA needs to take into
account phases A1-3, B4, B6-7, C3-4 and possibly D (see Figure 1), which account for 70 to 90% of the
environmental impact of a residential building [24], [56]. Gervasio et al. [57] propose to adapt the A4
and C2 transport phases to the context while the Institution of Structural Engineers (UK) [27] indicates
that phases B1-5 can be neglected for structural studies. In addition, the LCC may include programming
and design costs [58] in the project costs, for the considered building life cycle phases.

4.3. Application of a systematic routine for implementing a decision support tool

In the early-design stages, architectural design leads to large variations in geometry. The process of
automating the selection criteria meets the iterative needs imposed by this design process. The form of
visualisation taken by these results must be clear and concise to ensure that the non-expert decision-
makers can instinctively understand the meaning of the results. A graphical coding interface, such as
Grasshopper, allows creating an iterative routine using scripts for task automation [59], linking the
variation of an input parameter to the consequent output result in instant feedback.

From the workflows of Meek et al. [24], Otovic et al. [59], and Ogunkah and Yang [60] who define
the stages necessary to automate a decision support tool, seven steps are identified to define a systematic



routine, see Figure 5. The choice of one construction system over another is made in relation to the
functional requirements and constraints of the building, the objectification of which allows a common
basis for comparison to be established. The decision-makers then set environmental, economic and
social objectives to gain visibility on the consequences of choosing EA [25], [60].

The sustainable impact being not necessarily reduced by a change of materials but potentially by
optimising the design [61], an optimisation step can be added to the automation. It allows to propose
alternative solutions in the automated exploration of the design parameter space and to save time in the
design by identifying relevant design parameters, such as the orientation of the building or the size of
the openings [47]. In this optimisation process, the use of a Pareto optimal front allows the user to choose
the combination of factors that suits them best [62].

Visual interface
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Figure 5. Systematic iterative routine for the implementation of the decision support tool, based on
Figure 3 (in blue), using an iterative BIM/LCA strategy (in yellow).

5. Discussion

This paper outlines the conditions and criteria for the choice of EA by clients, designers, and builders.
A procedure is therefore proposed for the development of a workflow to evaluate in early-design stage
the sustainability of EA use from the perspective of the above decision-makers.

The approach proposed in this paper is based on the client's needs and the functional requirements
of the building, considering the design specificities of EA. These parameters can be defined at the early-
design stage, when the decision on the construction system to adopt is made, and can include
engineering, architectural, environmental, economic, or social criteria. They allow the identification of
objectives that can be evaluated over the entire life cycle of the building by assigning impacts to the
different construction systems and evaluating them with a LCA method. The real importance of these
impacts as criteria for the choice of EA is being consolidated by interviews with decision makers.
However, LCA data variability remains a major issue for assessing EA at the early-design stage, the
strong contextual dependence of the earth construction properties and the weak definition of the project
at the early-design stages raise a dual challenge regarding the management of the data. The variability
of this data could be controlled with an uncertainty analysis. Such an analysis provides a probability



distribution of results rather than a single value, making the estimated value of the impacts from LCA
more reliable and secure [63].

The development of the framework relies on the designers' tools by using a BIM software, such as
Rhinoceros3D, to assemble the LCA data and visualise the results to help them make decisions. This is
done in an early-design stage using a simplified component-based approach allowing the analysis of
data with a basic architectural model for the most significant parts of the building life cycle. The link
between the architectural elements and the LCA data is made directly in the BIM tool using plugins.
Rhinoceros3D and Grasshopper also offer a wide range of plugins to evaluate most of the criteria for
choosing EA to complement the LCA, such as stresses or user comfort. The flexibility induced by the
parameterisation of LCA criteria in the BIM tool thus increases the visibility of the potential benefits of
EA over other construction systems. Despite its growing interest, the numerical BIM/LCA tools are still
little used in early-design stages due to the high time consumption or conflicting requirements [47]. The
automation of tasks for the development of an iterative routine allowing direct observation of the
input/output link is made possible by the development of scripts that can be executed in parametric tools.
Thus, the approach presented in this paper is in line with the ambition to develop and widely disseminate
such decision support tools for using EA missing from the literature to date.

6. Conclusion and future research

This paper presents the development of a decision-making framework, using project delivery practices,
to provide a way to have greater visibility on the benefits of using EA, by assessing its sustainability
and in perspective with another system. It is based on a LCA methodology integrated with BIM software
to assist decision-makers in choosing a suitable construction system for new and refurbished buildings.
This research, therefore, may provide a more holistic approach to assessing the most appropriate
construction system to choose at the early-design stages leading to the use of a more environmentally,
economically, and socially sustainable construction material.

Assumptions are made about the conditions for deciding which construction system to use. It is
supposed that the actors in the decision-making process are the clients, architects, engineers, and
builders and that the decision is made at the early-design stages from strategic definition to concept
design. Furthermore, some criteria are identified as relevant to the assessment of the sustainability of
the use of EA such as GWP, CED, transport, costs, or user comfort. It is further suggested that the most
relevant comparison between EA and other construction systems should be made based on the functional
requirements of the building. These assumptions need to be validated, reinforced, and complemented in
further research with the clients and the expertise of design and construction professionals of raw earth,
defined by von Hippel [64] as ‘lead-users’ capable of improving the commercial attractiveness of the
material.
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