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Abstract. The enormous variety of design systems and data formats utilised
by the actors in the building design process has been recognised as a significant challenge for information exchange and project management. The
introduction of the Industry Foundation Classes (IFC) data standard as a paradigm shift has opened a first time opportunity for smooth data and
information exchange over the full range of design related parameters and
processes, reaching beyond the classical constructional, economic and safetyrelated requirements. Moreover, IFC allows for the extension of the standard
in further areas, corresponding to the specific design, project or client requirements. These user-driven extensions often close an important gap of the IFC
standard and can subsequently be imbedded in new releases of the IFC data
standard. This paper is focused on the extension of IFC for the purposes of
controlling and managing material use, increasing material efficiency and
closing material cycles over the life cycle of a building. Material efficiency is
defined by the design scopes of material recyclability, element reusability and
waste reduction. The practical implications of the data format extension and
design-check performance are examined on the level of the data model and,
subsequently, on the level of proprietary Building Information Modelling
(BIM) software, based on a pre-defined case.
Keywords. Material efficient building design; IFC; parametric design;
semantic design; BIM.

1. Introduction
The end of the year 2011 was marked by an event, expected, feared and widely
discussed in the global media: the birth of the world’s 7th billion inhabitant
(Walsh, 2011) has become a reality in times when continuously increasing
13
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resource scarcity and waste production are urgent global problems. Beyond energy
resources, both the group of affected materials resources (i.e. metals, non-metals,
a large group of organics), as well as the amount of hazardous and/or non-reusable
compound waste (plastics, compound materials like glass-fibre concrete), are continuously growing – in contrast to the rapidly decreasing available landfill spaces.
The building sector constitutes a significant proportion of this, consuming alone
more than 50% of the material resources and producing more than 65% of the
waste worldwide (Larsen et al., 2011). Causes for this can be identified in some of
the specifics of the typical building design process: 1) environmental performance
goals, such as material recovery and recyclability, material and element reusability and material waste reduction design, are not explicitly introduced as equally
important as other design goals, 2) due to the highly divergent tools and data formats utilised in a typical building project, the necessary interdisciplinary sourcing
data for environmental performance simulation is not available in unified quantity
and quality, and hence, 3) no reliable design-stage simulation and optimisation of
the building material efficiency performance over the entire life cycle is possible.
This is a crucial point in the case of one-of-a-kind products like buildings which
have a comparatively long life expectancy. In the context of aiming for a clean reintroduction of materials in possibly closed, low-waste material cycles it is
essential.
With the introduction and progress of the IFC standard, a unified framework
for the entire building related data generation, documentation and exchange was
established. The IFC data format aims to offer semantic objects for all standard
domains, actors, parameters, functions etc. of a building project. Moreover, it
offers the toolkits for extending the data schemata to user-defined and project-specific design aspects. One weakness of the standard however is recognised in the
complex workflows of both working with and especially extending the schemata
for users without advanced software and programming skills. Nevertheless, there
is currently no alternative open data exchange format that would allow the full
semantic modelling of the complete set of multidisciplinary building related
parameters and their interdependencies.
While IFC is the framework of the semantic content of all objects and the hierarchical organisation between them (geometrical, temporal, material etc.), BIM is
the environment wherein these semantic objects exist in a parametric interdependence, extending far beyond simple geometry and form.
A widely accepted definition of BIM implies a parametric design process: i.e. to
“define objects parametrically. That is, the objects are defined as parameters
and relations to other objects, so that if a related object changes, this one will
also. Parametric objects automatically re-build themselves according to the
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rules embedded in them. The rules may be simple, requiring a window to be
wholly within a wall, and moving the window with the wall, or complex
defining size ranges, and detailing, such as the physical connection between
a steel beam and column.“(Eastman et al., 2011)

The first part of this research work (Markova and Dieckmann, 2012) is focused
on the analytical foundation of the proposed design-check approach. It covers the
abstract hierarchical structure of the building objects and parameters in the scope
of the design-check workflow, the logic trees describing the exact sequence of the
design-check loops (complex design-check functions) and proposed additional
IfcObjects and IfcPropertySets for the necessary design-check parameters, which
are still missing in the IFC 2x4 release.
The current paper is focused on the implementation aspects of the research
work. The first section summarises the aims and scope of material use efficiency
oriented design, mapped to the parameters that are most relevant for its achievement. In the next section, the practical extension of the missing parameters and
the performance of the design-check for a concrete case study are examined on
both the IFC schemata level and on the level of proprietary BIM software. In the
last section the barriers and restrictions for the practical implementation are
discussed.
2. Material Efficiency Related Design Goals
An example of a well optimised material use in a product means:
• A maximum of the input materials can be recovered in a way that enables recycling
without downgrade, i.e. the reusability of materials for the same functions in new
products.
• Disassembly is designed and performed in a way that enables element reusability
in new products.
• It is possible for a maximum of all input materials to be reintroduced into the next
use cycle and thereby minimising material waste.

A closer comparison of the product design processes in the building industry
and other industries shows the first significant difference, identified as one of the
reasons for low material efficiency in the built environment: In contrast to industries achieving a high rate of closed material cycles, explicit design goals towards
recyclability (for the reintroduction of materials back into material use cycles),
separability (for reusability and recovery), and minimisation of material waste are
extremely uncommon in the building design process.
Some of the general material efficiency design principles can be transferred
directly onto the building design process. However, there are specifics and
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differences between both design processes and end products, which must be taken
into account, as for example:
• In contrast to most other products, buildings are mostly unique products – prototypes in essence. This requires a more general approach, allowing for the utilisation
of the various existing construction methods, structures, materials, etc.
• Buildings have a longer life than other products, which also means that no “product-line” improvements can be made (i.e. when later product generations are
improved based on the weaknesses of the previous). On the one hand, this highlights that design-phase simulation and optimisation for buildings are
indispensable. On the other hand, it points to an important difference in the design
goal definition: in the case of buildings, design measures towards materials and
elements separability and exchangeability (multiple event occurrences during the
life cycle) should have a higher priority than end-of-life demolition-oriented measures (crucial for the re-introduction of materials in a global material reuse cycle, but
ultimately a onetime occurrence only).
• The material safety aspects (i.e. the presence of hazardous and toxic materials) in
buildings have a greater impact on material efficiency than in other products, e.g.
if a decade after the product design is finished a widely used material is identified
as dangerous due to scientific research, but is located in building elements and
structures with low or no chance of exchangeability and separability. Depending on
the rate of integration with other elements and structures, the amount of otherwise
“healthy” and reusable materials which will have to be removed can exceed the
amount of the affected material exponentially.

The two factors “long lasting product” and “new innovation and technology
insight” stress the necessity for a detailed documentation and suitable archiveform to attend to the building throughout its life cycle. An IFC-based data model
of a building (commonly referred to as a BIM model) is already a possible solution for this specific problem and can therefore be seen as a first step towards the
transformation of the built environment into a schedulable secondary resource
stock for future use.
The following image (Figure 1) represents a map, connecting the four main
design goals for increased material efficiency to possible design parameters, effectively identifying which parameters have the greatest importance for achieving a
certain goal.
3. IFC Extension Implementation Study
For the purposes of the IFC extension implementation study, a case study was
defined. The aims were: 1) to create a building documentation that includes all
substances as subcomponents of the building materials, 2) to enable regular

1A-063.qxd

4/29/2013

11:34 AM

Page 17

CUSTOM IFC MATERIAL EXTENSION

17

Figure 1. Material-related design goals cross-referenced with possible design parameters.
Squares represent crucial interdependencies, while circles represent relevant,
yet non-crucial interdependencies.

re-checks of the safety of the materials and 3) to simulate the waste production for
cases where some of the affected elements and structures are not exchangeable
and separable from each other. The case we researched describes the following
hypothetical situation: after a re-check on the building design concept, it turns out
that some of the substances in the building have been recently classified as highly
toxic. Hence, the substances and their adjacent materials and elements in the
building have to be located by means of a design-check. A secondary design-check
has to identify the type of connection of the affected element with the surrounding environment and, in case of inseparable connections, give a feedback on the
material waste of “healthy” materials and elements.
For the purpose of the design approach, two milestones have to be reached: the
“simulation and documentation” and, subsequently, the “optimisation” of the
building concept. In the context of this research work, simulation can be understood as a workflow for the static assessment of the initial design concept. As
results, it returns recyclability, re-usability and waste production ratios, which are
also a subject of documentation. On this level, the designer receives a feedback on
his decisions and their impact on the material use efficiency for the given concept.
On the next step – “optimisation” – the designer receives support for the solution
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Figure 2. Workflow for a custom IFC extension process and design-check performance on the
levels of IFC data models and proprietary BIM software.

of problematic constellations resulting from his initial decisions in order to help
him shift the concept towards meeting the pre-defined custom goals. This level
implies the restriction or proposition of disadvantageous, or respectively, advantageous actions. For both tasks, functions are defined, which have to be scripted
for the corresponding environment (IFC or a proprietary BIM platform) to perform the simulation or the optimisation. The functions underlie a hierarchical
design logic flow, which is described in detail in Markova and Dieckmann, 2012
(Markova and Dieckmann, 2012).
Below, the two implementation cases on the level of the IFC data model as well
as on the level of proprietary BIM software will be examined in detail.
The following diagram (Figure 2) represents the workflow for the custom IFC
extension for the purpose of and the design-check performance.
3.1. DESIGN CHECK ON THE IFC LEVEL

3.1.1. Simulation and documentation
In our case, for the first step, it is enough for the user to manoeuvre on the IFC
schemata level only: A full modelling of the building by means of semantic objects
implies a full documentation of the objects and their respective properties (which
are already defined in the chosen IFC schemata). The simple logic types embedded in IFC are also sufficient for the purpose of checking the building model.
Design-checks in the design phase can show if the concept is able to produce the
desired building material performance stage (e.g. no materials and substances
respond to the property check “hazardous”), while a re-check later in the operation phase of the building can verify whether the desired target state is still valid
or has changed. If new information is available, changes can be controlled both
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internally for the building project, and externally, if a connection to a current database is maintained.
To perform this check, it is necessary that all parameters (i.e. objects or properties) required for the design-check are described in the chosen IFC release.
Mapping the pre-defined parameters to the chosen release either verifies them or
delivers a gap to be filled. Missing required IFC objects or properties can be
extended via EXPRESS or ifcXML files. To check the operability and consistence
of the model in the extended (custom) schemata, a model checking tool like
Solibri Model Checker (Solibri, 2012) should be used.
3.1.2. Optimisation
For the next step, more complex functions are required, which not only deliver the
result of an action taken or if a change has occurred in the building model, but can
also trace the source of the problem and report it to the user (e.g. the type and location of unsolvable connections between affected elements). Moreover, specific user
“behaviour” can be fully restricted (e.g. connecting elements inseparably that have
a significant difference in expected service life). One possible tool that allows to
script and perform a user-defined design check on an IFC Model is the IFC
WebServer (Ismail, 2012). It offers a high degree of freedom in the choice of the IFC
version for the input model (all official IFC versions, as well as customised versions)
and an integrated interface for scriptable custom design-check functions (based on
the scripting language Ruby). The final results are currently delivered in the form of
reports (direct visualisation in the model still is work in progress) and can be filtered
and exported in various formats (e.g. IFC, COLLADA, HTML, XML etc).
3.2. DESIGN CHECK IN PROPRIETARY BIM SOFTWARE

3.2.1. Simulation and documentation
The most natural way to perform a design-check on the model in progress is
directly in the modelling environment itself. Theoretically, the BIM software of
choice operates with the full range of objects in the chosen IFC schemata or its
IFC interface will at least allow for the import of new objects, existing in the full
range of that chosen IFC release.
To extend the semantic content in a specific scenario (e.g. project or modelling
environment), a rule framework should be followed, which defines the behaviour
of the new IFC objects in this specific environment. The standardised framework
created by buildingSMART is the Model View Definition (MVD), which places the
IFC object first in the specific scenario and determines its functions and behaviour
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(exchange and view requirements and definitions) (Chipman, 2012; Chipman et al.,
2012), i.e. the MVD defines how (existing or new) property sets, properties and
simple logic types refer to the new object and vice versa. When an EXPRESS file
of the new IFC entity is available, tools like buildingSMART’s IfcDoc support the
generation of the full MVD documentation (including EXPRESS-g, listings,
change logs etc.).
Once the semantic model in the modelling environment has been extended, the
user can perform the “documentation and simulation” step for any project, building and building specifications. Moreover, the changes in the course of the project
in the modelling environment are parametrically correlated, i.e. any geometrical,
material etc. changes of the building model will affect the documentation and the
simulation result.
3.2.2. Optimisation
Very complex design-check functions should be scripted utilizing the API of the
respective BIM software (usually in VB, C#, Python or another object-based language). The advantage of programming an add-on within the modelling
software-tool of own choice is that it facilitates a seamless workflow within a single software environment from modelling to simulation to optimisation. Also, the
algorithms can be applied to any other (new or older) models and the add-on (if
the vendor offers the possibility for it) can be shared in a community. It is also
much less work than creating stand-alone tools and does not require the purchase
of additional software.

Figure 3. Use case example results: The identification of a hazardous substance in the insulation
would cause the disposal of a significant amount of “healthy” materials due to unsolvable
connections between elements and material layers.
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4. Discussion: Challenges, Barriers and Restrictions
The workflows proposed above and all of their workflow steps correspond to the
established standards and methods for working with IFC and BIM. However, the
implementation in practice is to some extent problematic and in some cases rather
restricted.
During the course of this implementation study, we identified as a major problem the necessity for a profound knowledge in programming and programming
environments, as well as being able to work in a variety of programming languages for the user to be able to extend the IFC schemata in a functional and
operable way. We believe that this is not reasonable for an average architect,
designer or engineer. If a user does have these skills, though, the barriers described
below are conquerable (even if the workflow still remains increasingly ineffective
and time consuming).
Even though IFC is an open source standard, the practical implementation of
the extension is not fully customisable yet. This is due to the fact that even if
extensions and MVDs are theoretically manageable by a single user, the standardised way for practical implementation is set to pass through a certification phase
by buildingSMART. This, of course, is indispensable for reasons of safety, functionality and quality control. However, it is a significant barrier for research
oriented usage and therefore for the wider adoption and understanding of the environment.
With its special focus on materials and their properties, our work was significantly restricted by the fact that the BIM tools we used for the implementation
study so far have not embedded the IFC material level to full extent. Therefore, we
experienced very limited options for experimenting on this level in a generic way.
However, it is important to underline that even if we recognise the necessity of
further development to make the utilisation and user-defined adaptation of both
data format and BIM tools more open and user-friendly, we are convinced that
increased design and building performance will be based on a unified data standard for all design participants and a semantic, parametric building design.
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