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A B S T R A C T

The aim of this study is to develop a BIM-based Whole-life Performance Estimator (BWPE) for appraising the
salvage performance of structural components of buildings right from the design stage. A review of the extant
literature was carried out to identify factors that influence salvage performance of structural components of
buildings during their useful life. Thereafter, a mathematical modelling approach was adopted to develop BWPE
using the identified factors and principle/concept of Weibull reliability distribution for manufactured products.
The model was implemented in Building Information Modelling (BIM) environment and it was tested using case
study design. Accordingly, the whole-life salvage performance profiles of the case study building were generated.
The results show that building design with steel structure, demountable connections, and prefabricated as-
semblies produce recoverable materials that are mostly reusable. The study reveals that BWPE is an objective
means for determining how much of recoverable materials from buildings are reusable and recyclable at the end
of its useful life. BWPE will therefore provide a decision support mechanism for the architects and designers to
analyse the implication of designs decision on the salvage performance of buildings over time. It will also be
useful to the demolition engineers and consultants to generate pre-demolition audit when the building gets to
end of its life.

1. Introduction

The construction industry generates the largest percentage of the
total waste all over the world (Clark et al., 2006). In the UK alone,
Construction and Demolition Waste (CDW) is an average of 45.8 million
tons annually with 85% of it being recovered (Lawson, 2016; DEFRA,
2015). The case is not different in other developed countries like the
United States, Australia, and Germany, etc. In the United States and
Australia, the amount of CDW annually is about 534 million tons
(USEPA, 2016) and 19 million tons (Hyder Consulting, 2011) respec-
tively. According to Kibert (2008), 50% of the entire waste generated
by the construction industry worldwide is due to end-of-life activities,
which are primarily demolition. This is because buildings are often
disposed at the end of their useful life where the potential of material
reuse is sometimes impossible. Although the recycling of entire building
is becoming popular, a more beneficial use of recovered building ma-
terial is direct reuse. This is because materials reuse requires minimal
energy usage as compared to the energy needed for material recycling

(Addis, 2006). It is based on this that building deconstruction is be-
coming more preferred over demolition because of its economic and
environmental benefits (Coelho and de Brito, 2011).

Building deconstruction is a practice that supports the concept of
circular economy (CE) model. The CE model, which is being adopted by
developed and emerging economies of the world, has led to the creation
of markets for recovered materials from CDW (COM, 2014). CE is a
sustainable development strategy that aims at improving the efficiency
of materials and energy usage. This is a paradigm shift from the existing
linear economy model of “take-make-consume and dispose” to a more
sustainable model of “take-make-consume-reuse and recycle” (Douglas,
2016; COM, 2014). The desire for circular economy and optimal ma-
terial reuse calls for the need to improve techniques for whole-life
performance assessment of buildings. As such, it is important to develop
performance profile for buildings to know the best time its optimal
salvage value could be obtained. Therefore, to achieve an effective
whole-life performance assessment of buildings, performance char-
acteristics of individual building components must be taken into
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consideration (Wordsworth and Lee, 2001). Accordingly, the individual
performance profile of building components will provide a pointer to
the overall performance of the building over a given time. This ap-
proach will therefore be useful at the design stage to identify the types
and volume of recoverable materials that are reusable, recyclable, and
those that must be sent to landfill (Thormark, 2006).

Pointedly, the recent paradigm shift to design-centric and in-
formation-centric approach to building construction has favoured the
adoption of Building Information Modelling (BIM). The benefits of BIM
have made many countries to set deadlines for its adoption in their
construction industry. Thus, the deadlines have forced most companies
to integrate BIM into their activities to sustain their competitive ad-
vantage (Coates et al., 2010; Succar and Kassem, 2015). The rise in BIM
implementation for diverse needs, especially for 3D building visuali-
sation, building performance analysis, cost estimation, facility man-
agement, reveals that genuine innovation within the construction in-
dustry must be BIM compliant. The Building Research Establishment
(BRE) developed a specification and database named Integrated Mate-
rial Profile And Costing Tool (IMPACT) with the overall aim of in-
tegrating Life Cycle Assessment (LCA), Life Cycle Costing (LCC) and
BIM (BRE, 2017). Presently, there are three IMPACT compliant tools
namely: IES, eToolLCD and One Click LCA (IMPACT, 2017). These tools
are used to carry out sustainability assessment, environmental impacts
and life cycle costing of buildings in accordance with sustainability
standard such as BRE Ecopoints, BS ISO BRE Ecopoints, BS ISO 15686-
5:2008 etc. However, these tools do not provide a whole-life assessment
of building design in terms of the salvage value (i.e. reusability and
recyclability of the materials) with respect to time. Also, a recent review
of BIM adoption for sustainability by Chong et al. (2017) reveals that
there is a significant amount of research and development on BIM usage
during various project phases. However, there are only a few works on
how BIM could be applied in refurbishment and demolition process.

It is on the basis of the foregoing that this study emerges. The aim of
the study is to develop a BIM-based tool for forecasting the whole-life
salvage performance of buildings at the design stage. The specific ob-
jectives are:

i To model the effect of time and other properties on the salvage
performance of buildings.

ii To develop a BIM-based system for forecasting the salvage perfor-
mance of building right from the design stage.

iii To test the model using case study design of real-life buildings.

A mathematical modelling approach with the use case study for
model testing has been adopted to achieve the set objectives. Therefore,
a thorough review of the related literature was carried out to identify
factors that influence salvage performance of buildings. The review
helps to determine the appropriate method for modelling salvage per-
formance of building materials based on the passage of time and
identified factors. Then, a mathematical model of salvage performance
of buildings was developed based on these factors using the concept of
Weibull reliability distribution. The model was tested using existing
building as a case study.

The meaning of salvage performance as used in this study is the
value of building at a particular time in terms of quantity of structural
materials (in tons) that is obtainable when the building is demolished or
deconstructed. This value is computed based on the bill of quantity as
retrieved from BIM model of buildings using a mathematical modelling
approach. The rest of the paper is organised as follows: The literature
review is covered in Section 2, where factors that affect reusability and
recyclability of recoverable building materials in relation to the circular
economy were discussed. A detail description of the methodology and
model development are covered in Sections 3 and 4. The model eva-
luation is presented in section 5 while discussion of the results is pre-
sented in Section 6. Section 7 ends the paper with conclusion and areas
of further research.

1.1. Scope of the study

Previous work by British Chartered Institution of Surveyor (BCIS)
grouped building system into six major components namely: sub-
structure, superstructure, finishes, fittings and furnishings, services and
external works (BCIS, 2006). Akinade et al. (2015) provided a modified
layer approach of building system developed by Brand (1994) which
comprises six layers namely: site, structure, skin, services, space plan
and stuff. Developing a model that estimates the salvage performance of
the whole building system is not feasible as each component/layer react
is affected by different factors some of which could not be measured
objectively. Therefore, the scope of this work is limited to the material
analysis of the structural component of buildings. The details of the
structural component for analysis are obtained from the bill of quan-
tities as specified in the BIM model of the building.

It is also important to note that there are issues that bother on the
usefulness of materials recovered from demolished/deconstructed
buildings in term of reuse and recyclability. Especially, in the areas of
recertification, legal warranties and residual performance of recovered
building materials after several years of usage (Kibert et al., 2001).
There are pieces of evidence which indicate that recovered building
materials such as wood cannot be regraded but can only be used for
non-structural low market applications (Falk, 2002). Bearing this in
mind, this study assumes that the recoverability of building components
could be determined during design and the value of building compo-
nent is uniformly affected with the passage of time.

2. Circular economy in building construction

Circular Economy (CE) and sustainability concepts are continuously
becoming popular among the policy makers, academia and industry
(Geissdoerfer et al., 2017) and efforts have been made to establish the
conceptual relationship between CE and sustainability (Nakajima,
2000; Andersen, 2007; Rashid et al., 2013). While the most widely
referenced definition of sustainability defined it as “a development that
meets the needs of the present without compromising the ability of
future generations to meet their own needs” (Brundtland, 1987). On the
other hand, CE is defined “as a regenerative system in which resource
input and waste, emission, and energy leakage are minimised by
slowing, closing, and narrowing material and energy loops”
(Geissdoerfer et al., 2017). Based on these definitions, CE is therefore a
way of achieving sustainable development. Rashid et al. (2013) de-
scribe the implementation of circular economy principle in business
models and supply chains as a requirement for sustainable manu-
facturing for enhanced economic and environmental performance of
nations. The European Commission noted that circular economic sys-
tems is of immense benefit for sustainability development across
Europe and encouraged member states to adopt it (COM, 2014). To
promote the concept of CE in the built environment, the Waste and
Resources Action Programme (WRAP) has provided a number of good
practice guidance that must be embraced by the industry. These include
BIM, design out waste, design for deconstruction, offsite construction,
sustainable procurement, fairness, inclusion and respect (WRAP, 2013).

According to Smol et al. (2015), one of the key industries that can
benefit maximally from the development of new eco-technologies and
CE is the construction industry. Although the concept of CE is not new
(Su et al., 2013), it was recent that the European Union through its
communication of July 2014 emphasized the need for the adoption of
CE system through its zero waste programme for the Europe (COM,
2014). CE systems ensure that the added value in products is kept
within the economic circle for as long as possible to avoid waste gen-
eration to landfill. Fig. 1 shows the phases of a circular economy model,
with each phase presenting opportunities in terms of reducing costs and
dependence on natural resources as the only source of material input to
the construction and other production processes. The main objective of
CE is to maximise the use of materials through collection and reuse
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