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This special issue aims at fostering the dissemination of
high-quality research in methods, theories, and techniques
concerning the application of knowledge and asset man-
agement in sustainable civil engineering. Similar to that of
other special issues, the selection process was rigorous and
only articles with good quality could be accepted. We, as
editors, would like to thank all of those who had submitted
their articles for possible publication. Some articles with good
quality were not chosen because they were not definitely
relevant to the issue scopes. Some others that were relevant
were excluded because somemodificationworkwas required.
Unfortunately, the stringent reviewing guideline set for the
special issue puts us in a situation that we could not accept
articles with major revision. Thus, we had to sacrifice these
articles although they had the potential to be published in the
special issue. Finally, six articles were published in this special
issue, which brings together contributions from authors
originating from various geographical locations including
Australia, China, Korea, Sweden, and Taiwan.

This special issue has published four research and two
review articles. The article by Y. Liu et al. discusses the use
of case-based reasoning and variable fuzzy sets to develop
appropriate safe early warning systems for highway construc-
tion projects in China.They argue that there is a lack of study
of production safe early warning, especially early warning in
construction projects. They realize that good early warning
technologies can help reduce losses by restricting the possible
accident sources and can indirectly lower investment costs

by maximizing the benefit from the safety inputs. In their
article, they introduce the key technology for safe early warn-
ing systems and explain the concepts of association rules,
support vector machine, and variable fuzzy qualitative and
quantitative change criterion mode. They provide solutions
for solving three key issues of index selection, accident cause
association analysis, and warning degree forecast, through
the above concepts, to improve the highway construction
early safe warning systems.

The other three articles are related to the application of
building information modeling (BIM) for civil engineering
projects. Y.-C. Lin and Y.-C. Su studied facility maintenance
management (FMM) for the operation phase of the con-
struction life cycle in Taiwan. They envisage the use of BIM
to support the maintenance service of facilities depicted in
3D object-oriented CAD. Specifically, the BIM approach is
used to store facility information in a digital format, which
can facilitate easy updates of FMM information in a 3D
CAD environment. They introduce the novel BIM-based
FMM (BIMFMM) system for the acquisition and tracking
of maintenance information. This system acts as a platform
that enables maintenance staff to share information through
webcam-enabled notebook or tablet. They demonstrate a
case study, which was to apply the system in a commercial
building in Taiwan, to evaluate the effectiveness of the system.
Their combined results support that the system is a useful
BIM-based FMM platform that integrates web and BIM
technologies for handling FMM.
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S.-P. Ho et al., a research group from National Taiwan
University, also propose the application of building infor-
mation modeling (BIM) technology to share construction
knowledge. They introduce a BIM-based knowledge sharing
management (BIMKSM) system. In this knowledge-based
sharing system, construction knowledge can be communi-
cated and reused among project managers and jobsite engi-
neers. The BIM technology further supports the generation
of 3D drawings that are particularly useful for identifying
knowledge and experience feedback relevant to construction
projects. The authors expect that this system helps alleviate
problems on a construction jobsite and reduces the time
and cost of solving problems related to constructability. In
their article, the system was applied in a case study of a
construction project in Taiwan to demonstrate the sharing of
knowledge within the BIM environment.

Another article by R. A. Kivits and C. Furneaux focuses
on the important concept of building information manage-
ment (BIM),which as they quote is “the use of virtual building
information models to develop building design solutions,
to design documentation, and to analyze construction pro-
cesses.” Their paper outlines the current promise and future
potential for BIM and makes recommendations in relation
to how the problems can be addressed. They also argue
that the concept can be applied to other civil infrastructure
projects, such as dams, bridges, and tunnels, despite its
primary link to building projects. A set of cases are presented
to indicate how BIM has been implemented. Their paper
further suggests that BIM has the potential for improving all
stages of the construction life cycle and has implications for
both sustainability and asset management.

The study by S. Lee et al. is intended to develop a financing
model to solve financial barriers for implementing green
building projects in the Republic of Korea. They highlight
the importance of green buildings that reduce greenhouse gas
energy but realize the difficulty in attracting private funding.
Their financing model takes the governmental support into
account by incorporating the government guarantee for the
increased costs of a green building project in return for
certified emission reduction (CER). One of the main com-
ponents in the model is to compare between the value of the
governmental guarantee and that of CERThis can make sure
that the government can secure return from its guarantee. An
example has been demonstrated to show how the payback
period can be calculated using the model. Such an asset
management approach can help finance sustainable green
building projects. Further, the authors argue that private
guarantees may also be feasible given the promising value of
the guarantee from CER.

The last, but not least valued, study by A. Warsame et al.
draws the attention to the role of knowledgemanagement and
incentives that can improve the quality of transport infras-
tructure projects. They underscore the role played by a client
organization on developing a knowledge culture for dealing
with procurement and organizational issues. They argue that
all procurement methods can give good results if the right
conditions are given. They then introduce the knowledge
conversion modes and identify the four major conditions
from the knowledge management perspective. They also

discuss the use of incentives to motivate employees to gen-
erate the behavior appropriate for knowledge management.
They further propose that the client organization should
seek independent second opinions from external actors in a
systematic way during all stages of an infrastructure project
in order to improve knowledge and create incentives.

Now, when our work, as guest editors, comes to an end,
we hand in to our readers this special issue that was bred
on several seeds, in which we firmly believe that they bring
to the world new insights, ideas, and recommendations. We
finally hope that readers will enjoy reading the special issue,
dedicated to exploring knowledge and asset management in
sustainable civil engineering.

Eddie W. L. Cheng
Neal Ryan

Yat Hung Chiang
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Along with the growing interest in greenhouse gas reduction, the effect of greenhouse gas energy reduction from implementing
green buildings is gaining attention. The government of the Republic of Korea has set green growth as its paradigm for
national development, and there is a growing interest in energy saving for green buildings. However, green buildings may have
financial barriers that have high initial construction costs and uncertainties about future project value. Under the circumstances,
governmental support to attract private funding is necessary to implement green building projects. The objective of this study is
to suggest a financing model for facilitating green building projects with a governmental guarantee based on Certified Emission
Reduction (CER). In this model, the government provides a guarantee for the increased costs of a green building project in return
for CER. And this study presents the validation of the model as well as feasibility for implementing green building project. In
addition, the suggested model assumed governmental guarantees for the increased cost, but private guarantees seem to be feasible
as well because of the promising value of the guarantee from CER. To do this, certification of Clean Development Mechanisms
(CDMs) for green buildings must be obtained.

1. Introduction

An overwhelming body of scientific evidence now clearly
indicates that climate change is a serious and urgent issue.
The Earth’s climate is rapidly changing, mainly as a result of
increases in greenhouse gases (GHGs) caused by human
activities [1]. Among the GHGs, excessive emissions of car-
bon dioxide from the use of fossil fuel for energy generation
have created unprecedented environmental pollution and
health risks [2]. Sustainable and renewable energy technolo-
gies are solutions for reducing the use of fossil fuel and
for meeting energy demands [3]. In particular, construction
products constitute amajor problem to solve in terms of their
large amount of energy consumption, and thus minimizing
their negative impacts on the environment is an important
issue [4]. From this perspective, green buildings, to which
sustainable and renewable energy technologies are applied,
minimize the impacts of buildings on the environment [5].

In tune with the global trend and a growing interest in
green buildings for greenhouse gas energy reduction, the
government of The Republic of Korea began to emphasize
green growth as its national growth paradigm. However, a
green building generally has greater initial construction costs
than other buildings [6]. With uncertainties in the future
value of a project, increased costsmay have negative effects on
financing.Therefore, the government needs to take the neces-
sary measures for smooth financing to vitalize green building
projects. In other words, the government needs to share the
risks with the private sector or to provide means to hedge
the risks. For example, Public-Private Partnership (PPP) is a
way to share risks through governmental guarantees [7]. In
this way, using governmental guarantees can support private
financing for green building projects.

However, when the government participates in green
building projects as a party to risk sharing, returns on risks
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are necessary. This is because the government is so sensitive
to the risk of project failure that it can be passive in providing
guarantees.

This study suggests a financing model for green building
projects with governmental guarantees based on Certified
Emission Reduction (CER), which is an emerging trend in
environment finance.

For analysis, this study utilized energy savings (%) and
increased costs (US$/3.3m2) data of three residential build-
ing cases having different equipment for energy saving.Thus,
this study assumed three cases of the residential building
project having various equipment. Cash flow was estimated
with the assumption that variables, except construction costs
and financing costs resulting from increased construction
cost for the residential building project, are the same.

The financing model suggested in this study can be tested
by estimating the time to retrieve the value of governmental
guarantee through the CER transaction. Thus, the values
of governmental guarantee and CER need to be estimated.
First, the value of governmental guarantee was estimated
using the concept of a put option. To estimate the value of
CER, the carbon emissions of the residential building project
were estimated using the equation suggested by the IPCC.
The estimated carbon emissions of the residential building
project were applied to the three cases of energy savings (%)
to obtain the CO

2
emission reduction of each case. For the

price of CER, the European Climate Exchange (ECX) data
from January 9, 2006, to November 19, 2010, were used. This
study set the greatest price of unit CER as the best scenario,
the smallest price as the worst, and the average price as a
moderate scenario. Thus, by combining the CO

2
emission

reduction andCERof each scenario, the value ofCER for each
scenario was obtained. Using the value of CER estimated for
each scenario and the governmental guarantee, the payback
periodwas obtained and the feasibility of the financingmodel
was tested.

2. Background

2.1. Literature Review. There is a growing interest in green
buildings as the great effect of building activities on the envi-
ronment is gaining attention.Thus, the reviewof the literature
on green building revealed that there have been a number
of studies on various subjects such as assessment tools [8],
occupant satisfaction [9], energy ratings [10], design [11], and
barriers to implementing green building [12, 13].

Green building is a new business model resulting from
global awareness of the environment, and various ways for-
ward for success need to be reviewed. From this perspective,
barriers to implementing green building need to be consid-
ered not only from the technical point of view but also from
the business point of view.

Zhang et al. [12] investigated the effects of increased costs
and various barriers when green elements were applied to a
construction project. They demonstrated that construction
cost increases for all cases in which green elements were
applied. Furthermore, ten barriers were selected and a survey
was conducted on them, resulting in the identification of

construction costs as the greatest barrier. Intrachooto and
Horayangkura [13] suggested that the application of a new
technique to a construction project incurs increased costs
and results in increased risk and uncertainty from the
perspective of business feasibility. This problem constitutes
a financial barrier to implementing green building projects.
Accordingly, the increased costs can be a barrier to financing.
Thus, this study suggested a financial model to overcome the
financial barriers resulting from the additional costs.

2.2. Financial Barriers for Implementing Green Building
Projects. Investors’ primary goal is to make benefits or to get
a return on investment.This rate of return can be determined
by three different indicators: payback time, the return on
investment, and the internal rate of return [6]. These indica-
tors are also considered three downsides of a green building
project. Concretely, investment in a green building project
can be returned in about 7-8 years because the benefit of
energy saving occurs in the operation stage [14]. As investors
prefer a short-term payback time [15], they are relatively
passive in investing in green building projects with their long-
term payback time. Moreover, long-term payback time tends
to be accompanied by uncertainties regarding project success,
exposing the projects to greater risks. On that account, if
the interest rates increased, damage from the rising project
costs cannot be avoided in spite of well-disposed investors
[6]. In the end, a green building project has barriers in private
financing due to the long-term payback time, relatively high
interest rates, and increased initial costs.Therefore, to launch
green building projects, governmental supports are necessary
to remove such financial barriers.

2.3. Green Building in the Republic of Korea. The Republic
of Korea was ranked the 10th country in carbon emissions
in 2008 according to the announcement by the International
Energy Agency (IEA) [16]. After the Kyoto Protocol man-
dated reduction of greenhouse gas (GHG) emissions, a green
growth policy was set by the government of The Republic of
Korea in order to meet the requirement.

To reduce CO
2
emissions, building energy consumption

needs to be reduced. According to the IEA, buildings account
for 40% of the world’s final energy consumption and 24% of
CO
2
emissions. The IEA referred to commercially available,

renewable technologies as a means to improve the efficiency
of buildings’ energy systems and to reduce a large portion of
the energy consumption [6]. Further, as reported by statistics
from Korea Energy Economics Institute (KEEI), buildings
accounted for about 22% of the total energy consumption and
25% of the total CO

2
emissions as of 2007 in The Republic

of Korea [17]. From this perspective, it is expected to the
substantial effect on decrease in CO

2
emission, aggressively

utilizing green building projects is an urgent matter in the
Republic of Korea.

2.4. Environment Finance. Environment finance encom-
passes all market-based instruments designed to deliver envi-
ronmental quality and to transfer environmental risks [18].
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In this respect, the financing structure model of this study
would fall under environment finance.

Due to the recent growing global interest in the envi-
ronment, various environmental issues are changing and
shaping investment markets and capital flows [19]. Thus,
researches on environment finance have been performed
actively. Peszko and Zylicz [20] stated that the demand for
environment finance is influenced by environmental policy
or a company’s financing capability, and thus governmental
support needs to be thoroughly reviewed. They specifically
referred tomeasures that effectively attract private investment
in environment finance [20]. Actually, Branker and Pearce
[21] mentioned the important role of government support in
large-scale, thin film solar photovoltaic manufacturing and
the feasible financial return on it. Green building projectsmay
have difficulties in obtaining private funding because they
have large initial investments to improve energy efficiency,
compared to other building projects. Therefore, governmen-
tal guarantees, to share the risk of project default with the
private sector, can be effective for the efficient funding of
green building projects [21].

In addition to the government role in environment
financing, carbon has attracted attention as an asset in this
field. Chaurey andKandpal [22]measured the carbonmitiga-
tion potential through Solar Home Systems (SHS) and, based
on this, studied the effect of carbon finance. In other words,
they regarded carbon, a representativeGHG, as a kind of asset
and, using this, tested the effectiveness of their finance model
[22]. Lewis [23] analyzed how carbon finance currently plays
a role and how it can be reformed afterward in the developing
world [23]. An emerging trend in environment financing is a
tradingmarket for CER given that carbon, generated from the
use of fossil fuel, has a great effect on the natural environment.

The financing model of this study would facilitate the
sharing of risks by using governmental guarantees. The
government could continue to provide guarantees whether
there were returns on the risks. Namely, CER is an asset
from the perspective of environment finance because of the
existence of a trading market. Consequently, the government
could see CER, predicted carbon emission reduction through
the green building project, as a return for the guarantee.

2.5. Real Options Theory. This study suggests a financing
structure model for green building projects having a gov-
ernmental guarantee agreement based on carbon emissions
reduction by diminishing energy consumption. The govern-
ment may face financial difficulties if it shares risk for green
building projects with no strings attached. Governmental
guarantees and expected profits from CER need to be com-
pared to test the feasibility of the financing structure model.
Thus, this study evaluated the value of governmental guar-
antees using real options, which can consider uncertainties
involved in the success of the project.

An option is a security given the right to buy or sell an
asset, subject to certain conditions, within a specified period
of time [24]. In financial market, the most common types of
options are a call option and a put option. A call option gives
the owner the right to buy a stock at a predetermined exercise
price on a specified maturity date. Conversely, a put option

S < Xp: when the asset value (S) is
smaller than the exercise
price (Xp), the value of put

O Xp S

S > Xp: when the asset value (S) is
greater than the exercise
price (Xp), the value of put
option is zero

Va
lu

e o
f p

ut
 o

pt
io

n 
(V

P
) option is Xp − S

Figure 1: The value of put option depending on the change of the
asset value.

gives its owner the right to sell the stock at a fixed exercise
price [25]. The option pricing theory has been applied in
the evaluation of nonfinancial assets or real investments;
researchers also called it real options. This dynamic pricing
process overcomes difficulties in the discounting approach,
such as the Net Present Value (NPV) method, and computes
the value of a strategic investment more realistically [26].

To measure the value of governmental guarantee, the
value of a put option used is described as in Figure 1. In other
words, when the asset value is greater than the exercise price
(𝑆 > 𝑋

𝑝
), a put option does not have any value because selling

the asset for its value is better. However, when the asset value
is smaller than the exercise price (𝑆 < 𝑋

𝑝
), selling the asset

for the exercise price is much better. Here, the value of a put
option is𝑋 − 𝑆.

Previous studies on real options show that real options
are used not only for assessing the value of various tangible
assets, such as a technology investment [27], infrastructure
investment [28], and mine production [29], but also for
assessing the value of contracts to parties such as material
procurement contracts [30] and guaranteed contracts [31].

This study suggests a financing structure model for green
building projects having a governmental guarantee agree-
ment based on carbon emissions reduction by diminishing
energy consumption. The government may face financial
difficulties if it shares risk for green building projects with
no strings attached. Governmental guarantees and expected
profits fromCER need to be compared to test the feasibility of
the financing structure model. Thus, this study evaluated the
value of governmental guarantees using real options, which
can consider uncertainties involved in the success of the
project.

3. Suggestion about Financing Model for
Green Building Projects

3.1. Proposed Framework. As mentioned above, a green
building project has increased initial construction costs.
In the end, it negatively works as a barrier to attracting
private funding due to uncertainties about future project
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Vg = value of the governmental guarantee

Loan
repayments

Figure 2: Proposed financing model for facilitating Green Building.

value. Thus, governmental support for gathering private
funding for green building projects is necessary and this study
suggests a financingmodel with governmental guarantees for
the increased initial construction costs. Figure 2 shows the
conceptual diagram for the financing model in this study.

Existing building projects are funded by project financ-
ing. Special Purpose Vehicle (SPC), invested by a developer
(sponsor), raises funds from lenders using future cash flow
of the project and makes construction contracts with a
construction company. A green building project generally has
greater construction costs than other building projects. If the
government provided guarantees for the increased construc-
tion costs, lenders could remove additional uncertainties
caused by them.However, the governmental guarantees entail
governmental participation in the project, and thus, the gov-
ernment is also directly affected by the risk of project failure.
Further, if the government has to provide guarantees only
because a project is a green building project, the government
may have to bear a considerable burden. As a result, the gov-
ernment needs to secure return for its guarantee. This return
must be defined in terms of assets for which a trading market
exists. From this perspective, this study defined CER, benefits
from energy saving in the operational stage, as a return on
a green building project. Actually, CER is being traded as an
asset through theCleanDevelopmentMechanism (CDM).As
a result, after assessing the value of governmental guarantees
for green building projects and comparing it to the value
of CER, governments could determine whether to provide
guarantees.

3.2. Concept of Valuing Governmental Guarantee Using Real
Options. Guarantee contract is one of the safety provision to
retrieve the investment. Accordingly, the value of guarantee
increases when the project fails. This is very similar to
the concept of a put option. There are a number of studies,
which have applied the concept of put options to the eval-
uation of various payment guarantees such as valuation of

deposit insurance by Federal Deposit Insurance Corporation
(FDIC) [32] or Federal Loan Guarantees to Corporations
[33]. The process of this study, to value the governmental
guarantee using the option theory, is as follows: total costs
(𝐶
𝑡
) for a green building project can be defined as the sum

of costs (𝐶
𝑠
) for a building of the same size and additional

costs(Δ𝐶
𝑎
) for the green building. Therefore, one has

𝐶
𝑡
= 𝐶
𝑠
+ Δ𝐶
𝑎
. (1)

Here, liabilities (𝐿) can be defined as total costs (𝐶
𝑡
) less

equity (𝐸) invested by a developer (sponsor) as follows:

𝐿 = 𝐶
𝑡
− 𝐸. (2)

For project financing in The Republic of Korea, equity
(𝐸) is generally used to purchase land for the project and
liabilities are generally used for actual construction. In other
words, additional costs (Δ𝐶

𝑎
), for the green building project,

are lowly relevant to equity (𝐸). Thus, (2) can be simplified as
follows:

𝐿 = (𝐶
𝑠
− 𝐸) + Δ𝐶

𝑎
. (3)

Let us assume that the value of the green building project
is 𝑆 and the guarantee for liabilities (𝐿) was provided. This
means even if 𝑆 is less than 𝐿, lenders can get 𝐿 through the
guarantee. In other words, the value of the guarantee changes,
like the value of the put option mentioned above. Figure 3
shows that when 𝑆 is greater than 𝐿 (𝑆 > 𝐿), 𝐿 can be retrieved
by 𝑆 and the value of the guarantee is zero. However, when 𝑆
is smaller than 𝐿 (𝑆 < 𝐿), 𝐿 cannot be retrieved. However,
through the guarantee, even if 𝑆 is smaller than 𝐿, 𝐿 can be
retrieved, and thus the value of the guarantee increases as 𝑆
decreases, being 𝐿−𝑆.Thus, 𝐿 is the same as the striking price
of the put option (𝑋

𝑝
). The value of the put option (𝑉

𝑝
) is the

value of the guarantee (𝑉
𝑑
).
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Table 2: Cash flow for each case.

Project NPV Costs Income
Loans Direct costs Financial costs Sum of other costs

Base project 6.76 205.89 55.70 24.32

145.03 249.59Project applied case 1 5.48 206.98 57.03 24.42
Project applied case 2 4.87 207.49 57.65 24.47
Project applied case 3 4.39 207.90 58.14 25.51
Unit: million US$.

O S

S < L: when the value of green
building project (S) is
smaller than liabilities (L),
the value of guarantee is
L − S

S > L : when the value of green
building project (S) is
greater than liabilities (L),
the value of guarantee is
zero

Va
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d

)
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Figure 3: The value of guarantee depending on the change of
a project value.

Accordingly, the value of the governmental guarantee
(𝑉
𝑔
) for the additional costs (Δ𝐶

𝑎
) is as follows:

𝑉
𝑔
= 𝑉
𝑑
× (
Δ𝐶
𝑎

𝐿
) . (4)

4. Applications

4.1. Data Set. The aim of this section is to test the financing
model for a green building project having a governmental
guarantee agreement based onCER, which is obtainable from
energy saving. Three cases for a residential building project
having different equipment for energy saving were analyzed.
Table 1 shows each case’s equipment for energy saving, energy
savings (%), and increased costs (US$/3.3m2).The residential
building project of this studywas assumed to have three kinds
of equipment.

Variables, except construction costs and financial costs
increasing construction costs for the residential building
project, were assumed to be the same for cash flow as
presented in Table 2. Using the cash flow, the value of the
governmental guarantee was assessed.

Cash flow for each case and the details for variables esti-
mating the value of governmental guarantee are as follows.

In Table 3, the underlying asset value (𝑆
0
) is the present

value of income and, in this study, was estimated asUS$221.76
million. As described above, the striking price (𝑋

𝑝
) is

the same as the loan, and thus, for each case, it was estimated

Table 3: Parameters to estimate the value of governmental guaran-
tee.

Parameters Value
Underlying asset value (𝑆

0
, million US$) US$221.76

Time step (dt) 1/2 year
Volatility (𝜎) 25.6%
Risk-free rate (rf) 5.36%
Up-step size (𝑢) 1.198
Down-step size (𝑑) 0.834
Risk-neutral probability (𝑃) 0.529
Striking price (𝑋

𝑐
, million US$)

Application of case 1 US$206.98
Application of case 2 US$207.49
Application of case 3 US$207.90

at US$206.98 million, US$207.49 million, or US$207.90 mil-
lion. Sales income was determined by sales price and sales
rate. In this study, house price index data from March 2004
to October 2010 and sales rates of 50%∼100% were used and
combined to measure volatility (𝜎). Volatility (𝜎) was about
25.6% interest for a three-year maturity government loan and
public bonds were used as a risk-free rate (rf), which was
5.36%. The time step of a half-year unit was used.

Thus, up-step size (𝑢) of 1.198, down-step size (𝑑) of 0.834,
and risk-neutral probability (𝑝) of 0.529 were obtained. Using
these, the put option value for liabilities was estimated and
using (4) the value of the governmental guarantee for the
increased construction costs for the green building project
was obtained.

CER is currently traded on the EU Emission Trading
Scheme (EU-ETS) in the EU and on Chicago Climate
Exchange (CCX) in the USA. CER prices from January
9, 2006, to November 19, 2010, at the European Climate
Exchange (ECX) were used in this study.

4.2. Valuing the Governmental Guarantee. To test the financ-
ing model for a green building project supported by a gov-
ernmental guarantee agreement based on CER, the value of
the governmental guarantee was obtained using the option
theory. As described above, the put option valuewas obtained
to calculate the guarantee value. Building project data are
discrete as monthly data, unlike continuous data for other
financial assets. Thus, a binomial lattice model was used to
estimate the option value, and not the Black-Scholes model,
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Table 4: Value of guarantee for each case.

Classification Option value (𝑉
𝑑
) Loan (base) Loan (𝐿) Additional costs (Δ𝐶

𝑎
) Guarantee value (𝑉

𝑔
)

Project applied case 1 20.33 205.89 206.98 1.09 0.11
Project applied case 2 20.70 205.89 207.49 1.60 0.16
Project applied case 3 20.98 205.89 207.90 2.01 0.20
Unit: million US$.

Table 5: Annual CO2 emissions for the residential building project.

Parameters Value
Energy consumption (TOE/m2 ⋅ year) 0.018
Carbon emission factor (ton C/TOE) 0.812
Burning rate (%) 99
Subject project G.F.A (m2) 70,825
CO2 emission (ton CO2/year) 3,736.820

assuming continuous time flow. Table 4 shows the values of
the governmental guarantee for each case, obtained using (4).

As Table 4 shows, additional equipment for energy saving
leads to increased construction cost and increased value
of the governmental guarantee. By comparing the obtained
value of the governmental guarantee to the value of CER, the
feasibility of the financing model for a green building project
was tested.

4.3. Comparison of the Values of the Governmental Guarantee
andCER. First, CO

2
emissionswere estimated for the project

to compare the values of the governmental guarantee and the
CER. The CO

2
emissions were estimated using (5) suggested

by the IPCC, and Table 5 shows the results. One has

CO
2
emission (ton CO

2
)

= Energy consumption (TOE)

× Carbon emission factor (tonC/TOE)

× Burning rate (%) × (44
12
) .

(5)

The result of energy saving (%) of each case applying into
the residential building project and value of governmental
guarantee in Table 4 is following Table 6.

CER prices at European Climate Exchange (ECX) from
January 9, 2006, toNovember 19, 2010, were used in this study.
This study used the highest price of unit CER as the best
scenario, the lowest price of unit CER as the worst scenario,
and the average of both as the moderate scenario. As a result,
Table 7 shows payback periods for the value of governmental
guarantee using CO

2
emission reduction, guarantee value,

and CER price for each case and each scenario.
As in Table 7, as the CER unit price goes down, the total

CER goes down and the payback period becomes longer.
Further, as energy saving (%) increases, total CER increases
as well. However, as construction costs increase, the value
of the governmental guarantee increases as well. However,
the increase in the value of the governmental guarantee

is greater than that in the total CER by increased energy
savings (%), and thus, as energy savings (%) increase, the
payback period becomes longer. If the efficiency in energy
saving for equipment is improved, the payback period would
become shortened. Given the forty-year limitation for legal
reconstruction inThe Republic of Korea, the longest payback
period of 7.55 years for the worst scenario shows that the
financing model of this study is feasible for implementing
actual green building projects.

4.4. Discussion. The financing model of this study assumed
governmental guarantees for the increased cost, but pri-
vate guarantees seem to be feasible as well because, in
return for the guarantee, the value of the guarantee can
be obtained through CER. To vitalize this financing model,
private investments have to become active in the market
system. Nevertheless, this study assumed the governmental
participation to test the feasibility of the financing model.
Showing the market the feasibility of the financing model,
involving governmental participation in a green building
projects, may induce private investments. In addition, given
the national priority to meet CO

2
emission reduction targets

imposed by the climate accord, the government needs to take
the initiative and to play an important role in implementing
the financing model. To vitalize the financing model in the
market, CDM certificates need to become vitalized as well.
Current CDM certified projects are mostly plant projects.
However, given that buildings account for 40% of the total
final energy consumption and 24% of CO

2
emissions in

the world according to IEA, active implementation of green
building projects will be very effective in CO

2
emission

reduction. From this perspective, the CDM certificate system
for green building projects needs to become active. If it would
be active, various financing methods can be developed based
on the financing model of this study and CER.

5. Conclusions

TheKyoto Protocol, which went into effect in February 2005,
has led to global efforts to reduce CO

2
emissions. Especially

in The Republic of Korea, the government has set green
growth as its paradigm for national development and there
is a growing interest in greenhouse gas energy reduction for
green buildings. However, green buildings have increased
initial construction costs and there may be difficulties in
financing for green building projects. To deal with this prob-
lem, this study suggests a financingmodel for a green building
project having a governmental guarantee based on CER
obtainable from energy saving. In other words, by providing
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Table 6: The estimated values of guarantee value and CO2 emission reduction for each case.

Classification Guarantee value (million US$) Energy saving (%) CO2 emission reduction (ton CO2/year)
Project applied case 1 0.11 33.96% 1269.02
Project applied case 2 0.16 46.96% 1754.81
Project applied case 3 0.20 50.16% 1874.39

Table 7: Total annual CER and payback period for guarantee value for each scenario of CER unit price.

Case 1 Case 2 Case 3
Total CER

(million US$)
Payback

period (year)
Total CER

(million US$)
Payback

period (year)
Total CER

(million US$)
Payback period

(year)
Best scenario 0.065 1.64 0.090 1.78 0.096 2.11
Moderate scenario 0.037 2.86 0.052 3.09 0.055 3.67
Worst scenario 0.018 5.89 0.025 6.36 0.027 7.55

a governmental guarantee for green building projects, the
government can be directly affected by the risk of project
failure. If the government provides a number of guarantees
for green building projects, the government’s financial status
could be affected. Accordingly, this study used CER in actual
trading markets as a return for the guarantee.

By testing the suggested financing model using the com-
bination of degree of energy saving and CER price scenarios,
the payback period for the worst scenario was about 7.55
years. Comparing this to forty years of remodeling limitation,
the financing model of this study turned out to be feasible for
actual green building projects.

The financing model of this study used the governmental
guarantee for the increased cost.However, there is a return for
the guarantee through CER, and thus, private guarantees are
feasible as well. Therefore, the financing model of this study
can be used in the private sector as well.

However, for the application of the financing model
suggested in this study, the CDM certificate system needs
to be implemented first. To trade CER, the corresponding
project must be CDM certified. Actually, most CDM certified
projects are plant projects. However, given that buildings
account for 40% of the final energy consumption and for 24%
of CO

2
emissions, the CDM certificate system needs to be

applied to buildings as well.
Most financing models have a risk as a result of uncer-

tainties in future asset values. The financing model of this
study also has such risk even if the value of the guarantee was
estimated in consideration of such uncertainties using the
real options theory. If a project fails, additional costs greater
than the estimated value of the guarantee need to be paid,
and, in this case, the payback time can be greatly lengthened.
From this perspective, even if the value of the guarantee can
be retrieved through the CER transaction, ways for reducing
the risk need to be prepared.
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Building Information Modeling (BIM) is the use of virtual building information models to develop building design solutions
and design documentation and to analyse construction processes. Recent advances in IT have enabled advanced knowledge
management, which in turn facilitates sustainability and improves asset management in the civil construction industry. There
are several important qualifiers and some disadvantages of the current suite of technologies. This paper outlines the benefits,
enablers, and barriers associated with BIM and makes suggestions about how these issues may be addressed. The paper highlights
the advantages of BIM, particularly the increased utility and speed, enhanced fault finding in all construction phases, and enhanced
collaborations and visualisation of data. The paper additionally identifies a range of issues concerning the implementation of
BIM as follows: IP, liability, risks, and contracts and the authenticity of users. Implementing BIM requires investment in new
technology, skills training, and development of new ways of collaboration and Trade Practices concerns. However, when these
challenges are overcome, BIM as a new information technology promises a new level of collaborative engineering knowledge
management, designed to facilitate sustainability and assetmanagement issues in design, construction, assetmanagement practices,
and eventually decommissioning for the civil engineering industry.

1. Introduction

Building information management (BIM) is “the use of
virtual building information models to develop building
design solutions, to design documentation, and to analyse
construction processes” [1]. We would suggest that such a
definition, while useful, should be extended to include the
operational phases of built assets (such as maintenance and
decommissioning) and also be applied to the whole area
of civil construction. BIM has considerable potential for
enhancing the efficiency, sustainability, and effectiveness of
civil engineering in all stages of the construction process:
planning (or design), construction, facilities management,
and decommissioning as it extends the functionality and
application of existing computer-aided design (CAD) tech-
nologies. The main extension is by linking the 3D built asset
model to a relational database that can carry all information
related to the built asset [2].This added functionality provides

a mechanism for extended collaborations between designers,
engineers, constructors, and facility managers across the
life cycle of built assets. Another aspect of BIM is that
information, which is created once, can be reused many
times, resulting in less errors, greater consistency, clarity,
accuracy, and clear responsibility of authorship. This paper
argues that BIM holds considerable promise for enhancing a
range of activities for civil engineering, with leading authors
suggesting 20–30% increase in productivity when using the
technology [3]. Despite the prediction that the uptake of BIM
in civil construction and facilities management will be slow
but inevitable [4], there are some real barriers which need to
be addressed in order for this adoption to occur.

This paper outlines the current promise and future
potential for BIM and makes recommendations in relation
to how the problems can be addressed. Additionally, while
BIM has been primarily explored in relation to buildings,
there is little reason why the technologies could not also
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Table 1: The application of BIM to the asset life cycle (adapted and expanded from Hartman and Fischer [3]∗).

Design Construction Operations/facilities
management Decommissioning

Ensure the right facility is
designed.
Evaluate the design from many
perspectives.
Evaluate the design against
building codes and sustainability
before construction.

More productive crews, as there
are fewer changes to the design
once the construction has
started, the ability to track work
in real time, faster flow of
resources, and site management.
Enables demonstration of the
construction process, including
access and egress, traffic flows,
site materials, machinery, and so
forth.
Better tracking of cost control
and cash flow, particularly for
large projects.

Keep track of built asset.
Manage the facility proactively.
Such a model can be handed
from one contractor to another,
thus enhancing facilities
management.
Capability to schedule
maintenance and review
maintenance history.

Identify elements which can be
recycled or those which require
particular care (e.g., hazardous
materials).
Know the composition of
structures prior to demolition.

∗Hartman and Fischer [3] also argue that BIM can enhance procurement processes. However, procurement could apply to any or all of the construction phases
discussed here. Likewise Building Smart (2007) argued that BIM had application for increasing the speed of Development Assessment approvals through local
councils.

be applied to other civil infrastructure projects for example,
dams, bridges, and tunnels. A set of cases are provided which
provide exemplars of how BIM has been implemented.

From the outset, this paper argues that BIM has the
potential for improving all stages of the construction life
cycle and has implications for both sustainability and asset
management. Accordingly, it is appropriate to firstly provide
an overview of the various phases of construction and subse-
quently how BIM might be implemented in these phases.

1.1. Overview of BIM. BIM holds the promise of being an
important factor in the built asset industry in the future. It
can facilitate the users of all stages of the built asset life-cycle,
integrating design, engineering, construction maintenance,
and decommissioning information about a built asset project
into a single “rich” model. As such, BIM technology enables
the use of 3D built asset models to move beyond the design
phase and into the construction andmaintenance phase of the
built asset as well as move the 3Dmodel into a 4D simulation.
Table 1 summarises these implications.

BIM offers the opportunity to develop better cost esti-
mates based on actual elements of the built asset, better
design and construction processes andmethods, and ameans
to engage the client in the design phase of the built asset
[3]. Figure 1 gives a succinct summary of how BIM can
improve sustainability and asset management as it enables
collaborative knowledge management across all stages of the
asset lifecycle. The enablers such as IT allow for engineering
knowledge management by easily sharing information not
only within a single organization but also across organiza-
tions. This improved and simplified knowledge management
in turn facilitates the potential to increase sustainability and
asset management for all stages of development.

Much of the potential for BIM has yet to be realised
due to the current level of development. As Ashcraft com-
ments, “in current practice, BIM is a hybrid, with several
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Figure 1: BIM as the foundation to civil engineering sustainability
and asset management improvement.

differing approaches being used. Each approach seeks to
tighten integration, but the single universalmodel and perfect
interoperability are still aspirations, not achievements” [5].
Ways in which these aspirations can be achieved will be
outlined at the end of the paper as future research trajectories.

2. Methods and Methodology

Themethods deployed in this paper are an extensive review of
the extant academic, policy, and elements of the practitioner
literature. A set of extant cases are used as exemplars for
showing howBIMhas been used in civil engineering projects,
with each case purposively chosen to studies discussing the
role of BIM in different phases of the construction life cycle.
This review goes beyond much of the rhetoric espousing the
potential of BIM and carefully considers the barriers as well
as benefits of BIM to the civil engineering industry.The cases
were deliberately selected in order to learn about the case [6],
particularly the application of BIM in various stages of the
life cycle, in different sorts of assets, and because the cases
generated considerable insight about the phenomenon [7].
Thus, cases were selected in order to provide information on
the phenomena of interest [8].
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Table 2: Overview of applications of BIM in the current and past projects.

Project or organisation Role of BIM within the project
The Sydney Opera House [9] BIM as a support for integrated facility management

The Construction Operations Building Information Exchange
(COBIE) project [10]

COBIE is creating a standardized content and format for information
handover to operations and maintenance, as a part of the U.S.
National BIM standard (NBIMS)

Public schools in Bourgogne (France) [12]
All the public schools of the region will progressively become
available in IFC format (CADOLE project, funded by the region as
facility manager)

US General Services Administration (GSA) [11]

The GSA has created its own 3D-4D BIM Program. Starting from
2007, the GSA has mandated the use of interoperability and IFC for
all major projects. This followed a pilot study which tested BIM on 9
separate projects

The US Pentagon Renovation and Construction Program
(PENREN) [56]

The US PENREN Program uses the diagnostic Postoccupancy
Evaluation (POE) process which systematically evaluates the
performance of built assets after they have been built and occupied
for a length of time

The Airbus restaurant in France
(IAI 2006)

Main purpose: to populate the FM system with IFC files provided by
the designers

The Freedom Tower in New York City [30].

When completed, the Freedom Tower will be 1,776 feet tall, the
world’s tallest built asset, and contain approximately 2.6 million
square feet. Given the high visibility and aggressive schedule
associated with such a large, complex project, SOM’s commitment to
a full BIM approach to the project is both a bold bet and the only
realistic way to deliver on the unique demands of this project

The UK Process Protocol model [57]
Based on a 2D model, the process protocol adopts a normative
approach to inspire companies to use a more disciplined strategy to
project management

The model from the Finnish Construction Process [58]

The Technical Research Centre of Finland created a model that
followed existing practice quite close, since the input consisted of
checklists of tasks produced by the Built asset Information Institute,
which are the “de facto” standard in Finland

The IBPM of Pennsylvania State University [59]
The work carried out by the Pennsylvania State University has a large
influence on the later work in formalised modelling technology. It was
carried out with close collaboration with industry and real projects

The Dutch “Bouw informatie model” [60]
They used BIM in essence as a design process model, intended to
serve as a framework for describing information in the creation and
modelling of the model

Queensland State Archives, Runcorn

This is pilot project conducted by the Department of Public Works
where a 3D model was developed from 2D drawings and used for the
design and construct phase. The project is currently being evaluated.
A 4D construction scheduling was also a key element of this project

US Army Corps of Engineers

The US Army Corps of Engineers and a global engineering,
procurement, and construction management (EPCM) firm,as a
partnership, work together to develop new US Army Corps of
Engineers (USACE) project deliverable standards for BIM
applications

3. Application of BIM Case Studies

3.1. Applications of BIM in the Past and Present. In the
literature, several applications of BIM in the industry can
be identified. Table 2 gives an overview of all the identified
projects that have implemented BIM, either as a subject of
study or as a tool. The most important ones will be discussed
in the following section.

Of this set of cases, four have been chosen as exemplar
projects to explore the role of BIM in knowledge manage-
ment: the Sydney Opera House [9], which is an exemplar

of an iconic public asset, and three cases from the United
States of America: The Construction Operations Building
Information Exchange (COBIE) project [10], US General
Services Administration (GSA) [11], and the US Army Corp
of Engineers [12].

3.1.1. Sydney Opera House. The Sydney Opera House is
recognised throughout the world as an iconic symbol of
Australia. As FM is considered an ideal tool for the “inte-
gration of disparate informationmanagement systems, firstly
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in order to better align FM performance objectives with
the organisational objectives, and secondly to further FM
objectives in terms of better and more effective FM practices
and service delivery” [9]. In a response to this idea, the
Sydney Opera House was used to conduct research on
FM in practice with the objective of using the research to
demonstrate FM as a business enabler and to provide insight
into the need to develop a more generic integrated FM
solution for the FM industry as a whole. The FM Exemplar
Project combines three research streams dealing with Digital
Modeling, Services Procurement, and Benchmarking as a
whole and then develops collaboration between them. It
aims to achieve innovative FM strategies and models that
will showcase improved FM performance and promote best
practices [9, 13].

The results of the project as a whole and the benefits for
using BIM in the FM in general encompass the following
benefits as put forward by the project. The key benefit of
digital modeling is its accurate geometrical representation of
the parts of a built asset in an integrated data environment as
follows:

(i) faster and more effective processes: information is
more easily shared and reused;

(ii) controlled whole-of-life costs and environmental
data: environmental performance is more predictable
and lifecycle costs are understood;

(iii) integration of planning and implementation pro-
cesses: government, industry, and manufacturers
have a common data protocol [9].

3.1.2. COBIE. “The Construction Operations Built asset
Information Exchange (COBIE) is built upon earlier work.
COBIE is a built assetSMART initiative of the National
Institute of Built Asset Science’s Facility Maintenance and
Operations Committee, the Facility Information Council and
International Alliance for Interoperability, and the National
Built asset Information Model Standard. It is a federal gov-
ernment (UA) sponsored effort to support the development
of Built asset Information Model(s) (BIM) via informa-
tion exchange between construction and operations phases”
[14]. “The Construction Operations Built asset Information
Exchange (COBIE) project, with funding from the U.S.
National Aeronautics and Space Administration (NASA), is
creating standardized content and format for information
handover to operations and maintenance as part of the U.S.
National BIM standard (NBIMS).TheCOBIE approach envi-
sions capturing this information incrementally throughout
the facility planning, design, and construction processes”
[10].

3.1.3. GSA BIM. In 2003, the U.S. General Services Admin-
istration, which is responsible for the management of all
civilian federal public built assets in the United States, created
its own 3D-4D BIM program, the National BIM Standard.
Starting from 2007, the GSA hasmandated the use of interop-
erability and IFC for allmajor projects [11].This followed nine
pilot projects where BIMwas trialed. According toMatta and

Kam [15], the direct benefits from these pilot studies include
optimizing construction schedule (e.g., reducing the duration
by 19%), improving the as-built documentation, uncovering
design errors and omissions, and improving the means for
communications through 3D-4D BIMs. Furthermore, GSA’s
initiative has led other federal agencies in the adoption of BIM
andhasmade amajor impact on the industry (people, culture,
and process), on peer owners, on the attitude towards open
standard, and on the importance of establishing an owner’s
BIM and its requirements.

3.1.4. US Army Corps of Engineers. The US Army has recog-
nised the importance of BIM, and through the US Army
Corps of Engineers (US ACE) it is implementing BIM [12].
By 2010, US ACE wants to have 90% compliance with the
National BIM Standard (NBIMS) [12]. US ACE actively
participates in the development of open standards (NBIMS)
for a number of reasons [12] as follows:

(i) greater competition,
(ii) nonrestrictive contracts,
(iii) government owns the data in long-term format.

What the American Department of Defence (DoD) wants
to achieve is the implementation of BIM in a Common
Output Level Standard (COLS) that has to provide a com-
mon language that is critical for the creation of Joint Base
installations. The DoD expects to “significantly . . . reduce
duplication of effort with resulting reduction of overall
manpower and facilities requirements capable of generating
savings” [16].TheUSACE recognizes that BIM supports their
Military Construction (MILCON) program, which covers
the construction of facilities and structures as it benefits the
design and construction. At the moment, under the Military
Transformation program, BIM is a primary deliverable in the
US ACE’s “FY08 RFP,” the request for a project preproposal.
The US ACE expects its design and construction contractors
to develop BIM capabilities and their software vendors to use
Industry Standards (e.g., NBIMS) and achieve interoperabil-
ity [12].

At the moment, the four other US federal organisations
are effectively implementing BIM; in addition to DoD, these
are the U.S. Coast Guard, General Services Administration,
NASA, and the Smithsonian Institute.

4. Analysis of the Case Studies

By examining those case studies, a set of advantages and
disadvantages of BIM in facilitating knowledge management
will be explored, followed by the barriers and enablers to full
implementation of BIM in civil engineering.Themechanisms
of overcoming the barriers and disadvantages will then be
discussed.

BIM is held to offer a range of advantages over hand-
drawn or 2D models of built assets. As suggested in the
introduction, BIM has emerged alongside a number of
other technological and social accomplishments which have
enabled BIM as a technology to be developed. Table 3
provides an overview of how BIM has benefitted the four
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Table 3: Overview of benefits of BIM to the asset life cycle stages.

Planning Construction Facilities management Decommissioning

Sydney Opera House

Faster and more effective
processes. Information is
more easily shared and
reused/controlled
whole-of-life costs and
environmental data
Environmental
performance is more
predictable and life cycle
costs are understood

Identify elements which
can be recycled or those
which require particular
care (e.g., hazardous
materials)

COBIE

Creating standardized
content and format for
information handover to
construction

Better tracking of cost
control and cash flow,
particularly for large
projects

Creating standardized
content and format for
information handover to
operations and
maintenance

Identify elements which
can be recycled or those
which require particular
care (e.g., hazardous
materials)

GSA BIM
Evaluate the design from
many perspectives and
through time

Enables demonstration of
the construction process,
including access and egress,
traffic flows, site materials,
machinery, and so forth

Capability to schedule
maintenance and review
maintenance history

Know the composition of
structures prior to
demolition

US Army Corps

Evaluate the design against
building codes and
sustainability before
construction

More productive crews, as
there are fewer changes to
design once the
construction has started,
the ability to track work in
real time, faster flow of
resources, and site
management

Manage the facility
proactively

Identify elements which
can be recycled or those
which require particular
care (e.g., hazardous
materials)

case studies in the different stages of the asset life cycle.These
benefits will be further explored in this section.

4.1. Enablers of BIM. For the implementation of BIM, there
have been three major enablers. The first is the advent
of enhanced IT infrastructure and capability of computers
to develop and display 3D models with underlying large
databases. The second enabler is the creation of the Industry
Foundation Classes (IFC) by the International Alliance for
Interoperability (IAI). The third is the increasing worldwide
support for BIM. These enablers will be explained in detail
below.

The implementation of ICT technology in an organisation
poses challenges that need to be overcome. In general, these
barriers can be technological in nature, but they can also be
related to the need for organisational changes or changes to
business processes or even just the speed of implementation
[17]. While BIM may contribute a lot of benefits to the
construction process, the implementation of this technology
presents numerous challengers which need to be overcome.

4.1.1. Major Advances in Computer Technology and IT Infras-
tructure. The internet, as a global self-regulated and inter-
connected network of institutions driven by educational
and subsequently commercial priorities, has evolved into an
element within a broader “global information society” [18].
The internet is one of the driving forces of globalization,

and there is a strong correlation between exporting products
and services and internet access at the enterprise level
[19]. At a practical level, the internet and roll-out of high
speed broadband across OECD countries have facilitated the
exchange and sharing of large files across time and space.This
has meant that firms can be separated geographically and can
operate in separate time zones, and yet the internet enables
these firms to collaborate on major projects. Continuous
innovations in internet technology and IT infrastructure have
in turn increased the performance of BIM.

Additionally, enhanced computer capacity in processing
power and graphics, storage, and memory [20], not to men-
tion better compression algorithms, has meant that larger,
more resource intensive files can be created and shared. This
enhanced capacity of computers is one of the enablers for BIM
technology. The current trend in IT infrastructure, with the
latest innovation of fibe optic cables, gives rise to the possibil-
ity of sharing even larger data files among users all over the
world. BIM is heavily reliant on this infrastructure, since BIM
files are large and need to be accessible at all times. Thus, the
internet, IT infrastructure, and enhanced capacity of comput-
ers have all served as enablers of the creation of large graphical
models with huge databases embedded in the models.

The current development of IT systems can lead to a
new organisational architecture and new ways of doing busi-
ness and delivering services. In the built asset management
sector, BIM can enhance the facility management for civil
construction. Harris described that, with the need to deliver
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services differently, the civil construction sector needs to
restructure the organisation and engage in dialogue within
the organisation and between organisations [21].This contact
and “opening up” of communication channels and developing
cooperative arrangements in itself can lead to further syner-
gies in terms of more information sharing, collaboration, and
examining new ways to effectively deliver services [21].

The widespread adoption of BIM for civil engineering
could possibly be the catalyst to speed up this process, as BIM
requires the development of new communication channels
and cooperative agreements. The OECD sets out its case
for IT in terms of efficiency gains (savings in data collec-
tion, information provision, communications with clients
and transaction costs) and service improvements (improved
customer focus for service delivery and increased accessibility
to services) [22].

Enhanced capability is not enough however. There need
to be specific protocols which enable the sharing of informa-
tion between firms and software packages. This is discussed
next.

4.1.2. BuildingSMART (International Alliance for Interoper-
ability). Interoperability can be described as “the sharing
and exchanging of information via integrated technological
solutions, no matter what project phase, discipline or partic-
ipant role in the built asset life cycle” [23]. Although BIM
may be considered as an independent concept, in practice,
the business benefits of BIM are dependent on the shared
utilisation and value-added creation of integratedmodel data
acrossmultiple firms. To accessmodel data therefore requires
an information protocol, and although several vendors have
their own proprietary database formats, the only open global
standard is that published by buildingSMART called the
Industry Foundation Classes (IFC).

There are several reasons for the buildingSMART to
create a global standard for the built asset sector. One of those
is the huge added cost of coordination errors. “Effectively, the
historic inefficiencies of the built asset process have driven the
industry to look at a new approach to the built asset process.
According to the Construction Users Roundtable member
companies in the US, it is generally accepted that as much
as 30% of the cost of construction is wasted in the field due to
coordination errors, wasted materials, labour inefficiencies,
and other problems” [24, 25].

In addition to that, in 2004, the National Institute of
Standards and Technology (NIST) conducted a study on
the cost of inadequate interoperability in the United States’
Capital Facilities Industry. The NIST study involved “design,
engineering, facilities management, business processes soft-
ware systems, and redundant paper records management
across all facility life cycle phases. It estimated the cost of
inadequate interoperability to be roughly $15.8 billion per
year, and of these costs, two-thirds are borne by owners and
operators” [26].

In order to address this waste of resources, money and
time, the IAI ismost responsible for promoting interoperabil-
ity to civil engineering. BuildingSMART is a global, industry-
based consortium for civil engineering. It was formed in

1994 and their mission is “to enable interoperability among
industry processes of all different professional domains in
civil engineering projects by allowing the computer applica-
tions used by all project participants to share and exchange
project information” [27]. Originally, buildingSMART’smain
objective was to “define, publish and promote specifications
for IFC as a basis for project information sharing in the
built asset industry” [28]. BuildingSMART currently has
more than 400 members in 24 countries and is the leading
interoperability organization [5].

The integration and interoperability of the hundreds of
software applications supporting the design and construction
of the built environment have been providing one of themost
challenging environments for the application of information
and communication technologies [29]. BuildingSMART’s
stimulus in developing the IFC protocol was the recognition
that the greatest problem in the construction industry today is
themanagement of information about the built environment.
Although every other business sector has embraced IT
and adopted industry-specific standards, the construction
industry worldwide has stuck to its trade-based roots and
dependence on drawings, with a continuing record of poor
quality, low investment value, and poor financial rewards [9].

The Industry Foundation Classes (IFC) are a set of rules
and protocols that describe and store built asset information.
According to Batcheler and Howell [30], the “effort to define
a single built asset model as one authoritative semantic
definition of built asset elements, their properties and inter-
relationships” has been largely successful. Bazjanac [31]
describes IFC as “the first open object oriented comprehen-
sive datamodel of built asset that provides rules and protocols
for definitions that span the entire life of a built asset.” IFC
are also the only such model that is an international standard
(ISO/PAS 16739). Presently, IFC are the only nonproprietary
intelligent, comprehensive, and universal data model of built
assets [31].

The creation and existence of these Industry Founda-
tion Classes and the increasingly widespread use of them
throughout the industry enable the implementation of BIM
in the built asset sector. When all the sectors of the built
asset industry are using IFCs as the standard protocol, the
sharing of data, as required by BIM, is increasingly easier and
barriers due to incompatibility of standards and protocols are
reduced.

Capability of software and hardware to undertake a spe-
cific task, to a certain level of performance, is important. The
demand for hardware and software that can perform these
tasks is what will ensure that there is continued investment in
the hardware and software which make this possible. Some
government organisations have mandated the use of IFCs,
such as Finland and the United States of America.

4.1.3. Increasing Worldwide Support for BIM. There is an
increasing worldwide support for BIM. According to a 2006
survey conducted by the American Institute of Architects
(AIA), 16% of AIA member-owned architecture firms have
acquired BIM software, and 64% of these firms are using BIM
for billable work [1]. The same survey found that “35% of
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the AIA member-owned firms with an international scope
of practice have acquired BIM software, which may be at
least partially due to the fact that firms with an international
scope tend to be large in terms of staff and billings and
may also be working on large projects. But BIM may also
simplify overseas projects, as it allows for easy transmission
of detailed information quickly over long distances” [1]. As
more and more companies start using BIM as the built asset
designing and modeling standard, other companies will be
forced to follow, to keep a competitive advantage, and to
remain interesting as partners for larger firms that require
their subcontractors to use BIM as well.

Pragmatically, the number of firms using BIM is quite low,
and this may have to do with the adoption cycle of any new
technology. Moore [32] provides a useful insight into this by
arguing that there is a gap between the early adopters of a new
technology and the adoption by the majority of the field. It is
in this gap that many innovations fail or falter. Another way
of viewing this adoption gap is what Kiviniemi et al. [33, page
56] call the basic dilemma of BIM, which can be described
as a paradoxical loop. There is not enough market demand
for integrated BIM, because there is not enough measured
evidence of benefits of the integrated BIM, because there
are no adequate software tools to use integrated BIM in real
projects [33].

Some pressure is needed to pull a technology from the
promising early start to wide spread adoption by the majority
of professionals. Enhancing client demand for the benefits
provided by BIM is one catalyst for the adoption of the
technology by most of the civil engineering industry. For
this to occur, major clients of the civil construction industry
would need to be convinced of the benefits of BIM and
ensured that all risks had been satisfactorily addressed.

4.1.4. Summary of Enablers of BIM. In summary, BIM as
a suite of technologies has been enabled by the significant
improvements in IT infrastructure, the capabilities of com-
puter hardware and software, the increasing adoption of BIM,
and the development of IFC which facilitate the sharing of
information between firms.

In current practice, BIM is a hybrid, with several differing
approaches being used. Each approach seeks to tighten
integration, but the single universal model and perfect inter-
operability are still aspirations, not achievements [5]. It is
likely that the full capability of BIM will not be able to be
demonstrated until these barriers and implementations are
clearly understood and addressed.

The civil construction industry, for its part, can enable
the adoption of BIM through the use of BIM in various
demonstrator projects and supporting the development and
adoption of interoperability standards which are necessary
precursors to the wider spread utilisation of the technology.

4.2. Promise of BIM. Using a BIM model has a number of
advantages over traditional 2D approaches to design and
construction. BIM models can enable collaboration between
different professionals involved in the design and construc-
tion phase of the built asset and can manage changes to the

built asset design so that a change to any part of the built
asset model is coordinated in all other parts of the model and
underlying database, together with the capability of capturing
and preserving information for reuse by additional industry-
specific applications [5, 34–36]. BIM models can also offer a
wealth of information that is generated automatically as the
model is created. In turn, this information can be used for cost
estimating, project planning and control, and eventually for
management of the operation and maintenance of the built
asset [37].The following benefits of BIM have been identified
from the literature, which are explored in detail below:

(i) increased utility and speed,
(ii) enhanced collaborations,
(iii) better data quality,
(iv) visualisation of data,
(v) enhanced fault finding.

If properly implemented, BIM has clearly some advantages
and benefits for civil engineering. However, these advantages
are not without some challenges. The technology and busi-
ness process, upon which BIM is based, does have some
disadvantages. Additionally, there are some barriers to be
overcome before the full potential of BIM is realised for civil
engineering. Just as with benefits and enablers, government
policy has a role in the mitigation of the barriers and
disadvantages of BIM implementation.

It is important to note that while BIM is applicable to all
stages of construction, Hartman and Fischer [3] note that no
single project to date has used BIM in every single phase of
construction. Consequently, one of the main hurdles which
needs to be overcome is the integration of BIM across all
construction phases and by the different participants in a
construction project [3, page 3].

Not all benefits are achieved in all phases of the built asset
life cycle. Although all benefits are applicable for the design
and construction phase, themaintenance anddecommission-
ing phase benefit most from the increased speed and utility,
better data quality and the visualisation of the data. InTable 4,
these benefits have been summarized.

Having reviewed the benefits of BIM across the project
life cycle, it is appropriate to note some of the factors which
are enabling the growth and uptake of the technology.

While some governments have mandated the adoption of
BIM, this has been following extensive use of pilot studies
which have trialled a number of BIM applications in a num-
ber of settings (e.g., GSA in the USA [38]). Demonstration
projects are likely to be necessary prior to the use of other
policy instruments such as education, regulation, and policy.

4.3. Problems with BIM. Just as there are a number of
advantages to the use of BIM in civil engineering, there are
a number of challenges. Those discussed here are the single
model, interoperability, added work for the designer, and the
sheer size and complexity of BIM:

(i) a single detailed model,
(ii) interoperability,
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Table 4: The benefits of using business information modelling.

Benefit Result
Increased utility and speed
(in all phases) Information is more easily shared, can be value-added, and reused

Enhanced collaborations
(mainly in the design and
construction phase)

Across discipline and organisation, built asset proposals can be rigorously analysed, simulations
can be performed quickly, and performance benchmarked, enabling improved and innovative
solutions

Better data quality (in all
phases)

Documentation output is flexible and exploits automation. Requirements, design, construction,
and operational information can be used in FM resulting in better management of assets

Visualisation of data
(mainly in the design and
construction phase)

The added value of 3D visualization leaves little room for misinterpretation by all parties involved,
and it helps to realign their expectations

Enhanced fault finding (in
all phases)

BIM greatly reduces conflict issues by integrating all the key systems into the model. Designing
BIM systems can detect internal conflicts, and model viewing systems can detect and highlight
conflicts between the models and other information imported into the viewer

The key advantage of BIM is its accurate geometrical representation of all the parts of a built asset capturing all necessary and relevant data of every part in an
integrated environment.

(iii) added work for the designer,
(iv) the size and complexity of BIM,
(v) Trade Practices implications.

These disadvantages are mostly identified in the design
and construction phase of the built asset life cycle. These
disadvantages mainly have to do with the differences in
which architects and engineers work. Although all benefits
are applicable for the design and construction phase, the
maintenance and decommissioning phase benefitsmost from
the increased speed and utility, better data quality, and the
visualisation of the data. In Table 5, these benefits have been
summarized.

In the very traditional profession of civil engineering, new
technologies are not easily introduced. In general, when anew
technology is introduced, there is a certain period of time
in which the claims about the potential of the technology
need to be examined, tested, and verified. Particularly, the
AEC/FM industry is known for the very long adoption
periods of promising technologies, despite the highly mobile
workforce that must collaborate with a range of on- and
off-site personnel and make use of the large volumes of
information [37]. Even while new standards are being, and
have been, developed (IFCs), the adoption of these standards
has been slow. Due to this slow speed of adoption, it is very
difficult to demonstrate the benefits of these standards [25].

The first barrier is addressing the legal issues involved
with BIM and the interorganisational way of operating, using
one single complex project file. In relation to BIM, the legal
concerns identified to date include risk allocation, standard of
care, privacy and third party reliance, economic loss doctrine,
who is the designer, and intellectual property [5].

These concerns are grouped together and in this section
the IP, liability and risk, and contractual issues are treated.

The foregoing section has dealt with several barriers of
implementation for BIM. To give a short overview of all the
barriers, Table 6 gives a summary of these barriers.

Not only the technical limitations of BIM have been
identified but also have the legal, social, and financial barriers

that can prevent a successful implementation of BIM. For
the further development of BIM, new business models will
have to be designed that assist the integration of BIM as
a project delivery method, rather than the old methods
where it is attempted to integrate these new technologies into
conventional practices [5]. “This rethinking must necessarily
include a disavowal of the build it and they will use it’
mentality that infiltratesmuch ofweb-enabled thinking” [39].
Given the potential of BIM as a set of technologies, it is
certainly time to address the numerous financial, intellectual,
legal, and organisational issues which currently inhibit the
widespread adoption of BIM. As has been outlined above, it is
likely that a range of policy instruments would be required to
address all of these concerns policy and regulation, financial
support allowances and incentives, education, and the trialing
of the technology in numerous settings.

4.4. Longer Term Potential of BIM

4.4.1. The Utility of BIM in the Design Phase. Historically,
designing a built asset involved drawing a two-dimensional
(2D) image of the built asset on paper andmaking hard copies
for other participants to use in the next phase construction.
In the early 1980s, architects started using CAD, or computer-
aided design, which allowed designs to be created on a
computer in a 2D format and copied more easily. In the
evolution from paper-based drafting to 2D CAD, the rela-
tionship between designers and contractors remained stable,
with little change noted in procedures [34–36].The reason for
this is that while CAD improved processes for architects as
they designed built assets, the end product—a 2D drawing—
was effectively the same. CAD systems produced marginal
benefits for many organisations over conventional drawing
methods. This was because the electronic design invariably
became committed to a hard-copy version at numerous
stages.The electronic version was dispensed with and at each
stage the drawing had to be recreated from scratch [40].

While CAD enabled drawings to be created on a com-
puter, in the end, the drawings were converted to 2D hard
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Table 5: The disadvantages of built asset information modelling.

Disadvantages of BIM Description
A single detailed
model BIM does not allow alternative design options or the managing of “what if ” scenarios.

Interoperability One software standard needed. Often firms have their own software; for BIM, every firm needs to change to the
same software standard throughout the entire built asset process.

Added work for the
designer

For BIM to work “optima forma”, the designer needs to create the “rich” model. They will be drawing something
that will form the foundations of a complete system analysis. This means a lot more work for the designer.

The size and
complexity of BIM

The large size of BIM will require different means of data sharing, and real time access into the database will
require broadband internet access, together with security of data being worked on.

Trade Practices
implications While some countries have mandated BIM, this is unlikely to occur in Australia, if this restricted trade.

Table 6: The barriers to the implementation of built asset information modelling.

Barriers of implementation Description

Issues concerning IP, liability,
risks, and contracts

As the designer is responsible for the creation of the “rich” model that will be used throughout the
process, this raises issues of who owns the IP, who is liable, what are the risks involved, and how
will new contracts be structured?

Issues concerning the
authenticity of users Using electronic environments for tendering raises authenticity questions because manipulation

of data may be possible, and the authenticity of users needs to be secured.

Costs

For designers, the economic advantages of BIM are less tangible. Yet, it is the designer, not the
owner, that must adopt and invest in the new technology, So unless the designer shares in the
economic benefits, the owner, not the designer, reaps the immediate benefits and the designer
pays the price. Builders and owners benefit significantly from BIM.

Sociotechnical issues Attention needs to be given to the socio-technical issues which arise from implementation of new
technology, which results in new ways of doing business.

Skill issues
Access to BIM may be limited or inhibited by users either not having the capability or the “know
how” in terms of connecting to the system. Obtaining sufficient level of knowledge and expertise
that is required for BIM may be difficult and prohibitively expensive.

copy and handed over to the contractor. So up until the
early 1990s, innovations driven by ICT only affected the
design stage of the construction process. The remainder of
the construction process remained relatively unchanged.

The introduction of Object Oriented CAD (OOCAD)
systems in the early 1990s involved the replacement of 2D
symbols in CAD drawings with built asset elements (objects)
which were capable of representing the behavior of common
built asset elements.The key improvement of this technology
was that these built asset elements could have nongraphic
attributes assigned to them and associations between the
various elements of a built asset to bemade [30]. Additionally,
this new 3D computer technology enabled designers to better
visualise a built asset, by being able to rotate the built
asset and view it from multiple angles. The third parallel
development in the 1990s was the increasing use of internet
for digital data sharing [41, 42]. This increased use of object
oriented modeling in the design phase and the capabil-
ity of the Internet to enable information sharing between
geographically and temporally distant firms resulted in the
emergence of BIM as a set of technologies. In line with the
increasing computer hardware and software capability, most
CAD vendors have launched more powerful object-based
CAD software in recent years. These software programs are
now commonly known as Building Information Modeling,

(BIM), Virtual Building, Parametric Modeling or Model-
Based Design [43].

The latest developments in BIM technology mean that all
of the 3D building objects created in the design phase can
coexist in a single “project database,” or “virtual building”, that
captures everything known about the building. A building
informationmodel (in theory) provides a single, logical, con-
sistent source for all information associatedwith the building.
Instead of representing a wall two-dimensionally with two
parallel lines, the wall object has properties that describe
geometrical dimensions such as length, width and height
as well as materials, finishes, specifications, manufacturer,
and price which are also included. Doors, windows, slabs,
structural members, and stairs can be objectified in the same
way [44].

Additionally, the location of an object within a built asset
can be pinpointed using unique geospatial referencing [45]
which can be incorporated into the model. An example of
these relations is the following strain of links from an object:
“A duct, having an asset code of BSE-DU694 is installed on
building storey Level 3 of the building namedBlock B situated
on a land parcel with Lot No 1222546” [45].

In BIM, the model comprises individual built assets, sites
or geographic information system (i.e., precise geometric
coordinates coupled with accurate geometry and represented
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visually), with attributes that define their detailed description
and relationships, that specify the nature of the context with
other objects. Because all components within a BIM are
objectified and have properties and relationships attached to
them, BIM is called a “rich” model. In this way, BIM offers
a variety of information that is generated automatically as
the design model is created. In turn, this information can
be used for cost estimating, project planning and control,
and sustainability (such as Life Cycle Analysis and Life Cycle
Costing) and eventually formanagement of the operation and
maintenance of the built asset [37].

For government, BIM offers a digital modeling technol-
ogy that offers the potential to integrate design, engineering,
and construction maintenance and decommissioning infor-
mation about a built asset project into a single “rich” model.
Further, BIM technology enables the use of 3D drawings to
bemoved beyond the design phase and into the construction,
maintenance, and decommissioning phases of the built asset
although few projects have been able to demonstrate this level
of functionality to date.

4.4.2.TheUtility of BIM in the Construction Phase. Theappli-
cation of BIM to the construction phase is possible because
the underlying data of the BIM contains rich data concerning
not just individual elements of the model but also the rela-
tionships between these elements. Cyon Research [46] pro-
vides an example: “although a door has an independent exis-
tence, it will move with a wall in which it has been inserted.”
(Design professionalswill recognise that the concept of “para-
metric integrity” is being discussed here.) For designers and
builders, thismeans that amendments to building designs can
bemade rapidly, easily, and accurately as all of the related ele-
ments of a particular drawing are adjusted at the same time.

While the models created in BIM software are detailed
3D representations of built assets, they are more than that.
Although BIM can create 3D visualization, the model is not
constructed from simple graphical elements. Instead, it is
generated from a relational database containing information
regarding the elements of a structure and their relationships
[5]. Built asset elements can contain many nongeometric
attributes, fire resistance, for example, or manufacturer’s
name and model number. This makes for a realistic model:
one whose every aspect is linked to every other aspect to
reflect reality. A change made to any “view” of the model,
whether graphical or textual, is immediately reflected in every
other view [46].

The elements of a built asset in a BIM model can include
data concerning their composition, cost, manufacturer, rela-
tionship to other elements, and related properties such as
dimensions, weight, fire resistance, or combustibility. Such
information becomes very useful for estimating costs and
bills of quantity and so forth.

An extra addition to this 3D parametric modeling is that
it is also the basis for the possibility to apply 4D simulations.
4D is industry code for the addition of the element of time to a
built asset model. A 4D simulation program is a software tool
that automatically prepares construction schedules together
to show a 3D simulation of the construction progress over

time—which is where the idea of 4D originates. The process
of assigning time to each of the elements of a 3D built asset
model greatly reduces the chance of human errors in the con-
struction process. Also the visualisation of the construction
process enhances the understanding of the process involved,
so that any issues can be identified by nontechnical people,
and the visualisation may highlight constraints that had not
been previously identified or made explicit [47]. A 4D BIM
can greatly enhance traditional project management software
as the specific visual representation of construction elements
is linked to specific points in time. A client and builder can see
a visual representation of the state of the finalised building at
any given point of time.

An example of this was given in the construction of a
hospital, where the 4D model was shown to the clients (who
worked for a large hospital) prior to construction [48]. The
4D model showed all the stages of the construction process,
including the equipment needed to construct the built asset.
When viewing the construction process, the gantries and
large cranes planned to erect the buildingwere also displayed.
The hospital staff quickly pointed out that this equipment
blocked the primary flight path of emergency helicopters to
the helipad essential to the rest of the hospital; therefore, such
equipment could not be used. This had obvious implications
for the construction planning process, and considerable effort
was required in order to resolve this issue. However, it was
resolved prior to commencement of construction, thereby
demonstrating the utility of BIM for not just the planning
phase but also the construction phase.

Williams [49] provides a useful overview of how BIM has
been used in the construction of a variety of transport infras-
tructure including bridges, viaducts, and railway tunnels. 4D
BIM is used in these applications to not only demonstrate
the construction of the infrastructure itself but also to show
how traffic could keep flowing, although rerouted, at different
stages of a subway construction, how a section of a viaduct
could be demolished and rebuilt in only 3 days, and what
various construction options would look like if implemented.
Examples of this are above ground versus underground
highways, the impact this would have on a city’s foreshore,
and what the construction of a high rise building would look
like at different times of the year.

There are also advantages for subcontractors involved
in the construction phase as the detailed designs facil-
itate computer-controlled manufacturing, automated esti-
mated/quoting, and accurate off-site manufacture resulting
in improved coordination, reduced time, and less waste.

For government, BIM provides a way to better engage
with clients in the design phase but can also result in
significant productivity improvements in the delivery of the
built asset. The ability to provide detailed model, which
contains detailed specification of a built asset in one place,
enables the rapid identification of errors and collaboration
between various design professionals. The functionality goes
beyond the specifics of the built asset itself and has also been
applied to the access, egress, traffic, equipment, and other
elements essential to the effective running of the project.

Just as the introduction of BIM in the design phase
has indirect advantages for the government, so does the
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introduction of BIM in the construction phase. BIM allows
for better cost estimates of the project. As every phase
of the construction is modeled, unforeseen costs can be
eliminated in the planning phase, instead of “fire fighting”
behavior during the project, which in general costs more
time and money than estimated. In addition, it also leads
to a better service quality delivery, increased consultation,
reduced disputes, and reduced lead time. These advantages
of BIM to the government will be discussed in detail later.

4.4.3.TheUtility of BIM in theOperations/Maintenance Phase.
BIM also has applicability to the maintenance phase of built
assets. Since all the specifications for a built asset, down to
an individual component level, are recorded, BIM provides a
repository of detailed information about the built asset and its
components that can be used after the completion of the built
asset for Facility Management (FM). The FM has easy and
quick access to important information during the mainte-
nance phase and moreover can update this information over
time, which can result in bettermanagement of the asset.This
framework also means that the owner of the built asset can
easily change from one facility manager to another, as only
one single BIM file needs to be exchanged [50, 51].

Facilities Management is “a business practice that opti-
mises people, process, assets, and the work environment to
support delivery of the organisation’s business objectives”
[52]. If maintained properly during construction, BIM can
become a tool that can be used by the owner to manage
and operate the structure or facility [5]. According to the
CRC Construction Innovation [9], facilities management is
one ofAustralia’s fastest growing industrieswhich contributes
significantly to the economy and employs a great number
of people. Recent statistics on the FM industry support this
contention. The combined direct and indirect contribution
of the FM industry in 2002/2003 was AUS $12.2 billion of
value added, AUS $12.4 billion in GDP terms, and (full time
equivalent) employment of 172,000 persons. The combined
contributions represented 1.8%, 1.65%, and 2.1% share of the
corresponding Australian GDP and employment totals [13].

The addition of BIM in the maintenance phase has
particular utility for governments in the maintenance of a
built asset. As BIM can contain all of the data concerning
the components of a built asset, the condition of these com-
ponents can also be entered and audited. Given the typical
longevity of government built assets and the current regime of
contracting-out asset management to private firms, any given
asset may have multiple firms contracted to maintain them.
This presents a challenge for effective asset management, as
the change of firms often results in loss of local knowledge
about the built asset itself. BIM provides a tool which can
retain records of all the updated data of the built asset.
Additionally, if a particular building element was to fail, then
the constructor or supplier of that particular asset could be
readily identified and contacted to provide a replacement
element.

As there is one knowledge base for a built asset, multiple
firms can be used to manage the built asset, as every facility
manager would update the BIMwith additional information.

Such a database would also provide a basis for auditing
the performance of the facilities manager as well as the
performance of the built asset itself. Additionally, switching
from one facility manager to another is simplified, as the
BIM contains all the needed information for a new facility
manager. Thus, BIM has the potential to reduce oppor-
tunistic behaviour from the facility manager and creates
incentives for the facility manager to perform as best as
possible.

For government, there would appear to be great benefit in
using BIM models for FM applications, as BIM can be used
to integrate “a digital description of a built asset with all the
elements that contribute to its ongoing function such as air
conditioning, maintenance, cleaning, or refurbishment and
describe the relationship between each element” [47]. The
Sydney Opera House FM Exemplar Project is an example
of BIM used as a facilities maintenance tool [13, 47, 53].
There are advantages to a computer model which can be
handed on from one contractor to another in contracting-
out regimes, the primary advantage being continuity of
available information from one FM contractor to the next,
thus enhancing the stewardship of such assets in contracting-
out regimes.

4.4.4. The Utility of BIM in the Decommissioning Phase. At
the end of the built asset life, when it is decommissioned,
BIM is useful in supplying the information of the built
asset construction, materials, and the whole life history.
From the BIM, information about hazardous materials or
elements used in the built asset or in repair work can be
identified, and these can be extracted and stored as deemed
appropriate. This readily available data will increase the
speed at which the built asset can be decommissioned and
will also increase the safety of the decommissioning. As
some built asset products are only deemed hazardous many
years after construction (e.g., Asbestos), having a detailed
database available of the built asset and the composition of
its components greatly assists in the management of risk.
Also, BIM increases the overall sustainability of the built
asset as it allows the identification of dangerous materials
that require special handling and valuable materials that
can be reused. It also can assist possible future needs for
dismantling built assets and reusing the entire built asset or
components of a built asset, instead of simply demolishing
the built asset.

For government, having a detailed model of a building
ready that contains the composition of all elements of the
structure, enables the identification of (potentially) haz-
ardous materials like lead and asbestos. Some construction
materials are recognised as being hazardous long after their
incorporation into the built asset. Just like the evolution of
asbestos from a renowned built asset material to a dangerous
substance, currently used materials can in the future be
classified as dangerous. The availability of a BIM can help in
identifying where and how often these materials were used.
Additionally, some components of a built asset could still hold
considerable value, such as copper, and could be reused in an
economically viable manner.
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5. Addressing the Challenges

The challenges as set out in the previous section need to
be addressed when BIM is desired to be implemented.
Addressing these points will increase its strength and output.
In this section some suggestions tomitigate the disadvantages
are discussed.

5.1. A Single Detailed Model. Even though BIM is a single
detailed model, this should not limit the possibilities of
experimenting with different versions in the design phase.
In this phase, if desired, two or more initial models could
be initiated, giving the designer room to experiment with
alternative design schemes. This is assumed to take up a lot
of storage space, but as the design progresses, in time only
one design will remain. Together with the latest advances in
IT technology, which allows for increasing storage capacity
this disadvantage could become less challenging.

5.2. Interoperability. As it is vital for the success of BIM that
all participating parties of the project use the same programs,
the same versions of programs, and IFC standards, this will
have to be accomplished before starting the project. In the
initiation stage, all participantswill have to agree on switching
to the new standard if they are not using these yet. Another
option would be only entering arrangements with partners
that comply with the requirements beforehand. In this way
interoperability challenges are addressed, as incompatibilities
leading to delays can be avoided. For example, the UK
government will require fully collaborative 3D BIM as a
minimum, by 2016 [2].

5.3. Added Work for the Designer. Certain incentives for
the designers and architects of the model will have to be
integrated in the contracting process, as the initial creators of
the model, the designers, and architects have a big influence
on the future development of the model. The initial design
stage therefore carries extra responsibilities, liabilities, and
work. Straightforward rewards of money can be offered to
the designer to compensate them for the work, or certain
arrangements like royalties for artists could be incorporated
when the underlying data of the model is used again.
However, these are just suggestions and have as such not yet
been researched whether this is possible or legally achievable.
It is however clear that the job description of the architect
changes in BIM processes. Some of the issues which need
to be resolved for this to happen, particularly IP, are to be
discussed in more detail.

5.4. The Size and Complexity of BIM. As addressed earlier,
developments in internet and computer technology have
greatly enabled the possibilities of larger and more complex
technological projects. In general, just the storage of the
model should not create the largest of problems as storage
space becomes increasingly cheaper. The larger difficulties
will arise in creating real-time access and sharing of the
database; ubiquitous high speed broadband internet is essen-
tial, together with ways of ensuring the data is secure, stable,

and accessible. The key here is generating and/or accessing
the right data for the right purpose, rather than accessing all
the data.

6. Conclusions and Recommendations

This paper outlines the current potential of BIM to enhance
the productivity of civil engineering.The promise and advan-
tages of an integrated information and database sharing
model across the entire life span of a built asset have been
identified, together with the current barriers to implementing
such models on a large scale. Of special interest to the indus-
try are the potential cost savings BIM promises to deliver—
particularly through improved efficiencies and effectiveness
through enhanced collaboration at all stages of the con-
struction cycle. Recent advances in IT (both hardware and
software) have enabled advanced knowledge management,
which in turn facilitates sustainability and improved asset
management in the civil construction industry.

Many of the tools and technology that have been dis-
cussed in this paper are embedded in daily work practices
of civil engineers already. The main challenges are not
the interconnection of software tools anymore, but rather
establishing processes and best practices, overcoming the
barriers, and managing the social element of sociotechnical
systems. [54] said that research indicates that one of the last
available “mechanisms” left for organisations to improve their
competitive position is by considering its people (culture)
along with its technology [54]. In other words it is not the
technology itself that we should be focusing on anymore,
but the process of interaction between architects, engineers,
constructors, and government.

Such interactions have implications for the types of
procurement arrangements whichwould facilitate such inter-
actions, together with the contractual, legal, financial, and
technological frameworks needed to support the implemen-
tation of BIM and the amelioration of some of the difficulties
associated with implementing BIM. However, it was already
noted byWilliams andDobson [55] that changing the culture
of an organisation and itsmembers takes time.That is because
it is a slow process for people in existing or newly established
“social systems” to develop a new set of common held beliefs,
attitudes, and values [55]. What this means for BIM is that
changing current ways of working will not make BIM an
instant success but is a pathway to future success. Many firms
adopt ICT tools and systems for profit-motivated reasons and
often fail due to underestimating the social implications of the
change brought by the innovation. Successful ICT adoption
depends on the “politics of technology” in its management in
the organisation [54].

BIM does have significant potential for civil engineering.
The government, as a significant client of construction, has
been called upon to be an early adopter of the technology [33]
and in cases like theUK [2] and theUSA [38], they have taken
that role. Pilots in various countries have demonstrated sig-
nificant time, costs savings, and quality enhancements.There
are however significant barriers and costs which need to be
addressed in order for these benefits to be realised on a broad
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scale, as discussed here. It is therefore recommended that
several civil engineering industries maintain undertaking
small and some larger projects, in order to assess the benefits
of the technology and to work through the numerous issues
raised in this paper. Additionally, these projects could be
conducted in different jurisdictions and for different clients,
as such variables are likely to provide valuable lessons which
have purchase in wider contexts.

Given the barriers identified above, a further review of the
interorganisational, legal, public policy, and financial issues
inhibiting the implementation of BIM is advised.

Digital construction is coming, and the implementation
of BIM is very likely to become reality, maybe very quickly
or maybe at a more leisurely pace. What the civil engineering
industry should do is tomake sure that it is leading the world,
and continue to invest in digital capabilities to continuously
improve efficiencies and effectiveness through enhanced
collaboration at all stages of the construction cycle.

Conflict of Interests

The authors declare that there is no conflict of interests
regarding the publication of this paper.

Acknowledgment

Funding for this project from the Cooperative Research Cen-
tre for Construction Innovation is gratefully acknowledged.

References

[1] J. Riskus, “Which Architecture Firms Are Using BIM? Why?”
AIA, 2007.

[2] R. Waterhouse, National BIM Report 2013, RIBA Enterprises
Ltd., London, UK, 2013.

[3] T. Hartman and M. Fischer, “Applications of BIM and Hur-
dles for Widespread Adoption of BIM—2007 AISC-ACCL
eConstruction Roundtable Event Report,” CIFEWorking Paper
WP105, Stanford University, Stanford, Calif, USA, 2008.

[4] H. E. Goldberg, “State of the AEC industry: BIM implemen-
tation slow, but inevitable,” Cadalyst, vol. 22, no. 5, pp. 44–45,
2005.

[5] H. W. Ashcraft, “Building information modeling: electronic
collaboration in conflict with traditional project delivery,”
Construction Litigation Reporter, vol. 27, no. 7-8, 2006.

[6] R. E. Stake, “Case studies,” in Strategies of Qualitative Enquiry,
N. Denzin and Y. S. Lincoln, Eds., pp. 134–164, Sage, Thousand
Oaks, Calif, USA, 2003.

[7] M. Miles and M. Huberman, Qualitative Data Analysis: An
Expanded Sourcebook, Sage, Beverly Hills, Calif, USA, 1984.

[8] M. Q. Patton, Qualitative Research and Evaluation Methods,
Sage, Thousand Oaks, Calif, USA, 3rd edition, 2002.

[9] CRC for Construction Innovation, “Adopting BIM for Facilities
Management: Solutions for managing the Sydney Operah
House,” 2007, http://www.construction-innovation.info/.

[10] K. K. Fallon and M. E. Palmer, “General Buildings Information
Handover Guide: Principles, Methodology and Case Studies,”
2007, http://www.wbdg.org/pdfs/nistir 7417.pdf.

[11] USGSA, “GSABuilding informationmodeling guise series 01—
overview,” The National 3D-4D-BIM Program, Office of the
Chief Architect, Washington, DC, USA, 2007.

[12] USACE, “ERDC TR-06-10, The US Army Corps of Engineers
Roadmap for Life-Cycle BIM,” USACE,Washington, DC, USA,
2006.

[13] S. Ballesty, “Facilities Management Action Agenda: The Aus-
tralian Government and Industry Working Together for
Improvement,” Cooperative Research Center (CRC) for Con-
struction Innovation, 2006.

[14] W. Brodt and E. W. East, “BuildingSMART with COBIE: the
construction operations building information exchange,” 2006.

[15] C. Matta and C. Kam, “The GSA’s BIM Pilot Program,”The AIA
TAP Knowledge Community First Annual BIM Awards Com-
petition, 2005, http://www.aia.org/SiteObjects/files/gsa.pdf.

[16] BRAC, “Defense Base Closure and Realignment Commission
Report,” U.S. Air Force Fact Sheet, 2005.

[17] J. Burgess and C. W. Furneaux, “Streamlining Local Govern-
ment: Evaluating an eGovernment Initiative in South East
Queensland,” Report 5—CIBE Research Project. P. K. Brown.
Brisbane, Australia, 2007.

[18] M. Christopher, “Opening other windows: a political economy
of “openness” in a global information society,” Review of
International Studies, vol. 34, supplement 1, pp. 69–92, 2008.

[19] G. R. G. Larke, “Has the internet increased exports for firms
from low and middle-income countries?” Information Eco-
nomics and Policy, vol. 20, no. 1, pp. 16–37, 2008.

[20] K. Brodlie, D. Fairbairn, Z. Kemp, andM. Schroeder, “Connect-
ing people, data and resources—distributed geovisualization,”
in Exploring Geovisualisation, J. Dykes, A. M. MacEachren, and
M.-J. Kraak, Eds., pp. 425–443, Elsevier, London, UK, 2005.

[21] L. Harris and N. Cornelius, “Organizational considerations for
e-Business,” in E-Business Fundamentals, P. Jackson, L. Harris,
and P. M. Eckersley, Eds., pp. 67–100, Routledge, New York, NY,
USA, 2003.

[22] OECD,OECD e-Government Studies: The e-Government Imper-
ative, OECD Publishing, Paris, France, 2003.

[23] AIA, “Standard Formof Agreement BetweenOwner andArchi-
tect with Standard Form of Architect’s Services,” Document
B141, American Institute of Architects, Washington, DC, USA,
1997.

[24] AGC, “the AGC Contractors’ Guide to BIM,” 2006, http://store
.agc.org/ePubs/ePubs/2928EB.

[25] CURT, “Collaboration, Integrated Information and the Project
Life Cycle in Building Design, Construction and Operation,”
(WP-1202). Construction Users Roundtable (CURT), August
2004.

[26] M. Gallaher and A. C. O’Conner, “Cost Analysis of Inadequate
Interoperability in the U.S. Capital Facilities Industry,” NIST
GCR 04-867, National Institute of Standards and Technology,
2004.

[27] T. M. Froese and K. Q. Yu, “Industry foundation class modeling
for estimating and scheduling,” Durability of Building Materials
and Components, vol. 8, no. 4, pp. 2825–2835, 1999.

[28] V. Bazjanac, “Early lessons from deployment of IFC compatible
software,” USA, 2002.

[29] Z. Turk, M. Dolenc, J. Nabrzyski et al., “Towards engineering
on the grid,” in Proceedings of the 5th European Conference on
Product and Process Modelling in the Building and Construction
Industry (ECPPM ’04), A.A. Balkema: Taylor & Francis Group,
Istanbul, Turkey, September 2004.



14 The Scientific World Journal

[30] B. Batcheler and I. Howell, “The Purpose Driven Exchange of
Project Information,” Design Build DATELINE, 2005.

[31] V. Bazjanac, “Virtual building environments (VBE)—applying
information modeling to buildings,” USA, 2004.

[32] G. A. Moore, Crossing the Chasm, Marketing and Selling High-
Tech Products toMainstreamCustomer, Harper Collins Publish-
ers, New York, NY, USA, 1999.

[33] A. Kiviniemi, V. Tarandi, J. Karlshøj, H. Bell, and O. J. Karud,
“Review of the Development and Implementation of IFC
compatible BIM, Erabuild,” 2008.

[34] S. Emmit and C. Gorse, Construction Communication, Black-
well, 2003.

[35] G. E. Gibson and A. Davis-Blake, “Changes to North American
project delivery systems,” in Proceedings of the Cutting Edge and
ROOTS Conferences, COBRA, 2001.

[36] J. E. Taylor and R. Levitt, “Innovation alignment and project
network dynamics: an integrative model for change,” Project
Management Journal, vol. 38, no. 3, pp. 22–35, 2007.

[37] G. Salazar and H. Mokbel, “The building information model in
the civil and environmental engineering education at WPI,” in
Proceedings of the ASEE New England Section Annual Confer-
ence, New England, UK, 2006.

[38] M. Dakan, “GSA’s BIM Pilot Program shows success,”AEC Tech
News, vol. 2, 2006.

[39] R. M. Davison, C. Wagner, and L. C. K. Ma, “From government
to E-government,” Information Technology & People, vol. 18, no.
3, pp. 280–299, 2005.

[40] E. Finch, “Third-wave Internet in facilities management,” Facil-
ities, vol. 18, no. 5-6, pp. 204–212, 2000.

[41] R. Domikis, J. Douglas, and L. Bisson, “Impacts of data
format variability on environmental visual analysis systems,”
in Proceedings of the 16th Conference on Applied Climatology,
January 2007.

[42] OECD, “OECD Input to the UN working group on internet
governance,” 2005.

[43] T.-C. K. Tse, K.-D. A.Wong, andK.-W. F.Wong, “The utilisation
of Building Information Models in nD modelling: a study of
data interfacing and adoption barriers,” Electronic Journal of
Information Technology in Construction, vol. 10, pp. 85–110,
2005.

[44] M. Ibrahim, R. Krawczyk, andG. Schipporeit, “Two approaches
to BIM: a comparative study,” The Association for Computer
Aided Design in Architecture, 2004.

[45] J. J. Dempsey, “Facility Asset Management Doctrine; A Strategy
for Making Better Decisions at Lower Risk and Costs,” 2006.

[46] Cyon, “TheBuilding InformationModel: A Look at Graphisoft’s
Virtual Building Concept,” Bethesda, Md, USA, A Cyon
Research White Paper, 2003.

[47] CRC for Construction Innovation, “Fact Sheet 2-Building
Information modelling,” Sydney opera House Facilities Man-
agement Project, 2005, http://www.construction-innovation
.info/.

[48] M. Fischer, “Keynote Address: visualisation and information—
4D CAD and Collaboration,” Clients Driving Innovation.
Surfers Paradise, 2004.

[49] M.Williams, “Technological and process innovation at PB—the
effective application of VDC clients driving innovation: bene-
fiting from innovation,” in Proceedings of the 3rd International
Conference of the CRC for Construction Innovation, CRC for
Construction Innovation, Gold Coast, Australia, 2008.

[50] D. Elliman and T. Pridmore, “Comparing active shape models
with active appearance models,” in 10th British Machine Vison
Conference, vol. 1, pp. 173–182, 1999.

[51] NOIE, “Government Online: Online Survey,” 2001, http://
unpan1.un.org/intradoc/groups/public/documents/APCITY/
UNPAN003824.pdf.

[52] FMA, Facility Management Association of Australia, 1998.
[53] P. Akhurst and N. Gillespie, “Sydney Opera House; Facilities

Management Exemplar Project,” Cooperative Research Center
(CRC) for Construction Innovation, 2006.

[54] S. Kajewski, P. Tilley, and J. Crawford, “Improving ICT Integra-
tion in Today’s AEC Industry,” CRC CI website Report 2001-
008-C-09, 2001.

[55] A. Williams and P. Dobson, Changing Culture: New Organi-
sational Approaches, Institute of Personal Management (IPM),
London, UK, 1993.

[56] M. H. Pulaski, “Field Guide for Sustainable Construction,”
Pentagon Renovation and Construction Program Office Safety
Sustainability and Environment IPT and Washington Head-
quarters Services Defense Facilities Directorate, USA, 2004.

[57] M. Kagioglou, A. Lee, R. Cooper, S. Carmichael, and G. Aouad,
“Mapping the production process: a case study,” in Proceedings
IGLC-10, Gramado, Brazil, 2002.

[58] V. Karhu and P. Lahdenpera, “A formalised process model of
current Finnish design and construction practise,” International
Journal of Construction Information Technology, vol. 7, no. 1, pp.
51–71.

[59] V. E. Sandivo, S. Khayyal, M. Guvenis et al., “An integrated
building process model,” Tech. Rep. 1, The Pennsylvania State
University, 1990, Computer integrated construction research
program.

[60] P. H. van Merendonk, D. J. van Dissel, and A. J. M. Beulens,
“Bouw informatie model: versie 3.1,” IOP-Bouw, 1989.



Hindawi Publishing Corporation
The Scientific World Journal
Volume 2013, Article ID 170498, 10 pages
http://dx.doi.org/10.1155/2013/170498

Research Article
Enhancing Knowledge Sharing Management Using BIM
Technology in Construction

Shih-Ping Ho, Hui-Ping Tserng, and Shu-Hui Jan

Department of Civil Engineering, National Taiwan University, Number 1, Setion 4, Taipei 10617, Taiwan

Correspondence should be addressed to Shu-Hui Jan; d94521007@ntu.edu.tw

Received 4 August 2013; Accepted 10 September 2013

Academic Editors: E. W. L. Cheng, N. Ryan, and Y. Hung Chiang

Copyright © 2013 Shih-Ping Ho et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Construction knowledge can be communicated and reused among project managers and jobsite engineers to alleviate problems
on a construction jobsite and reduce the time and cost of solving problems related to constructability. This paper proposes a
new methodology for the sharing of construction knowledge by using Building Information Modeling (BIM) technology. The
main characteristics of BIM include illustrating 3D CAD-based presentations and keeping information in a digital format and
facilitation of easy updating and transfer of information in the BIM environment. Using the BIM technology, project managers and
engineers can gain knowledge related to BIM and obtain feedback provided by jobsite engineers for future reference. This study
addresses the application of knowledge sharingmanagement using BIM technology and proposes a BIM-based Knowledge Sharing
Management (BIMKSM) system for project managers and engineers. The BIMKSM system is then applied in a selected case study
of a construction project in Taiwan to demonstrate the effectiveness of sharing knowledge in the BIM environment. The results
demonstrate that the BIMKSM system can be used as a visual BIM-based knowledge sharing management platform by utilizing
the BIM technology.

1. Introduction

It is vitally important for project managers and jobsite engi-
neers to obtain knowledge about construction and to solve
any problems that may arise. To achieve this knowledge, job-
site engineers can learn from the experience of other jobsite
engineers. Construction experience transfer involves using
knowledge gained during the completion of previous projects
to maximize the achievement of current project objectives
[1]. In order to share knowledge between similar projects,
construction professionals have traditionally used techniques
ranging from annual meetings to face-to-face interviews [1].
In addition to experts’ memory, construction experience can
be recorded in various media, such as documents, databases,
and intranets. Knowledgemanagement (KM) is the collection
of processes controlling the creation, storage, reuse, evalua-
tion, and use of experience-based knowledge in a particular
situation or problem-solving context. In construction, KM
focuses on the acquisition and management of important
experience-based knowledge provided by job engineers.

Regardless of whether a project executed by an architec-
tural firm is successful, valuable knowledge can be gained and
should be documented so that jobsite engineers can identify
what worked and what did not. From the perspective of
KM in construction, these experiences and the knowledge
gained from them are valuable, as they are accumulated
through large investments in manpower, time, and money.
Most jobsite engineers agree that KM in construction projects
is a vital tool construction management. The sharing of
knowledge and feedback provided by jobsite engineers help
to preventmistakes that have beenmade in previous projects.
Drawing on knowledge and experience thus eliminates the
need to solve many problems from scratch.

Most recent construction projects in Taiwan have applied
KMsystems to improve constructionmanagement during the
construction phase. However, most of the shared information
during the construction phase is in the form of text-based
information, with less focus on virtual illustration and shar-
ing. In construction projects, KM may involve many impor-
tant relationships between the presentation and retrieval
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Figure 1: The application of the visual knowledge management in construction.

of knowledge and CAD. Furthermore, when knowledge is
available for sharing, it is not easy for engineers to understand
it directly without 2D or 3D CAD illustrations. Building
Information Modeling (BIM) is the process of generating
and managing data during the building life cycle [2]. BIM
technology has the potential to enable fundamental changes
in project delivery that will support a more integrated,
efficient process [3]. BIM digitally contains precise geometry
and relevant data needed to support the design, procurement,
fabrication, and construction activities used to build 3D
object-oriented CAD [4]. The main characteristics of BIM
include illustrating 3D CAD-based presentations, keeping
information in digital format, and facilitating the easy updat-
ing and transfer of information in a BIM environment.

The primary purpose of the study is to develop a way
for jobsite engineers to effectively acquire, manage, and
reuse knowledge gained from other jobsite engineers and
integrated using the BIM technology within the 3D CAD
environment. The study proposes a novel approach using
BIM-based knowledge models integrated with the BIM
technology to track and manage valuable experience-based
knowledge. The main function of the BIM technology in this
study is the 3D BIM-based illustration of experience-based
knowledge. The proposed BIM-based animated illustration
of knowledge is applied to keep and explain information in
a digital format and to facilitate the updating and transfer
of knowledge in the BIM environment. Using BIM-based
animated illustrations of information, engineers can get an
overview of previous scenarios in selected projects and use
the knowledge gained for future construction work and
understand the setup/process from their own professional
perspective. Project managers and jobsite engineers can track
and access the most recently shared information on relevant
issues during the construction phase. Knowledge of various

issues can be updated quickly andmade available to each par-
ticipant in the visual environment. This study addresses the
application of knowledge sharing management and proposes
a BIM-based Knowledge Sharing Management (BIMKSM)
system for project managers and engineers. The research is
a pilot study that involves applying the BIMKSM system
for knowledge management to a building project in Taiwan
(see Figure 1), in order to analyze and discuss the whole
process of construction knowledge sharing management
and to implement the KM sharing during the construction
phase. The processing and content of construction sharing
experience-based knowledge can be modified according to
a project’s particular characteristics. Finally, the BIMKSM
system is then applied in a selected case study to verify the
effectiveness of sharing knowledge in the BIM environment.

In sum, the purpose of this study is to (1) help jobsite
engineers collect and share knowledge effectively through
the BIMKSM system during the construction phase; (2) help
engineers to refer to and exchange knowledge from the jobsite
engineers using the BIMKSM system during the construction
phase; (3) develop a web-based KM system to improve the
exchange and tracking of knowledge for project managers
and jobsite engineers.

2. Background Research

2.1. Knowledge Management in Construction. Knowledge
management deals with collecting, modeling, storing,
reusing, evaluating, and maintaining knowledge [5–7].
Numerous research efforts have focused on applications
of knowledge management in construction. El-Diraby and
Kashif [8] presented a distributed ontology architectural
design developed by rigorous knowledge acquisition and
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ontology development techniques for KM in the highway
construction industry. Hartmann and Fischer [9] described
how project teams can use 3D/4D models efficiently to
support the communication of knowledge during the
constructability review on construction projects. Ribeiro
[10] analyzed KM effort based on case studies and provided
recommendations and insights for enhancing KM in
construction firms. Chen and Mohamed [11] provided
empirical evidence for the stronger strategic role of tacit
KM in comparison to explicit KM. Kivrak et al. [12] used
a survey to find out how tacit and explicit knowledge are
captured, stored, shared, and used in forthcoming projects
and to identify major drivers and barriers in knowledge
management. Chen et al. [13] presented a knowledge-sharing
model to determine whether risk mitigation based on the
use of derivatives would be beneficial to the companies.
Forcada et al. [14] presented a survey of perceptions of KM
implementation in the Spanish construction sector and
compares the results obtained from design and construction
firms.

2.2. BIMApplication inConstruction. Agreat deal of previous
research pertains to BIM issues in construction. Tse et al.
[15] discussed the core barriers and recommended using
BIM technology for construction industries. Mah et al.
[16] proposed rapid computations of CO

2
emissions from

various house sizes, designs, and materials integrated with
BIM technology. Goedert and Meadati [17] extended BIM
technology into the construction process to create a single
repository of facility data for the owner. Succar [18] explored
publicly available international guidelines and introduced
the BIM framework as a research and delivery foundation
for industry stakeholders. Dossick and Neff [19] examined
the use of BIM technologies for mechanical, electrical,
plumbing, and life safety systems. Ren et al. [20] proposed
a framework for integrating BIM for quantity takeoff and
cost-estimating applications with e-commerce solutions for
material procurement and supplier performance evaluation.
Davies and Harty [21] developed BIM-enabled tools to allow
site workers usingmobile tablet personal computers to access
design information and to capture work quality and progress
data on-site. Martins and Monteiro [22] developed BIM-
based automated code-checking procedures and system for
water distribution systems. Zhang et al. [23] developed
automated safety checking platform integrated BIM that
informs construction engineers and managers for preventing
fall-related accidents before construction starts. Wong et al.
[24] highlighted critical initiatives derived from the review of
BIM implementations in both the public and private sectors
in six selected countries. Bryde et al. [25] explored the extent
to which the use of BIM has resulted in reported benefits
on a cross-section of construction projects. Succar et al.
[26] proposed the five BIM framework components for the
design, construction, and operation (DCO) stakeholders to
measure and improve their BIM performance. Sebastian and
Van Berlo [27] generated an instrument for benchmarking
BIM performance to provide insight into the current BIM
performance level of design, engineering, and construction

firms. Bynum et al. [28] investigated the perceptions of the
use of BIM for sustainable design and construction among
designers and constructors. Wang et al. [29] explored how
BIM will beneficially support facility management in the
design phase, such as space planning and energy analysis.
Zhang et al. [30] proposed and verified Industrial Foundation
Classes-based graphic information model as the foundation
of data sharing in virtual construction systems and in other
AEC/FM applications.

Although numerous knowledge management systems
have been developed for the application of construction
knowledge management, such systems typically exist for
knowledge sharing using only text-based illustrations. To
enhance construction-related knowledge sharing using a
BIM-based environment, this study proposes a novel man-
agement system for project managers and jobsite engineers.

3. Methodology

3.1. BIM-Based Knowledge Management Approach. In this
study, the proposed BIMKSM system facilitates visual knowl-
edge sharing and management using the BIM technology
during the construction phase. The BIM technology stores
any problems, solutions, and comments, allowing project
managers and jobsite engineers to access the most up-to-
date knowledge. The primary advantages of the proposed
BIMKSM system are (1) to effectively link knowledge using
BIM-based graphic representations; (2) to promote relation-
ships between areas of expertise via both vertical and hor-
izontal graphic representations; and (3) to provide statuses
of acquired knowledge of different situations using different
colors.

Most knowledge can be classified as either tacit or explicit
knowledge. Tacit knowledge is personal, context-specific
knowledge that is difficult to formalize, record, or articulate.
This type of knowledge is stored in the heads of people
[31]. Tacit knowledge or experience is primarily developed
through a process of trial and error in practice. Tacit knowl-
edge that can be communicated directly and effectively is
personal knowledge embedded in individual experience and
shared and exchanged through direct, face-to-face contact
[32]. In contrast, the acquisition of explicit knowledge is
indirect; it must be decoded and recoded into one’s mental
models and is then internalized as tacit knowledge. Explicit
knowledge can be codified and transmitted in a systematic
and formal language. Explicit knowledge can be found in
the documents of organizations, including reports, articles,
manuals, patents, pictures, images, video, audio, software,
and other forms. In this study, “tacit knowledge” refers to
“hard” information that is visibly or invisibly related to part
of an area of knowledge, including experience and know-
how. Explicit knowledge is “soft” information that enables
or facilitates the execution of specific information, includ-
ing contracting, drawing, solving problems, or approving
proposals. All jobsite engineers are responsible for sharing
knowledge pertaining to their own domain. Any BIM model
whose integrated information/knowledge sharing require-
ments have been noted will be classified as explicit in order
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Figure 2: The concept and framework of the BIM-based knowledge models.

to allow relevant experiences and processes to be recorded.
Therefore, the shared information associated with objects of
BIM model can be referred to and reused in other projects.

Shared information from all jobsite engineers is divided
and saved as “activity,” “object,” or “issue” for collection
and management. The main advantage of BIM-based knowl-
edge management is the ease with which information and
knowledge can be understood and reapplied. Knowledge
saved in the “issue” category includes both tacit and explicit
knowledge. With respect to explicit knowledge, BIM-related
information normally includes original comments, reports,
drawings, documents, and comments submitted by jobsite
engineers. In contrast, tacit knowledge may include process
records, problems faced, problems solved, expert suggestions,
know-how, innovations, and notes on experience. Such infor-
mation is better saved in issue-based components to facilitate
classification and searching by users. Information that relates
to the whole project that cannot be easily classified into issue
components is saved under the “project” category.

A BIM-based knowledge model can be defined as a
graphic representation of experiences linking relationships
between objects of the BIMmodel and aspects of experience-
based knowledge. The BIM technology retains knowledge
in a digital format, facilitating easy updating and transfer
of knowledge into the BIM environment. A BIM-based
knowledge model is designed to be easily integrated with
experience-based information and objects of the model (see
Figure 2). Information in the BIM-based knowledge models
can be identified, tracked, and managed, and problems
encountered during construction projects can be solved. The
most up-to-date knowledge and solutions can be acquired
from participating engineers and then shared and saved as
objects of the BIM model for future reference. The model
is constructed from variables that can be decomposed into
objects of a BIM model and can then store the identi-
fied knowledge. Information stored in the objects of BIM

models includes both facing problems and solutions. Facing
problems may be knowledge issues, knowledge attributes,
descriptions of problems, or knowledge attachments (e.g.,
documents, reports, drawings, and photographs).

3.2. Procedures of BIM-Based Knowledge Models Usage. The
procedures for using BIM-based knowledgemodels are based
on a knowledge management framework. The procedure
consists of three phases: creating an issue, sharing knowledge,
and updating said knowledge. Figure 3 presents the flowchart
of the procedure of the knowledge models usage for knowl-
edge sharing.

3.2.1. Issue Creation Phase. The initial engineer may deter-
mine which projects, activities, and issues are suitable for
knowledge sharing. Furthermore, the issue must be set up
by the initial participant (engineer) at the beginning of the
phase. Such information under knowledge issues includes
determining the type of knowledge, objects of BIM model,
activities, and projects that should be assigned in association
with the issue.

3.2.2. Knowledge Sharing Phase. After studying the published
materials, all qualified and interested engineers are invited to
edit and submit any knowledgeable comments theymay have
on the issue. All explicit knowledge prepared by engineers
needs to be digitized by them or by assistants before it
can be submitted to the BIMKSM system. All knowledge
must also be examined and confirmed before publishing. All
interested engineers can discuss problems related to selected
issues and objects of the BIM model and seek responses
from other engineers and managers through the BIMKSM
system. Meanwhile, the engineers can direct responses either
to individuals or a group. After tacit and explicit knowledge
is saved in the system, all knowledge can be referenced
and reused. Engineers can gain knowledge from the issues
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Figure 3: A flowchart of the procedure of the knowledge models usage.

catalogue of the objects and can access this catalogue for use
in other similar projects.

3.2.3. Knowledge Updating Phase. After applying tacit and
explicit knowledge to similar projects, the engineers can
resolve their problems related to those issues. Finally, the
engineers can note and submit the new tacit knowledge
and record the experiences through which it was gained,
and they can associate this information with the original
knowledge. Furthermore, the information is updated again
because further feedback and updated knowledge are pro-
vided regarding the issues. After the approval process has
been completed, the updated knowledge set is republished to
authorized members.

4. System Implementation

4.1. System Architecture. The BIMKSM system provides a
user friendly portal for all project participants. It also serves
as a real-time online communication channel for knowledge
management. All data are stored and classified using BIM-
based knowledge models. The BIMKSM system is a solution
that uses a single unified database linked to BIM files with
different levels of access granted to users based on their roles.
Authorized participants can access the BIM-based knowledge
models to update information on content relevant to the
user’s responsibilities in the project. When information is
updated in the BIMKSM system, the server automatically
sends e-mails to the project managers and jobsite engineers
involved in the project.
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The developed BIMKSM system runs on Microsoft Win-
dows 2008 software with an Internet Information Server
(IIS) as the web server. The BIMKSM system was developed
using Java Server Pages (JSPs), which are easily incorporated
with HTML and JavaScript technologies. The BIMKSM
system server supports four distinct layers: interface, access,
application, and database layers. Each layer has its own
responsibilities. The interface layer defines administrative
and end-user interfaces. Users can access information via
web browsers such as Microsoft Internet Explorer or Google
Chrome. Administrators control andmanage information via
the web browser or a separate server interface. The access
layer provides system security, restricted access, firewall ser-
vices, and system administration functions. The application
layer defines various applications for analyzing and manag-
ing information. The database layer consists of a primary
Microsoft SQLServer 2003 database. Afirewall and virus scan
can be used to protect the system database against intrusion.
Users can utilize the BIM models in the BIMKSM system to
request assistance or send word of a problem directly to the
BIMKSM system to ask for further support.

In this study, the BIM model is interpreted as an infor-
mation model in the BIMKSM system. The application of
BIM models to acquire and store information about an
object involve a description of the problem being faced,
knowledge, comments, and attaching documents in the
BIMKSM system. Autodesk Revit Architecture and Revit
MEP were used to create the BIM model and files. Autodesk
Design Review was used to read the files for BIM-based
knowledge models. Also, Autodesk Inventor was used to
create BIM-based animations to illustrate the knowledge.The
integration of the information with the BIM models was
achieved using the Autodesk Revit application programming
interface (API) and the Microsoft Visual Basic. Net (VB.Net)
programming language. The BIM-based knowledge models
were developed in Autodesk Revit Architecture and Revit
MEP by programming in VB.Net and using Revit API. All
information in the BIM files could be exported to an ODBC
database for connection with the BIMKSM system. Figure 4
shows the BIM-based knowledge sharing and management
process flowchart in the BIMKSM system.

4.2. System Modules. All modules in the system are briefly
described below.

4.2.1. Authority Setup Module. The authority setup module is
an access control mechanism preventing unauthorized users
from entering the system or retrieving sensitive information.
The BIMKSM system requires all project participants (man-
agers and jobsite engineers) to register by providing a unique
user ID and password for authentication.

4.2.2. Knowledge Edition Module. Through this module,
project participants can edit their relevant contributions to
the objects in the BIM model. Generally, participants may
create a new issue or contribute to those started by others
in order to share their knowledge on various aspects of
the project. The edited information will be saved in issues

by categories associated with the relevant objects of the
BIM model. Also, attached documents and report files must
be uploaded in PDF format, the standard file format. The
knowledge edition module allows experts and engineers to
share issue-based tacit knowledge via a discussion forum.

4.2.3. Alert Setup Module. This module helps project partici-
pants set up an alert service for monitoring knowledge via e-
mail. Dates related to any notification of new information are
submitted or updated systematically and project participants
can determine who is invited to submit knowledge.

4.2.4. Report Module. The report module allows users to
easily access the summarized information to identify needs
and analyze what has been recorded. The knowledge report
can be illustrated with a BIM model, a description, and a
summary of the information. Furthermore, all reports can
be presented on the web or extracted to PDF format. This
process allows users tomake and organize knowledge-related
reports from a central location.

5. Case Study

5.1. Case Study Introduction. In the following case, the archi-
tecture firm has had sixteen years of experience specifically in
construction building projects. The architecture firm hoped
to take full advantage of the BIM-based knowledge manage-
ment system to facilitate knowledge exchange and manage-
ment during the construction phase and reuse it in other
similar projects. Therefore, the architecture firm announced
that all jobsite and project managers would be encouraged to
use the BIMKSM system to apply knowledge management in
order to effectively manage acquired information during the
construction phase in the BIM environment. The BIMKSM
system was utilized in the construction project to verify the
proposed methodology and demonstrate the effectiveness of
sharing previous experience in the construction phase. The
project used as a case study lasted 4months. During the study,
all jobsite and project managers were encouraged to explore
and edit their own recorded experiences in the BIMKSM
system. Figure 5 shows the BIM-based knowledge animation
usage process. Figure 6 illustrates application of BIM-based
knowledge models for knowledge sharing in the case study.

As previously mentioned, the case study was imple-
mented in the middle of the construction phase. All BIM
models used in the study were created and developed for
the purpose of construction management. Finally, the BIM
models were reused and applied for knowledge management.

First, the engineers were invited to explain their experi-
ences and provide comments based on the issue and include
relevant information and documents. The initial engineer
created issues regarding the selected activity and objects of
the BIMmodel in the initial phase. All related documents for
this issue were collected and digitized by the senior engineers
and knowledge assistants. After the issue was created, the
senior engineers were invited to share their knowledge
and comments related to the issue using the system. The
posted files included digital documents, photos, and films.
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Figure 4: The BIM-based knowledge sharing and management process flowchart.

The knowledge assistants helped the senior engineers to
digitize the content, and they then created the BIM objects
related to the issue. The other issues were communicated
in the same manner. All engineers were required to submit
experience-based information and discussions regarding the
issue via the BIMKSM system. The engineers read previous
comments provided by others, learned from these records,
and submitted their own comments via the BIMKSM system,
which then allowed other engineers to discuss their work.The
comments provided by the senior engineers included notes,
actual problems/solutions, and suggestions. The engineers
communicated problems and solutions to the senior engi-
neers, posted their comments in the system, and shared their
case discussions with others. The engineers were required to
submit their knowledge pertaining to the BIM objects of the
BIM model via the BIMKSM system. The senior engineers
reviewed all questions and solutions and posted comments
for all interested individuals. Furthermore, all information
was stored in the central database to prevent the collection
of redundant data. Finally, the information was automatically
backed up from the system database to another database.
Moreover, the knowledge was updated later because further
feedback and another solution to the same problem were
provided. The updated knowledge set was republished in
the object of BIM model of the BIMKSM system after the
approval process was completed. A notice message was then
transmitted to authorized members.

5.2. Case Study Evaluation. Questionnaire results from the
case study evaluation reveal that the BIMKSM system effec-
tively shares knowledge. A verification test was performed by
checking whether the BIMKSM system could perform tasks
as specified in the system analysis and design. A validation
test was undertaken by requesting selected case project
participants to use the system and then providing feedback
by answering a questionnaire. There were 18 respondents:
two project managers with ten years of experience; six
jobsite engineers with ten years of experience; seven jobsite
engineers with five years of experience; two assistants with
three years of experience; and one CKO with ten years of
experience. The BIMKSM system was demonstrated to the
respondents, who were requested to give their opinions on
it by completing the questionnaire. Table 1 shows the results
of the system evaluation.

Overall, the jobsite engineers’ feedback for the case
study was positive. Most engineers and project managers
agreed that the BIMKSM system helps them to view all
collected knowledge and experience in the BIMenvironment.
Questionnaire results indicate that the primary advantages
of using the BIMKSM system are as follows: (1) it provides
3D visual illustration of knowledge regarding project-based
knowledge (86% agreed); (2) it provides BIM-assisted ani-
mation easily and effectively (89% agreed); and (3) it clearly
identifies available knowledge and different status of different
knowledge in the BIM environment (90% agreed).
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Figure 6: Application of BIM-based knowledge models for knowledge sharing in the case study.

Table 1: System evaluation results.

System evaluation item Mean score
Enhances visual knowledge illustration 4.5
Applicability to construction knowledge
management 4.8

Reduces rework percentage 4.2
Reduces percentage of mistakes occurring 4.3
Improves the knowledge collection 4.2
Enhances knowledge communication 4.4
Improves knowledge sharing 4.7
Enhances learning performance 4.3
The mean score is calculated from respondents’ feedback on a five-scale
questionnaire: 1 (strongly disagree), 2, 3, 4, and 5 (strongly agree).

Questionnaire results indicate that the primary advan-
tages of the application of BIM in BIM-based knowledge
models are as follows: (1) it provides clear 3D representations,
thus identifying knowledge and experience feedback relevant

to an object or activity (92% agreed); (2) one can generate a
visual object of BIM model illustrations of knowledge, thus
identifying acquired knowledge and experience feedback
relevant to tasks and projects (90% agreed); (3) it allows
one to view knowledge and information provided by jobsite
engineers easily and effectively (90% agreed); and (4) it
enables engineers to trace and manage any acquired BIM-
based knowledge feedback (88% agreed).

User feedback indicated that the primary barriers to using
the BIMKSM system were as follows: (1) insufficient updated
information is related to different types of knowledge; (2)
substantial amounts of time and assistance are needed for
engineers and managers to use BIM software to edit and
update knowledge feedback; (3) further effort is required
to update information related to various objects of a BIM
model or the activities in a project; (4) the senior and
jobsite engineers require substantial time and assistance to
edit knowledge feedback in BIM environment; and (5) few
engineers do not accept BIM applications in the construction
sites.
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6. Conclusion

To improve construction knowledge sharing in building
projects, this work presented and developed the BIMKSM
system as a visual platform. The BIMKSM system illustrates
knowledge with problem descriptions and solutions in the
BIM environment. BIM is a highly promising means of
enhancing knowledge management during the construction
phase of a project. Collecting problem descriptions and solu-
tions using the BIM technology allows project managers and
jobsite engineers to contribute and share the most up-to-date
knowledge and experience regarding problems and solutions
in construction.The BIM technology generates 3D drawings,
thus identifying valued experience-based knowledge relevant
to issues and activities. Additionally, BIM provides objects
and illustrations when knowledge is available. The BIMKSM
system collects specific problem solutions and supports all
information across projects. Overall, field test results indicate
that the BIMKSM system is an effective and simple plat-
form for knowledge management in construction projects.
The case study results demonstrate the effectiveness of a
BIMKSM-like system for KMdue to its incorporation of BIM
and web technologies during the construction phase.

The concept of a BIM-based knowledge management
systemwas presented, as was a system for use as a knowledge-
sharing platform in construction design-build projects. The
application of BIM-based knowledge management system
mainly allows project participants to access the knowledge
easily and effectively. Although effort is required to update
information on various problems and solutions, the proposed
system benefits KM by (1) developing web-based BIM-
assisted knowledge management system for construction
knowledge sharing, (2) providing an effective and efficient
method to assist and manage visual KM work, (3) enabling
users to learn knowledge through BIM-based knowledge
animation.

In sum, the engineers were able to increase their under-
standing of previous captured knowledge and experience
from all participants working on different projects. Notably,
BIM integrates the objects comprising knowledge manage-
ment work by incorporating external factors, such as problem
and solution descriptions, comments, and suggestions, into a
single source for all construction BIM-based KM informa-
tion. Effectively utilizing web technologies and BIM during
the construction phase allows project participants to enhance
knowledge sharing for domain knowledge management. The
case studies also show that a BIMKSM system can provide a
web-based visual BIM-assisted knowledge sharing manage-
ment platform.
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The aim of this paper is to argue for a number of statements about what is important for a client to do in order to improve quality in
new infrastructure projects, with a focus on procurement and organizational issues.The paper synthesizes theoretical and empirical
results concerning organizational performance, especially the role of the client for the quality of a project.The theoretical framework
used is contract theory and transaction cost theory, where assumptions about rationality and self-interest are made and where
incentive problems, asymmetric information, and moral hazard are central concepts. It is argued that choice of procurement type
will not be a crucial factor. There is no procurement method that guarantees a better quality than another. We argue that given
the right conditions all procurement methods can give good results, and given the wrong conditions, all of them can lead to low
quality. What is crucial is how the client organization manages knowledge and the incentives for the members of the organization.
This can be summarized as “organizational culture.” One way to improve knowledge and create incentives is to use independent
second opinions in a systematic way.

1. Introduction

Cost, time, and quality are the three main dimensions when
project results are evaluated. In this paper, the focus is only
on the last of these three: how can quality be improved and
what can be done to avoid quality problems? As discussed in
Warsame [1] quality in relation to construction projects can
be given different meanings. A first distinction is between
quality of product and quality of process. In this paper, the
focus is on the quality of the product. Another important
distinction is between quality as an absolute concept in
relation to certain standards and quality as a relative concept
where quality is related to what the client had ordered and/or
what the client reasonably could expect, given the price they
are willing to pay. In this paper quality is used in this relative
sense, which more generally can be described as how to get
“value for money.”

The debate about quality improvement is going on at
different levels: from the more practical to the more general.
Choice of procurement method is one question on the
more practical level [2], while knowledge management and
creation of incentives in the organization are questions of the
more general level [3]. A main notion in this policy paper is
that the more general level is the most important.

The focus of this paper is on infrastructure projects
where there is a large public client like the Swedish Traffic
Administration which is responsible for both roads and
railways and has an operating budget of 50 billion SEK for
2010 (around 5 billion C).

We will argue for three statements: the first one is that
“quality is up to the client,” and this is developed further
in Section 3 below. The second statement is a negative one
and says that there is no clear relation between procurement
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type and quality (see Section 4). The third and more positive
statement concerns two crucial interdependent dimensions
for getting high quality: knowledge and incentives (see Sec-
tion 5). The famous Swedish builder Olle Engkvist wrote the
following in a book from 1949 (translated by authors):

That a low-quality building ever is constructed
depends on that the builder either lacks one
or several of the necessary qualifications for the
trade, or that the profit motive is so dominating
that it overshadows all other interests. [5, page 9]

In a governmental organization, it does not have to
be the profit motive that creates problems, and the term
can be exchanged for “ulterior motives” in general, for
example, political ones.This is developed further in Section 5.
Concluding comments can be found in Section 6.

2. Method and Conceptual Framework

The paper tries to synthesize both theoretical and empirical
results. There is very large literature in this area, but we
hope that the selection made covers the most important
arguments and results. Our aim is to try to present theoretical
and empirical arguments that make the statements presented
above convincing. Future debates will determine to what
extent we have succeeded. From a broader methodological
perspective the approach is closest to the ideas of Karl Popper
as the propositions presented can be seen as “conjectures”
that, according to our view, have so far not been refuted [6].

The theoretical framework used is general contract theory
and transaction cost theory, where assumptions about ratio-
nality and self-interest are made and where incentive prob-
lems, asymmetric information, principal agent problems, and
moral hazard are central concepts. The concepts and ideas
from these theories will be presented a little more in detail
in Sections 4 and 5 below when procurement is discussed.

3. Why Quality Is up to the Client?

It is possible for a nonexpert to know the quality of a new
car reasonably well, but it will be argued here that a traffic
authority cannot rely on “the market” if they want to build a
road with a certain quality.

The car is typically produced in a large volume in a plant
with strict control of the production process. The company
has produced cars over a number of years. As the life of a
car is rather short, it is possible to collect information quickly
about the quality of a certain brand and a certain model. In
a country like Sweden where cars have to be inspected every
year, a lot of third party data are published on faults in all car
models. The result of this is that the household does not have
to be an expert or even consult an expert when they buy a new
car (with old used car the situation is different, e.g., [7]). Tests
of new cars are also regularly published in both general and
specialized newspapers.

A section of, for example, a road is instead typically

(i) produced “in the field” where surveillance can differ
considerably and where external factors can affect the
quality of a specific construction;

(ii) produced by a group of people that change more or
less from project to project. If company A does a good
job in project 1 in region 1, it does not mean that
company A will do a good job in project 2 in region
2 since different group of persons will produce the
road. Big construction companies are typically rather
decentralized (see e.g., [8]);

(iii) a product where it takes a rather long time to find out
if there are quality problems, and it might not be the
case that company A today is as bad as it was maybe
10 years ago when the road was constructed.

All this means that the mechanism used by the buyer
of a car is difficult to use for a client responsible for an
infrastructural project. In the rest of the paper, it is therefore
assumed that the market feedback mechanisms in infrastruc-
ture construction projects are tooweak to be relied upon only.
The client must then use more direct methods to assure that
a certain quality will be delivered.

This view of the role of public client has been underlined
by several authors, even if the theoretical background to
their statements is not so clear. The procurement of these
assets, and proper operation andmaintenance require a client
workforce with strong competence, skills, and experience.
Ward et al. [9] stress that client’s stock of experience and
advice received are crucial. Public clients need to maintain
enough skilled and competent workers and management
in order to manage risks and safeguard public interest of
construction projects [10, 11].

4. Procurement Types Have No Determinate
Consequences

4.1. Design Responsibility and Quality. The tendency in many
countries seems to be moving away from making the design
in-house to using external consultants. There can be several
explanations for this; for example, fluctuations in the number
of projects make it difficult to employ an in-house workforce,
and this problem is increased when the workforce becomes
more specialized. It might also be more difficult to create
strong incentives in an in-house organization. In Warsame
[12], there is amore general discussion of the trend away from
both in-house technical specialists and in-house construction
workforce among developers and public authorities.

Independent of the reason for this development, the
discussion here will focus on a comparison between the
case where the client hires a technical consultant to doing
the detailed design and the case where the contractor works
together with a technical consultant and do the detailed
design.Notice that the arguments against the client/developer
having their own staff also are relevant for the question
whether the contractor has an in-house staff or not. This
means that it might be the same companies and individu-
als that make the detailed design independent of whether
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the client or the contractor is responsible for the design. The
question of the skills of the technical consultants doing the
work should then not be an argument that points in a specific
direction when it comes to who should be responsible for the
detailed design.

A classical work on economic organization, Milgrom and
Roberts [13], describes the general problems in an economy in
terms of achieving coordination and creating incentives.These
aspects seem highly relevant for the choice of who should do
the design.

(i) From a coordination perspective, the rational choice
would be to let the contractor be responsible for the
detailed design as the design then can be adjusted to
the technical competence of the contractor and the
design can be carried out withmore knowledge about
the construction process.

(ii) From an incentive perspective, the rational choice
would be to let the client be responsible for the
design. If the technical consultant works for the
contractor, there should be pressure on the consultant
to choose cheaper solutions within the limits set by
the standards laid down by the client. It might be
difficult to know and observe the exact quality of all
technical alternatives, and some incompleteness or
vagueness can be expected in the client’s standards,
and this opens the door for the contractor to influence
the design in the direction of cheaper solutions with
somewhat lower quality.

A counterargument against this is that stronger incentives
for the contractor to choose the “right” solution might be
created if the contractor also is responsible for operation and
maintenance.This will be discussedmore in detail below, and
for now it is, assumed that the contract only concerns the
construction phase.

The implication of the arguments above is, of course, that
things might go wrong in both alternatives. If the client is
responsible for the detailed design and does not have enough
knowledge of the production phase, there will arise a need
for redesign and costly adjustments. CIOB [14] underlines the
importance of completeness and clarity of client’s needs and
objectives when they are responsible for the design phase.The
overall quality might also suffer if the design is not adjusted
to the skills of the contractor. On the other hand, if the
contractor is responsible for the design, there might be a risk
that alternatives with lower cost and quality are chosen if the
specifications and the monitoring by the client are imperfect.

A client who is aware of these potential problems can
however mitigate them, at least partly. If the client is
responsible for the detailed design they—and/or the technical
consultant—may build up knowledge of the construction
phase in order to reduce the risk for coordination failures.
If the detailed design is made by the contractor, the client
may be more careful with the specifications, or for some
components where quality is difficult to evaluate expost, the
client might simply say that this is the component that should
be used. If the reputation of the contractor is important for the
choice of contractor in forthcoming projects, it might also be

risky for the contractor to choose a cheaper alternative with
lower quality as this might reduce the probability of future
work for the client.

We also see here that the line between the alternative
procurement types becomes vaguer. A knowledgeable client
may, even if they are responsible for the detailed design, leave
some room for adjustments of the design after the contractor
is chosen in order to take advantage of the comparative skills
of the chosen contractor. On the other hand, if the client’s
specifications become more and more detailed in the case
where the contractor is responsible, then the room for the
contractor in the design stage might be rather small, even if
they formally are responsible for the design.

4.2. Quality and the Integrating of Construction and Opera-
tion/Maintenance. In recent years, a number of theoretical
studies have pointed out that bundling construction and
operation/maintenance can lead to higher efficiency, as is
done in, for example, different forms of public private
partnering projects (PPP). No distinction will here be made
between different forms of contracts where construction and
operation/maintenance are bundled, for example, differences
in how the project is financed and how the contractor is paid.

Bennett and Iossa [15] and Martimort and Pouyet [16]
pointed out that this type of bundling leads to higher
efficiency because coordination between construction and
maintenance can be improved. The design can in a bet-
ter way take into account consequences during the oper-
ation/maintenance stage, and this reduces life-cycle cost.
Better knowledge of how the construction works have been
carried out can also lead to operation/maintenance measures
that are better adjusted to how the facility was built.

Another important feature of these long-term bundled
contracts is that they, at least partly, are formulated in
performance terms. The client sets up a number of perfor-
mance criteria that the facility should fulfill over time, and
the payment to the contractor is dependent on that these
conditions are fulfilled.

The potential from a quality perspective of contracts
that bundle construction and maintenance is clear: the
responsibility for supplying the quality that is stipulated in
the contact is completely in the hands of the contractor, and
their payment is dependent on that they produce a service
with this quality.

As argued in, for example, Lind and Borg [17], there are
a number of general problems with realizing this potential in
bundled contracts, for example, how contractors can collect
and transfer knowledge within their organization about how
operation and maintenance costs are related to how the
facility was constructed. Here the focus will, however, be on
issues more directly related to the quality of the object.

The first main problem is the possibility of describing
the quality that the client wants in a way that is possible to
measure in a rather objective way. Robinson and Scott [18]
point out that the description of services in PFI/PPP projects
typically lists a large number of characteristics and that this
has still not been enough to get the contractor to produce
what the client really wanted. The quality of the facility,
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in some dimensions, was not the expected one because it
was difficult to write a contract that was complete enough.
Their generalmessage is that describing service quality is very
difficult and that a lot of resourcesmust be put into specifying
service quality. Guo et al. [19] also points out measurement
problems in a contract with functional demands.

A second contractual aspect that can be problematic
in performance based contracts is the verifiability of the
specified characteristics. Lind and Mattsson [20], evaluating
an experiment with performance based bridge maintenance,
show that there were often disagreements between client and
contractor about whether the characteristics specified in the
contract were fulfilled or not.

In general, one can say that writing complete long-term
contracts is a very challenging task and that there are bound
to be mistakes or lapses that can lead to lower quality
than expected in the objects; see, for example, Milgrom and
Roberts [13] for a discussion on conditions for complete
contracts and why they are difficult to fulfill.

A third general problem with long-term bundled con-
tracts is what happens over time. The theoretical studies
typically assume that there is a completely binding contract
and that the contractor has a real long-term responsibility for
the object.There are several problematic assumptions behind
statements like these.

The first assumption is that there will be no renegotiations
of the contract. Renegotiations have been common in Latin
American PPP projects [21]. Even if they focus on payments
and cost-overruns, the same problem might occur concern-
ing certain quality aspects. A contractor with good political
connections may be able to renegotiate and get the client to
accept a lower quality than the one originally stipulated.

A second assumption is that the contractor will not sell
the project. In recent years, a number of infrastructure funds
have been started that are buying PPP projects (see, e.g., [22]).
Initially the project is owned by a construction company, but
when the project is completed, it is sold to an investor. This
might seem logical from a comparative advantage perspective
as the construction company has their advantages in the
initial stages of the project. If the contractor plans to sell the
project, the incentives for the contractor to choose techniques
that minimize life-cycle costs are reduced as there will be
asymmetric information between the contractor and the new
investor. The contractor might build with lower quality in
dimensions that are difficult to evaluate for a buyer, and
this creates higher operating and maintenance costs later on.
Entering PPP projects is also risky, and the private party
might have underestimated the costs and/or overestimated
the incomes. Studies have shown that when an actor gets
under financial pressure they tend to reduce quality (see [23]
for an example from the retail sector).

4.3. Concluding Discussion of Procurement Types. Thepropo-
sition in this part of the paper—that quality is independent of
choice of procurement type—has, as far as we know, not been
formulated as clear and straightforward as here, but there are
statements that are very much in line with our views. Many
authors discuss in what situations a certain procurement

type is best, but typically the statements are vague and very
guarded, which is what we should expect given the views
formulated above.

Ashworth [24] writes

Individual experiences, prejudices, vested inter-
ests, familiarity, the need and desire for improve-
ment are all factors that have helped reshape
procurement in the construction industry. (page
298)

The arguments for engaging either a consultant
or a constructor as the client’s main advisor or
representative are to a large extent linked with
tradition, fashion, loyalty and the satisfaction or
disappointment with a previous project. (page
295)

This means that one client might go from procurement
type A to procurement type B in order to increase quality,
while another for the same reason moves in the opposite
direction. And this should not be surprising if the direct
relation between procurement type and quality is weak.

In a similar way, Lædre et al. [25], for example, writes “A
client’s choice of procurement method, among other factors,
could be influenced by the client’s familiarity and prior
experience with that method as well as the level of client
involvement required by the selected method.” The same
point is made in HM Treasury [26]. Molenaar and Songer
[27] underline the role of public agency’s staff and experience
to the success of projects procured in DB delivery method,
which implies that during some circumstances this method
might work well but not in other circumstances.

In the literature, one can find statements that each
procurement method has advantages and disadvantages and
that they are suitable for different situations. Accordingly,
the proposition can be formulated in other ways. The most
general one is to say that there is no quick fix when it comes
to improving quality in infrastructural projects. In other
words, there are no simple deterministic relations between
underlying factors and the quality that will result in a project.
Kwame et al. [2] found that rework causes do not differ
relative to various procurement methods. Thus, there is no
procurement method that guarantees a better quality than
another.

It has been argued that if a client has low technical
competence, then choosing design build (DB) procurement
would be better as the client then only has to specify the
characteristics of the final product.The first counterargument
is that if you do not have technical competence, it will be very
difficult to specify all relevant characteristics of the object.
The second counterargument would be that the client could
just as well contact a technical consultant andmake the detail
design together with them, and then use a DBB procurement.
A client that has good relation with a technical consultant
would probably choose the second alternative while a client
with good experience fromworkingwith a specific contractor
would choose the first option.



The Scientific World Journal 5

5. The Importance of Knowledge Management
and Incentives

In the last section, it was argued that choice of procurement
type will not determine quality. In the following sections,
the focus is on what we think is important: knowledge
management and creating the right incentives.

5.1. General Definition and General Types of Knowledge.
According to Nonaka and Takeuchi [4], knowledge can be
classified as explicit and tacit. Explicit knowledge is described
as knowledge that can be precisely and formally articulated.
It is easily codified in different formats that would allow
for documentation, transfer, sharing, and communication.
Tacit knowledge is a knowledge that comprises experience,
and work knowledge that resides only with the individual
and is difficult to formally articulate. Pathirage et al. [28]
claim that tacit knowledge based on skills, experience and
talent of people is considered to be relatively unexplored
and underutilized when compared to the work on explicit
knowledge. Information technology tools often address the
explicit knowledge while non-IT tools address the tacit
knowledge.

This distinction between knowledge of different types has
shaped the strategies of knowledge management followed by
different organizations [29]. There are numerous definitions
of knowledge management, but here the definition of Scar-
brough et al. [30] cited in Al-Ghassani et al. [31] will be
used. It combines both the process and outcome perspectives
of knowledge management. It states that knowledge manage-
ment is any process or practice of creating, acquiring, capturing,
sharing, and using knowledge, wherever it resides, to enhance
learning and performance in organizations.

C. Gore and E. Gore [32] suggest a strategy of organiza-
tion’s knowledge management that combines the use of cur-
rent explicit knowledge, capturing new explicit knowledge,
and externalization of tacit knowledge. Egbu and Robinson
[33], based on Nonaka and Takeuchi’s theory of knowledge
creation, also describe four distinct modes of interaction
between tacit and explicit knowledge: socialization, external-
ization, internalization, and combination (see Figure 1).

A designer’s explanation of design concepts to client
is tacit to tacit interaction, and it takes place through the
process of socialization (2nd quadrant). Apprenticeship and
mentoring schemes between senior engineers mentoring
junior engineer is another example of tacit to tacit inter-
action. Such experiential knowledge is nurtured through
shared experience and continuous interaction [33]. Next the
designer uses manuals on design standards and interprets
these explicit documents to a unique design that could satisfy
the needs and the requirements of clients. This knowledge
transformation from explicit to tacit is termed internalization
(3rd quadrant). When the architect/designer translates a
design concept into sketches in order to explain to the client,
the architect transforms tacit knowledge to explicit and is
called externalization (1st quadrant). Another example of
externalization process is when a junior engineer transforms
the tacit knowledge that he or she gained from senior

Explicit

(III) Internalization 

Tacit

Tacit Explicit

(IV) Combination 

(I) Externalization (II) Socialization 

Figure 1: Knowledge conversion modes [4].

engineer through the socialization interaction to explicit
knowledge. The 4th quadrant represents the combination
process where explicit to explicit interaction takes place.
Knowledge is created through integrating and processing of
different documents such as design briefing and sketches,
performance and standard specifications, and estimates and
contract requirements.

Both socialization and externalization are required to
create an ever-growing body of organizational routines [34].
Quality circles and task forces that are widely used to enhance
total quality and continuous improvement are examples of
externalization processes creating firm specific routines [34].

5.2. Knowledge Management in Practice. From a knowledge
management perspective, the following components can be
identified and are, as we see it, all necessary conditions for an
authority to be able to reach high quality.

(1) The building up of long-term explicit knowledge
through research. The authority needs research in
order to improve their knowledge. It has to be active
in procuring and/or doing their research on issues
of long-term importance. The Swedish Traffic Board,
for example, procures result from a large number of
researchers every year.

(2) The building up of knowledge through tests. in order to
become more sure about how a certain system would
work, various solutions have to be tested in practice,
and systematically documented.

(3) The building up of knowledge through cooperation with
foreign experts and consultants. Scanningwhat others
do and pooling knowledge with other organizations
and firms are examples of this. There is for example,
long-term cooperation betweenNordic traffic author-
ities and broader cooperation within various EU-
projects.

(4) The building up of a systematic management of the
organization’s own experience.As the typical transport
authority handles a large number of procurements
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and projects, it is important to underline the need
for continuous monitoring of how different projects
worked out.

5.3. The Importance of Incentives. Many organizations have
recognized that the success of knowledge management
depends on people and their behavior [35]. Employees must
be sufficientlymotivated to share knowledge [36]. Teerajetgul
and Charoenngram [37] emphasize how incentives or reward
could significantly affect internalization of the knowledge
creation process. They state that the vision and aspiration
of construction managers in applying creativity in on-site
knowledge practices play crucial role on the strength of
knowledgemanagement.The question is how to create incen-
tives for individuals to build up, share, and reveal relevant
knowledge and information that could be useful in improving
the performance of projects. Osterloh and Frey [34] suggest
that organizational forms that emphasize participation and
personal relationship are needed. However, the answer for
the above question also requires a deeper discussion about
incentives, and here the economic approach is the starting
point.

Milgrom and Roberts [13] attempted to synthesize man-
agement theory and economic theory, but the base is clearly
in economic theory (microeconomic theory, contract theory,
and transaction cost theory). One central starting point in
Milgrom and Roberts’ economic approach is that the basic
unit for understanding how organizations work is the indi-
vidual. One has to understand the incentives of individuals
in different parts of the organization in order to understand
how the organization works.

Incentives can be of many different kinds. There might
be internal incentives where people do certain things just
because they want to do a good job and sustain a certain
image of themselves. Ellingsen and Johannesson [38] discuss
this from this perspective of why people, for example, give
tips to taxi-driverswhen travelling in a foreign country, where
they never will meet that driver again. Incentives can also
concern career opportunities: if I do certain things today, it
increases the probability to come to a higher position and get
more money, a more interesting job, and/or more power in
the future. Of course, incentives can also concern short-run
gains including both economic bonuses andpositive feedback
from colleagues and superiors.

5.3.1. Precondition 1: KnowingWho DidWhat. An important
precondition for creating stronger incentives is that it is
possible to know who did what. Carrillo [39] argues that peer
recognition of employee’s contribution and acknowledge-
ment of individual’s achievement such as manager of the year
award has a more sustainable impact than financial reward. It
is in this respect interesting to compare, for example, what
information is presented when a movie is ready and what
information is presentedwhen a construction project is ready.
At the end of the movie, hundreds of names are presented
giving information about who did everything from directing,
producing, and acting, to being the driver and the assistant to
the actors. This information is available “forever.”

But assume that after a few years someone wants to
know who did what in a construction project? Finding out
who was the architect and what companies were responsible
for what might not be so difficult, but that does not apply,
for example, for the site manager and also for who was
responsible for installing the electric system and who painted
the walls inside the building? An important precondition for
creating stronger incentives during all the different stages
from planning to construction would then be a systematic
recording of who did what in a project.

5.3.2. Precondition 2: Repeated Games. One of the strongest
ways to create incentives is through “repeated games” (see
e.g., [40]). If you do a good job, the probability of getting
hired again and getting a better and better paid assignment
increases, and the opposite happens if you do a bad job. In
a number of sectors in the economy, this type of incentive
mechanism is the dominating one. The movie industry is
an obvious example mentioned above. Lindahl and Leiringer
[41] analyze project management in the event industry where
teams are put together for each specific event. One central
criterion is that if a person did a good job at an earlier event,
then that person is trusted to be responsible for setting up the
event.

Looking at infrastructure construction from the perspec-
tive of repeated games, it is possible to see several problems.
The first concerns the relation between the client and the
contractor in the public sector. In a comparison between
procurement by private and public clients in the housing
sector, one result was that the private clients preselected
2-3 companies according to their earlier experience and
knowledge of the companies (see, e.g., [42]). If the client was
dissatisfied with a company, then this company was deleted
from the list. The public client worked under the Law of
Public Procurement and had open tenders, and they had to
follow strict criteria both in the prequalification stage and
when choosing contractor.

The second problem from the perspective of repeated
games is that on the client side the staff on all levels is hired
by standard employment contracts with fixed wage.The level
of employment protection is high in countries like Sweden
which means that the direct difference for the employee
between making a good job or not from the perspective of
long-term quality can be small. The question is then how
incentives can be strengthened within a public authority.

5.3.3. Incentives in a Public Administration. The purpose of
this section is primarily to give examples of how things should
notwork and how theymightwork.The following is a stylized
example of a structure where incentives for quality are not so
strong (the example is partly inspired by the discussion in [43,
Appendix 1].

Election time is closing in and it is very important
for the government to show both that they are
starting up projects and finalizing projects that
are important for winning the elections. Projects
then have to start up quickly without enough
preparations. The civil servants working with the
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cases, somewhat disillusioned from earlier cases,
also knows that there will be a number of changes
and adjustments later in the project, so there is no
point in putting inmaximumeffort concerning the
design in an early stage. Civil servants that might
have protested against certain “bad” decisions
earlier are seen as troublesome and causing delays
and have more problems to get promotions. Most
employees remain quiet and shrug their shoulders
knowing that problems will come later.

The importance of things working smoothly and of
avoiding conflicts can also affect the work during the con-
struction stage, for example, saying yes to proposals from
the contractor even if there is a risk of lower quality [44].
Warsame [1] describes different “decision styles,” and several
of these underline the importance of consensus and avoiding
conflicts, and this can lead to client representatives accepting
lower quality than actually contracted and/or higher risks for
quality problems.

All these things can be described as part of a “company
culture,” and creating the right culture is important for the
long-term quality of the projects. The culture in the authority,
together with their competence, will affect the incentives for
consultants, contractors, and contractors, that—to simplify
somewhat—do what it is necessary to survive in the market
rather than what is essential to the long-term quality of the
project.

In a public authority, the politically chosen board, and
leading politicians on all levels, is of course in the end respon-
sible for how the authorities work. These “final” decision
makers send out signals about what they approve of and
do not approve of, and these signals behavior will affect
the company culture in the authority. But, of course, also
public employees on all levels have a responsibility towards
the taxpayer and citizens to contribute to an efficient use of
resources in the public sector.

5.4. “Second Opinions” as a Crucial Instrument. One way to
both improve knowledge and creative incentives is to use
“second opinions” from external actors in a systematic way
during all stages of an infrastructural project. This is already
done in some countries to avoid cost-overruns in large
infrastructure projects (see [45, 46]), but broadening this
to include other aspects including possible quality problems
seems to be one promising way to both improve knowledge
on possible consequences of various changes and create
incentives. Knowing that your proposal will be evaluated by
an external reviewer and that this will be documented and be
available for others should increase effort and make it easier
to evaluate the quality of both departments and individuals.

This will increase cost and could cause some delay in the
processes, but the assumption here is that the gains will be
bigger than the costs. Choosing the external reviewers is also
a problematic issue, and it is rather obvious that if the top
management does not take the external review seriously, it
will always be possible to find “yes-men.”

6. Conclusions

Public client organizations typically act as the owner and the
party who instigated a project for the benefit of society. In
order to ensure that a desired project performance is achieved
and provide better infrastructure projects, it has been argued
that the public client’s “organizational culture” is the most
important, and the core of this culture should be a focus
on knowledge management and creating incentives, for the
desired behavior in the organization. A central instrument
for top management to signal this is to systematically work
with “second opinions” from independent actors in a form
adjusted to the size and specific stage of the process.

This also implies that, for example, the choice of pro-
curement types cannot by itself improve project performance.
Without knowledge and the right incentives it is unlikely that
any procurement type will lead to high quality results and
an organization with the right knowledge and incentives can
adjust any procurement type to the situation and make it
work.

Finally, let us repeat that these statements are not “proven
facts” but conjectures that we have argued are consistent with
both theoretical and empirical studies concerning quality in
infrastructure projects.
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Facility maintenance management (FMM) has become an important topic for research on the operation phase of the construction
life cycle. Managing FMM effectively is extremely difficult owing to various factors and environments. One of the difficulties is the
performance of 2D graphics when depictingmaintenance service. Building informationmodeling (BIM) uses precise geometry and
relevant data to support the maintenance service of facilities depicted in 3D object-oriented CAD. This paper proposes a new and
practical methodology with application to FMM using BIM technology. Using BIM technology, this study proposes a BIM-based
facilitymaintenancemanagement (BIMFMM) system formaintenance staff in the operation andmaintenance phase.TheBIMFMM
system is then applied in selected case study of a commercial building project in Taiwan to verify the proposed methodology and
demonstrate its effectiveness in FMM practice. Using the BIMFMM system, maintenance staff can access and review 3D BIM
models for updating related maintenance records in a digital format. Moreover, this study presents a generic system architecture
and its implementation. The combined results demonstrate that a BIMFMM-like system can be an effective visual FMM tool.

1. Introduction

Facility maintenance management (FMM) in the operation
phase of facility’s life cycle has become an important topic
for research and academic study. Managing maintenance
information about facilities contributes to successful facility
management (FM). Managing FMM work effectively can be
extremely difficult on the operation phase owing to various
types of equipment and facilities. Furthermore, it is incon-
venient for maintenance staff to maintain those facilities by
relying on paper-based documents. The latest information
technology solutions provide improved FMM. Unlike the
manufacturing industry, information technology is limited in
its use and application in construction [1], and most of
the management work is done by human labor, which is
inefficient and sometimes error-prone.

Regarding FMM, maintenance staff usually refers to
information such as specifications, checklists, maintenance
reports, and maintenance records. Maintenance staff must
record maintenance results on hard copies. Consequently,
there can be significant gaps in data capture and entry.

Such means of communicating information between the
facility location and the management office are ineffective
and inconvenient. According to the survey findings regarding
maintenance work on a commercial building in Taiwan, the
primary problems regarding data capture and sharing during
the FMM process are as follows: (1) the efficiency and quality
are low, especially through document-based media, (2) it
is not easy to reference relevant detailed information on
facilities, (3) there are data reentry problems, and (4) the use
of desktops for operating BIMmodels cannot be extended to
maintenance management service at facility location effec-
tively. However, few suitable platforms exist to assist main-
tenance staff in using integrated FMM information system
from BIM models and sharing maintenance information
directly at the facility’s location.

The performance of FMM can be enhanced by using web
technology for information sharing and communication. In
this study, the FMM work includes inspection and main-
tenance works. Building Information Modeling (BIM) uses
precise geometry and relevant data to support the main-
tenance service of facilities depicted in 3D object-oriented
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Figure 1: Overview of the BIMFMM system framework.

CAD. By integratingweb andBIM technologies, the effective-
ness of FMM work is enhanced and improved (see Figure 1).
In order to enhance the effectiveness of FMM work on com-
mercial buildings, this study presents a novel system called
BIM-based Facility Maintenance Management (BIMFMM)
system for the acquisition and tracking of maintenance
information and provides an information sharing platform
for maintenance staff using a webcam-enabled notebook or
tablet. Integrating the web and BIM technologies, informa-
tion and data entry mechanisms can help to improve the
effectiveness and convenience of information flow in the
FMMprocess.The primary objectives of this study include (1)
applying BIM and web technologies to increase the efficiency
of collectingmaintenance data and information, (2) accessing
web technologies directly to link detailed information with
BIM models of facilities, and (3) exploring the limitations of
the system, addressing problems, and providing suggestions
based on the implementation of the pilot case study. The
BIMFMM system is applied to a commercial building in
Taiwan to verify our proposedmethodology and demonstrate
the effectiveness of the FMM process. The combined results
demonstrate that the BIMMM system can be a useful BIM-
based FMMplatform by utilizing web and BIM technologies.

2. Related Research Studies

BIM digitally contains precise geometry and relevant data
needed to support the design, procurement, fabrication, and
construction activities to describe 3D object-oriented CAD
[2]. BIM is a digital tool that supports continual updating
and sharing of project design information [3]. BIM is the
process of generating and managing building data during a
building life cycle [4]. BIM technology has the potential to
enable fundamental changes in project delivery to support a
more integrated, efficient process [5].Much previous research

has examined BIM issues in construction. There are many
core benefits, barriers, frameworks, and recommendations on
BIM usage cited in previous work on supporting decisions
and improving processes throughout the lifecycle of a project
[2, 6–14]. Related to the design phase of a project, these
topics include parametric modeling, BIM at different levels
of development (LOD), identification of design conflicts and
analysis, green design, design simulation, cost estimation,
and accurate geometric representation of all facilities [2,
7, 8, 15–27]. During the construction phase, these benefits
using BIM in construction include less rework, reduction
in requests for information and change orders, customer
satisfaction through visualization, improved productivity in
phasing and scheduling, faster and more effective construc-
tionmanagement with easier information exchange, accurate
cost estimation, effective supply chain, and visualizing safety
analysis [2, 28–35]. During the operation phase, these benefits
include control of maintenance management process, inte-
grated life cycle data, rapid and accurate information about
update and change activities, and more effective FM with
easier information exchange [2, 5, 8, 17, 18, 29, 36–42].

The BIM approach, which is used to retain facility infor-
mation in a digital format, facilitates easy updates of FMM
information in a 3D CAD environment. Although there were
many practical applications for using BIM in the mainte-
nance management stage, one of the challenges in broader
application of BIM models to FMM is that currently the
use of PC desktops limits on-site use of BIM models during
the maintenance and inspection process. Another problem
for most facilities is that vertical position can be difficult
to illustrate clearly based on traditional 2D drawings. With
the use of mobile devices executing the BIM models, these
BIM models need to be processed in advance and reduced
to a smaller file size to be used in mobile devices. This
study will explore and make recommendations to solve these
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problems. In order to assistmaintenance staff in obtaining the
corresponding BIMmodel automatically for FMM, this study
develops a proposed system to integrate web technology to
automatically connect the BIM models. This study enhances
FMM service using web technology integrated with the
BIM approach. By using the web technology, users can
quickly click the corresponding BIM model of a facility and
access basic information and maintenance problems while
managing FMM information during the operation phase.

3. System Schematic Design

The application of BIM technology in the FMM both inside
and outside of the buildings supports maintenance staff in
handling FMM via the 3D BIM models. By accessing the
mobile device, maintenance staff can obtain the correspond-
ing BIMmodel of the facility and directly access FMM infor-
mation about the facility such as instructionmanuals, photos,
video of operations, maintenance history, and manufacturer
information. Furthermore, a 3D BIM model improves upon
traditional 2D drawings that can make it difficult to illustrate
the vertical location or position of facilities.

The BIMFMM system consists of subsystems for BIM,
mobile devices, and a hub center. The mobile devices subsys-
tem is located on the client side, while the BIM models and
hub center subsystem are on the server side. Each subsystem
is briefly described below.

3.1. BIM Modules Subsystem of the BIMFMM System. In this
study, BIM is used as an information model in the BIMFMM
system. The BIM is applied to capture and store information
about the facility, including basic descriptions, parameter-
related information, maintenance records, and FMM reports.
Autodesk Revit Architecture and Revit MEP were used to
create and maintain the BIM model files. Autodesk Navis-
works was used to integrate and read the BIMmodels of facil-
ities. Information integration with the 3D BIM models was
achieved using the Autodesk Navisworks API and Microsoft
Visual Basic.NET (VB.NET) programming language. The
BIMFMM system was developed by integrating the 3D
BIM models of facilities and maintenance-related informa-
tion using Navisworks API programming. Open Database
Connectivity (ODBC) was utilized to integrate acquired
data from different software programs and all maintenance
information, such that BIM files can be exported to anODBC
database for connection with the BIMFMM system.

3.2. Mobile Devices Subsystem of the BIMFMMSystem. There
are twomobile devices used in the BIMFMMsystem.AnAcer
Iconia W700P tablet is used as the webcam-enabled tablet
hardware.TheAcer IconiaW700P tablet runs onWindows 8.
An HP Pavilion notebook is used as the webcam-enabled
notebook hardware. The HP Pavilion notebook runs the
Windows 7 operating system. All data in the tablet and note-
book are transmitted between the client and the server sides
directly through the web via Wi-Fi or 3G.

3.3. Hub Center Subsystem of the BIMFMM System. The hub
center is an information center in the BIMFMM system that

enables all participants to log onto a hub center and imme-
diately obtain information required for FMM. Users can
access different information and services via a single front-
end access point on the Internet. For example, maintenance
staff can log onto the hub center and securely access the latest
FMM schedule information. FM managers can check main-
tenance status, results, and various other inspection-related
data. All facilities-related pieces of information acquired
within the hub center subsystem are recorded in a centralized
system database. Maintenance staff can access required infor-
mation via the hub center subsystem based on their access
privileges.

The amount of maintenance information stored will
increase over time if all FMM pieces of information are
recorded in the BIM model. Because BIM models cover a
wealth of building information, central BIM models storage
space should be reserved for crucial information, such as
spatial information, facility ID and name of facility, facility
location, and other critical information. In order to keep the
system performance at an acceptable level, the information
derived by other applications should be stored in an external
location. Therefore, there is one database designed in the
BIMFMMsystem, called the FMMdatabase.The central BIM
models stores only basic information (such as position, ID
and name of facility, and key parameter information of
components). Related maintenance data and information are
stored in the FMM database.

The accuracy of the central BIMmodelswill directly affect
FMMoperations in the BIMFMMsystem. In order to prevent
too many users from simultaneously using central BIM
models and in turn affecting the accuracy of the BIMmodels,
the BIM engineer can update central BIMmodels and export
into read-only BIMmodels (NWD file) directly in the server
side. The latest read-only BIM models on the client side
automatically re-syncs when read-only BIM models change
on the server side. In this framework, all building facility
pieces of information from BIM can be saved and updated
in the read-only BIM models without accessing the central
BIM models directly. Furthermore, central BIM models and
read-only BIM model are saved on the server side. Figure 1
shows overview of the BIMFMM system framework.

In the BIMFMM system, major three roles are involved
in FMM including BIM engineer, FM manager, and main-
tenance staff. To ensure that the FMM operation does not
affect the maintenance operation of the central BIM models,
this study utilizes client-server system architecture. In the
BIMFMM system, the read-only BIMmodel stores all facility
basic information and location in the server side. Also,
only BIM engineers are allowed to access and edit central
BIM models by using BIM software and export into the
read-only BIM models directly on the server side. On the
client side, the FM manager and maintenance staff reference
facility information through the read-only BIM models and
edit FMM information through the FMM database in the
BIMFMM system.

TheBIMFMMsystem server supports four distinct layers,
each with its own responsibilities: management, data access,
application, and presentation (see Figure 2). This following
section describes the distinct layers in the BIMFMM system.
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Figure 2: System and module framework of the BIMFMM system.

The management layer provides BIM engineers with
tools to edit and manage central BIM models by using BIM
software. BIM engineers can create and integrate the read-
only BIM models saved in the server through the Internet.

Regarding the data access layer of the BIMFMM system,
the FMM database stores all facilities maintenance records,
while the read-only BIMmodels store complete facility infor-
mation including facility number, name, and type in the BIM
models. The FMM database records detailed maintenance
information in accordance with the facility ID. The primary
key establishes a relationship between facility ID and themain
index.Therefore, information can be used for data association
for data mapping to retrieve complete facilities maintenance
information based on facility ID between read-only BIM
models and FMM database.

The application layer defines various applications formaj-
or system and API modules. These applications offer index-
ing, BIM model data updates and transfers, facility status
visualization, and report generation functions. The appli-
cation layer integrates and uses BIM software to open the
BIM models by using developed API modules. Finally, the
application layer can automatically acquire data and analyze
BIMmodels based on a request and then send the results back
to the client side.

The presentation layer is the main implementation plat-
form of the BIMFMM system. During the FMM process, the
FM manager and maintenance staff can use a tablet (client
side) and utilities in the BIMFMM system for the FMM
operation. The presentation layer displays the location infor-
mation of BIM model automatically, records maintenance
information, illustrates different conditions and status of

FMM, queries the history, and exports reports on FMM
results.

4. System Development

The BIMFMM system server is based on the Microsoft
Windows Server 2008 operating system with an SQL Server
2008 R2 as the database. The BIMFMM system is developed
using VB.NET programming, which is easily incorporated
with ADO.NET to transact FMM and BIM information with
an SQL Server database. The BIMFMM system consists of
three different user areas, maintenance staff, FM manager,
and BIM engineer areas. Access to the BIMFMM system is
password-controlled.

4.1. System Functionality Description. This section describes
the implementation of each major functionality module in
the BIMFMM system.

4.1.1. FMM Information Functional Module. The functional
module provides maintenance staff with detailed FMM
information on facilities by reviewing 3D BIM models. This
module enables all maintenance staff to refer to related
FMM information and historical maintenance records for
the selected facility quickly and easily in the BIM-based
environment. This module allows maintenance staff to refer
to basic information and specifications associated with BIM
models during the FMM process. This module also has a
search function that enables the information to be found and
retrieved easily.
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4.1.2.Maintenance FunctionalModule. Maintenance staff can
download up-to-date maintenance records through the BIM
models and enter facility maintenance results directly into
the BIM models. Additionally, the module can automatically
produce the corresponding maintenance forms through the
BIM models. Tablets display the checklist for every facility
maintenance task. Maintenance staff can record mainte-
nance information such dates, conditions, inspection results,
descriptions of problems that have arisen during mainte-
nance, and recommendations. Furthermore, maintenance
staff can also check tasks that do not pass the inspection and
select relevant tasks from lists in the BIMmodels. One of the
benefits of themodule is thatmaintenance results and records
can be transferred between a tablet and the BIMFMM system
by real-time synchronization, eliminating the need to enter
the same data more than once.

4.1.3. Process Monitor Functional Module. This functional
module is designed to enable FM managers to monitor the
FMM process. The process monitor module provides an
easily accessed andportable environmentwheremaintenance
staff can trace and record all maintenance information and
statuses through the visualized and colorized BIM model.

4.1.4. Reports Functional Module. Users can easily access
the FMM reports functional module to identify needs and
analyze FMM results information. Authorized records for
interfaces can be extracted and summarized for the final
FMM result-related reports. Furthermore, all FMM reports
can be extracted using commercially available software such
as Microsoft Excel.

4.2. SystemAPIModulesDescription. In order to integrate the
system with the BIM models, the following API modules are
developed in the BIMFMM system.

4.2.1. Automated Focus Facility Elements API Module. This
module allows users easily and quickly to access the related
BIM models by entering ID code attached in surface of the
facility. When the user enters ID code, this module will
automatically identify the facility angle and facility location
in the corresponding BIM models automatically for FMM.

4.2.2. Facility Status Visualization API Module. The module
provides the visualization functionality for FMM status
through a visualized BIMmodel.Through a systematic FMM
analysis of test results, the module displays different colors
to illustrate various conditions and FMM status (such as
qualified inspection, required repair status, and obsolete
facility). Users can access the overall different maintenance
conditions and FMM statuses quickly through the visualized
BIM model.

There are two subsystems in the BIMFMM system. The
first subsystem is the API monitoring subsystem for BIM
engineers located on the server side. This subsystem deals
with integration services of BIM models in the BIMFMM
system.These services include updating facility maintenance
information. Another subsystem is the maintenance subsys-
tem located on the client side. This maintenance subsystem

is developed for maintenance staff and FM managers to
deal with FMM operations in the facility’s location, such as
clicking the BIM model of the facility, recording FMM, and
reporting FMM results.

4.3. System Process Description. There are three processes
used in the BIMFMM system including the system initial-
ization process, FMM information monitoring process, and
maintenance implementation process.

4.3.1. System Initialization Process. Thepurpose of the system
initialization process is to provide adequate information on
FMM operations. The system initialization process includes
BIM models initialization and facility information initializa-
tion.

BIM Models Initialization. The BIM model must provide all
pieces of information and related models on a facility as an
information requirement for facilitymaintenance operations.
When the BIM models save complete facility information,
the BIM engineer needs only to use BIM software (such as
Revit) to create BIM models first. After the BIM models
creation byRevit can export intomany read-only BIMmodels
(NWCfile). All exportedNWCfiles will be integrated a single
read-only BIM model (NWD file) using Navisworks. Finally,
the read-only BIM models (NWD files) can be downloaded
on the client side of the BIMFMM system for FMM usage.
When central BIM models change, BIM engineers only need
to update central BIM models and export to read-only BIM
models (NWDfiles); the BIMFMM systemwill automatically
update read-only BIM model on the client side of the
BIMFMM system.

Facility Information Initialization. Facility information ini-
tialization is an important task in the FMM. After BIMmod-
els initialization, FMMstaff adds new facility information and
electronic documents directly in the system.The information
will be saved in the FMM database. Furthermore, the facility
information must be linked and associated with BIMmodels
to create the relationship of facility information and BIM
models in the MM database.

After the facility information initialization process is
completed, FM manager and maintenance staff may utilize
BIMFMM system to handle the following FMM information
monitoring and maintenance implementation tasks.

4.3.2. FMM Information Monitoring Process. When the sys-
tem initialization process is completed, FM manager can
view and access BIM models (NWD file) in the BIMFMM
system and then open the BIMFMM system monitoring API
module. When maintenance staff handles the FMM process,
FMmanagers canmonitor and refer the newest state of FMM
with different color visualization of BIM models through the
BIMFMM system.

4.3.3. Maintenance Implementation Process. During the
maintenance implementation process, the maintenance list
varies according to the maintenance task categories. The



6 The Scientific World Journal

design lets maintenance staff work on maintenance opera-
tions effectively according to the task categories and main-
tenance list. Maintenance staff can utilize the Web-enabled
Tablet PC to access the BIMFMM system and show all the
task categories and maintenance list based on different levels
of access. After maintenance staff selects a particular task
category, the system shows the history task form for that cate-
gory. Maintenance staff can view the other task form, edit the
unfinished task form, or add a new task form. When main-
tenance staff selects or adds a task form, the system retrieves
facility information from the read-only BIMmodel based on
the task types. Furthermore, a list of all related maintenance
and results will be illustrated with the BIM model for FMM
work preparation. Maintenance staff can access inspection
information and the maintenance status effectively. During
the maintenance implementation process, maintenance staff
can use the system directly and select the corresponding BIM
model of the facility.When the system receives the facility ID,
the system automatically displays the facility’s basic informa-
tion and historical maintenance data in the BIM model. Fur-
thermore, the facility’s BIM model will be selected, focused,
and highlighted using different color. User can obtain basic
information on the facility by clicking the BIM model, or
selecting from a maintenance list. After selecting the facility
through one of the three methods, the maintenance staff can
handle maintenance work and record the status and result of
maintenance. Finally, all maintenance records and pieces of
information are stored in the FMM database.

During the process of maintenance operations, the main-
tenance status also can be enhanced by color visualization in
the BIM model through the facility status visualization API
module. Through the functionality that visually depicts the
status ofmaintenance list items, the BIMFMMsystemwill get
related maintenance status from the maintenance list in the
FMM database. Furthermore, the BIM model will visualize
different colors based on the each maintenance status in the
facilities, and other elements in BIM model will be displayed
in translucent white to enhance the visualization effect (see
Figure 3).

Integrated with the above design concept, more complex
operating procedures of FMM are simplified and developed
in the BIMFMM system. One of the major characteristics
of the BIMFMM system is to provide users an easy-to-use
visualization for handling FMM work. By clicking the list,
each task form will show the list of facilities requiring main-
tenance, historical maintenance information, and the status
and condition of facilitiesmaintenance. By clicking the corre-
sponding BIMmodel of the facility, the BIMmodel are linked
and illustrated quickly and effectively in facility location. All
maintenance results are sent back and saved in the main
BIM model. The proposed approach provides a means to
update the facility information of the BIM model and FMM
information synchronization. Finally, in order to let FMM
engineers apply the system easily and effectively, the layout of
the system is designed based on FMMengineers’ suggestions.
Figure 4 illustrates the system process flowchart used in the
BIMFMMsystem. Figure 5 shows the graphical user interface
(GUI) of the BIMFMM system.

(a)

(b)

Figure 3:The different maintenance statuses of FMM through visu-
alized and colorized BIM model.

5. System Validation

5.1. Pilot Case Study. This study is applied to a building in
Taiwan for the case study. This study utilizes a BIMFMM
system in the FMM for the building. Existing approaches
for tracking and managing FMM work rely on paper-based
records. The bulk of FMM work was paper-based and
documented by repeated manual entry, although an FMM
system was developed for a standalone software application.
Therefore, maintenance staff in the FM division utilized the
BIMFMM system to enhance FMM work in the pilot case
study.

After the critical facilities were selected for FMM work,
the unique ID for each facility was entered into the BIMFMM
system database for quick search. Before the FMM work
began, the maintenance staff could check the facility list from
webcam-enabled tablets, refer to the relevant information,
and begin preparation work without printing any paper
documents. During the FMM process, the maintenance staff
selected the relevant BIM model. The BIMFMM system
showed the basic information and BIM model of the facil-
ity. Maintenance staff could then check further detailed
information like maintenance instructions, notifications, and
accessories list, all of which are supported by BIMFMM.After
the FMMwork,maintenance staff entered the results ofmain-
tenance, edited the description in the tablet, and provided the
updated information to the system. When a facility required
repairs, the system also provided the manufacturer’s problem
information for immediate reference. Finally, the facilities
manager and the authorized maintenance staff accessed
the updated information simultaneously from their offices.
Figure 6 illustrates maintenance staff using webcam-enabled
tablet for FMM work in the pilot case study.
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Figure 4: The process diagram used in the BIMFMM system.

5.2. Evaluation and Results. Overall, the field test results
indicate that the application of BIM is an effective tool for
FMM in a building. All BIM models survived use in the
pilot test over the two-month testing period. Approximately
18 users participated in field trials of the FMM process. The
BIMFMM system was installed on the main server in the FM
division of the building.

During the field trials, verification and validation tests
were performed to evaluate the system. Verification aims to
evaluate whether the system operates correctly according to
the design and specification; validation assesses the useful-
ness of the system. The verification test was carried out by
checking whether the BIMFMM system could perform tasks
as specified in the system analysis and design. The validation
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Figure 5: GUI of the BIMFMM system.

Figure 6: Staff using webcam-enabled tablet for FMM work in the
pilot case.

test was undertaken by asking selected case participants to
use the system andprovide feedback by answering a question-
naire. There were 25 participants involved in the evaluation
test. To evaluate system function and the level of satisfaction
with the system’s capabilities, the users of the system were
asked to grade the conditions of system testing, system
function, and system capability separately, compared with
the typical paper-based FMM approach. Some comments
for future improvements to the BIMFMM system were also
obtained from the case participants through the user satisfac-
tion survey. Finally, Table 1 shows system evaluation result.

The 92% of users obtained from user satisfaction survey
indicates that the BIMFMM system is quite adaptable to
current FMM practices in a building and is attractive to
users. The overall result implies that the BIMFMM system
is considered to be well designed and could enhance current
time-consuming FMM processes. The over 98% satisfaction
rate also indicates that the visual BIMmodel providing FMM
support is very helpful. The 98% satisfaction rate for the
BIMFMM system directly accessing the BIMmodel at facility
location is also effective and necessary. Also, no additional
work was required to complete documentation beyond the
data collection process. The advantages and disadvantages
of the BIMFMM system identified from the pilot study are
identified.

Table 1: System evaluation result.

System functionality Mean score
Ease of FMM information sharing 4.4
Reliability 3.9
Applicability to FMM 4.7
Use of system Mean score
Ease of use 4.4
User interface 4.4
Overall system usefulness 4.4
System capability Mean score
Reduces unnecessary time 4.3
Ease of finding maintenance information 4.4
Improves maintenance problem tracking 4.0
Enhances visual maintenance management 4.4
Enhances maintenance problems illustration 3.9
Note: the mean score is calculated from respondents’ feedback on five scale
questionnaire: 1 (strongly disagree), 2, 3, 4, and 5 (strongly agree).

5.3. Limitations and Barriers. The findings of this case study
revealed several limitations of the BIMFMM system. The
following are inherent problems recognized during the case
study.

(i) It was difficult for new users to operate BIM model
in the BIMFMM system. Somemaintenance staff was
initially unfamiliar with BIM models. It usually takes
time to learn how to use BIM models. In the case
study, the use of the BIM system initially lengthened
the FMM operation over the traditional approach,
since users required time to find the corresponding
BIM model and fill out the FMM information in
the BIMFMM system. After the user is skilled and
familiar with BIM model, the time required by the
current approach and the proposed system is almost
exactly the same in FMM operations.

(ii) Based on the case study, BIM engineers needed to
keep and update BIM models during the opera-
tion phase. When new equipment or facilities are
purchased, BIM engineers must build a new BIM
model for future maintenance use. Furthermore, the
communications betweenmaintenance staff and BIM
engineers are necessary and important during the
process. Maintenance staff should tell BIM engineers
about any problem regarding the BIM models. The
BIM engineers also must notify and discuss with
maintenance staff after BIM engineer corrects the
BIM models. BIM models require constant mainte-
nance and updates. Another important issue is quality
management of BIMmodels. Although the study pro-
posed that the BIMFMM system help maintenance
staff to handle visual facilities maintenance and man-
agementwork, the advancedmanagement procedures
and mechanisms for quality management of BIM
models for FMMmust be identified and developed in
the future. Particularly, the management mechanisms
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for updating the BIM models should be developed as
the next step of BIMFMM system development.

(iii) Although Navisworks provide user with the ability to
access a huge integrated amount of BIM models, the
integratedBIMmodels (NWDfile)will become larger
than original BIM models. Usually, it will take 2 to
5 minutes to download whole BIM models from the
server side when applying BIM models in the tablet
for FMM work. Therefore, it is necessary to develop
appropriate mechanisms to improve the above prob-
lem. For example, the BIM models in the client side
will be updated and downloaded only from the server
side when BIM models changes in the server.

6. Conclusions

The BIM approach, which is applied to retain facility infor-
mation in a digital format, facilitates easy updating of FMM
information in a BIM environment. Although there were
many practical cases for using BIM during the maintenance
management stage, the one of facing problem is that typically
BIMmodels could only be used with PC desktops in an office,
which limited their use onsite during facility maintenance.
However, use of high-end desktops for operating BIMmodels
could not be used effectively by maintenance staff onsite
during the maintenance and inspection process. BIMmodels
need to be processed and transferred via smaller files for
use with mobile devices, which are more commonly used
onsite. In order to assist maintenance staff with obtaining the
corresponding BIMmodel automatically for FMM, this study
develops the BIMFMM system to integrate web technology
to automatically connect the BIM models. The BIMFMM
system not only improves FMM efficiency but also provides
a real-time service platform during the FMM process. In
the case study, MM staff used webcam-enabled tablets to
seamlessly enhance FMM work at facility locations, owing
to the system’s searching speed and ability to support related
information collection and access during the FMM process.
Meanwhile, on the server side, the BIMFMM system offers
a hub center to provide the FM division with real time
monitoring capacity during the FMM process. Integrated
with characteristics of 3D BIM model illustration and BIM
parametric design, the BIMFMM system quickly shows the
necessary maintenance information using a facility’s BIM
model based on the selected task type and clearly presents the
position and height of the selected facility.

In a case study, the application of the BIMFMM system
helped to improve the FMM work of a commercial build-
ing in Taiwan. Based on experimental results, this study
demonstrated that BIM technology has significant potential
to enhance FMM work. The integration of BIM technology
with web technology helps FM managers and maintenance
staff to effectively track and control the whole FMM process.
Compared with current approaches, the combined results
demonstrate that a BIMFMM system can be a useful mobile
BIM-based FMM platform. Based on the case study finding,
BIM models must be updated and corrected constantly.

Another important issue is qualitymanagement of BIMmod-
els. The advanced management procedures and mechanisms
for quality management of BIM models for FMM needs to
be identified and developed in the future. Doing so will be
the next step of BIMFMM system development. Finally, the
limitations, facing problems, and suggestions are discussed
based on the implementation of case studies in this study.
Although there are some challenges indicated above, the pro-
posed system has shown a great potential to be used for FMM
in building with the promising results shown in this study.

Acknowledgment

The authors would like to express their appreciation to the
staff and managers of D-W property company for assistance
in providing useful data, valuable information, and helpful
comments during system development and test.

References

[1] S. Boddy, Y. Rezgui, G. Cooper, and M. Wetherill, “Computer
integrated construction: a review andproposals for future direc-
tion,” Advances in Engineering Software, vol. 38, no. 10, pp. 677–
687, 2007.

[2] C. Eastman, P. Teicholz, R. Sacks, andK. Liston,BIMHandbook:
A Guide to Building Information Modeling for Owners, Man-
agers, Designers, Engineers and Contractors, Wiley, Hoboken,
NJ, USA, 2011.

[3] F. Gould and N. Joyce, Construction Project Management, Pren-
tice Hall, New York, NY, USA, 3rd edition, 2008.

[4] E. Epstein, Implementing Successful Building Information Mod-
eling, Artech House, Norwood, Mass, USA, 2012.

[5] P. Teicholz, BIM for Facility Managers, Wiley, Hoboken, NJ,
USA, 2013.

[6] T. K. Tse, K. A. Wong, and K. F. Wong, “The utilisation of
building information models in nD modelling: a study of
data interfacing and adoption barriers,” Electronic Journal of
Information Technology in Construction, vol. 10, pp. 85–110,
2005.

[7] Z. Shen and R. Issa, “Quantitative evaluation of the BIM-
assisted construction detailed cost estimates,” Electronic Journal
of Information Technology in Construction, vol. 15, pp. 234–257,
2010.

[8] R.Manning and J. I.Messner, “Case studies inBIM implementa-
tion for programming of healthcare facilities,” Electronic Journal
of Information Technology in Construction, vol. 13, pp. 446–457,
2008.

[9] B. Becerik-Gerber and S. Rice, “The perceived value of building
information modeling in the U.S. building industry,” Electronic
Journal of Information Technology in Construction, vol. 15, pp.
185–201, 2010.

[10] Y. Jung and M. Joo, “Building information modelling (BIM)
framework for practical implementation,” Automation in Con-
struction, vol. 20, no. 2, pp. 126–133, 2011.

[11] K. Barlish and K. Sullivan, “How to measure the benefits of
BIM—a case study approach,” Automation in Construction, vol.
24, pp. 149–159, 2012.

[12] D. Bryde,M. Broquetas, and J.M. Volm, “The project benefits of
Building Information Modelling (BIM),” International Journal
of Project Management, vol. 31, no. 7, pp. 971–980, 2013.



10 The Scientific World Journal

[13] R. Sebastian and L. Van Berlo, “Tool for benchmarking BIM
performance of design, engineering and construction firms in
theNetherlands,”Architectural Engineering andDesignManage-
ment, vol. 6, pp. 254–263, 2010.

[14] B. Becerik-Gerber and K. Kensek, “Building information mod-
eling in architecture, engineering, and construction: emerging
research directions and trends,” Journal of Professional Issues in
Engineering Education and Practice, vol. 136, no. 3, pp. 139–147,
2010.

[15] G. Li, L.Ding, and J.Wang, “Construction project control in vir-
tual reality: a case study,” Journal of Applied Sciences, vol. 6, no.
13, pp. 2724–2732, 2006.

[16] F. Leite, A. Akcamete, B. Akinci, G. Atasoy, and S. Kiziltas, “Ana-
lysis of modeling effort and impact of different levels of detail in
building informationmodels,”Automation in Construction, vol.
20, no. 5, pp. 601–609, 2011.

[17] S. Staub-French and A. Khanzode, “3D and 4D modeling for
design and construction coordination: issues and lessons learn-
ed,” Electronic Journal of Information Technology in Construc-
tion, vol. 12, pp. 381–407, 2007.

[18] S. Fox and J. Hietanen, “Interorganizational use of building
information models: potential for automational, informational
and transformational effects,” Construction Management and
Economics, vol. 25, no. 3, pp. 289–296, 2007.

[19] A. Schlueter and F. Thesseling, “Building information model
based energy/exergy performance assessment in early design
stages,” Automation in Construction, vol. 18, no. 2, pp. 153–163,
2009.

[20] U. Isikdag and J. Underwood, “Two design patterns for facili-
tating Building Information Model-based synchronous collab-
oration,”Automation in Construction, vol. 19, no. 5, pp. 544–553,
2010.

[21] W. Shen,Q. Shen, andQ. Sun, “Building InformationModeling-
based user activity simulation and evaluation method for
improving designer-user communications,” Automation in
Construction, vol. 21, no. 1, pp. 148–160, 2012.

[22] G. Lee, H. K. Park, and J. Won, “D3 City project—economic
impact of BIM-assisted design validation,” Automation in Con-
struction, vol. 22, pp. 577–586, 2012.

[23] S.-I. Lee, J.-S. Bae, and Y. S. Cho, “Efficiency analysis of Set-
based Design with structural building information modeling
(S-BIM) on high-rise building structures,” Automation in Con-
struction, vol. 23, pp. 20–32, 2012.

[24] J.-K. Lee, J. Lee, Y.-S. Jeong et al., “Development of space data-
base for automated building design review systems,” Automa-
tion in Construction, vol. 24, pp. 203–212, 2012.

[25] J. Whyte, N. Bouchlaghem, A. Thorpe, and R. McCaffer, “A
survey of CAD and virtual reality within the house building
industry,” Engineering, Construction and Architectural Manage-
ment, vol. 6, no. 4, pp. 371–379, 1999.

[26] D. Mah, J. D. Manrique, H. Yu, M. Al-Hussein, and R. Nasseri,
“House construction CODN2/DN footprint quantification: a
BIM approach,” Construction Innovation, vol. 11, no. 2, pp. 161–
178, 2011.

[27] P. Sanguinetti, S. Abdelmohsen, J. Lee, J. Lee,H. Sheward, andC.
Eastman, “General system architecture for BIM: an integrated
approach for design and analysis,” Advanced Engineering Infor-
matics, vol. 26, no. 2, pp. 317–333, 2012.

[28] B. Hardin, BIM and Construction Management: Proven Tools,
Methods, and Workflows, Sybex, New Jersey, NJ, USA, 2009.

[29] R. Davies and C. Harty, “Implementing “Site BIM”: a case study
of ICT innovation on a large hospital project,” Automation in
Construction, vol. 30, pp. 15–24, 2013.

[30] E. Elbeltagi andM.Dawood, “Integrated visualized time control
system for repetitive construction projects,” Automation in
Construction, vol. 20, no. 7, pp. 940–953, 2011.

[31] S. Azhar, “Building information modeling (BIM): trends, bene-
fits, risks, and challenges for the AEC industry,” Leadership and
Management in Engineering, vol. 11, no. 3, pp. 241–252, 2011.

[32] L. Y.Ding, Y. Zhou,H. B. Luo, andX.G.Wu, “Using nD technol-
ogy to develop an integrated construction management system
for city rail transit construction,” Automation in Construction,
vol. 21, no. 1, pp. 64–73, 2012.

[33] T.Hartmann,H.VanMeerveld,N.Vossebeld, andA.Adriaanse,
“Aligning building information model tools and construction
managementmethods,”Automation in Construction, vol. 22, pp.
605–613, 2012.

[34] Y. M. Ibrahim, T. C. Lukins, X. Zhang, E. Trucco, and A. P.
Kaka, “Towards automated progress assessment ofworkpackage
components in construction projects using computer vision,”
Advanced Engineering Informatics, vol. 23, no. 1, pp. 93–103,
2009.

[35] Y. Ren, M. J. Skibniewski, and S. Jiang, “Building informa-
tion modeling integrated with electronic commerce material
procurement and supplier performance management system,”
Journal of Civil Engineering and Management, vol. 18, no. 5, pp.
642–654, 2012.

[36] CRC for Construction Innovation, “Adopting BIM for facilities
management: solutions for managing the Sydney opera house,”
2007, http://eprints.qut.edu.au/27582/1/27582.pdf.

[37] L. Klein, N. Li, and B. Becerik-Gerber, “Imaged-based verifica-
tion of as-built documentation of operational buildings,” Auto-
mation in Construction, vol. 21, no. 1, pp. 161–171, 2012.

[38] B. Becerik-Gerber, F. Jazizadeh, N. Li, andG. Calis, “Application
areas and data requirements for BIM-enabled facilities manage-
ment,” Journal of Construction Engineering and Management,
vol. 138, no. 3, pp. 431–442, 2012.

[39] H. Schevers, J. Mitchell, P. Akhurst et al., “Towards digital facil-
ity modelling for Sydney Opera House using IFC and semantic
web technology,” Electronic Journal of Information Technology in
Construction, vol. 12, pp. 347–362, 2007.

[40] A. Motamedi and A. Hammad, “Lifecycle management of
facilities components using radio frequency identification and
building information model,” Electronic Journal of Information
Technology in Construction, vol. 14, pp. 238–262, 2009.

[41] Y.Wang, X.Wang, J.Wang, P. Yung, andG. Jun, “Engagement of
facilities management in design stage through BIM: framework
and a case study,” Advances in Civil Engineering, vol. 2013,
Article ID 189105, 8 pages, 2013.

[42] Y. Jiao, Y. Wang, S. Zhang, Y. Li, B. Yang, and L. Yuan, “A cloud
approach to unified lifecycle data management in architecture,
engineering, construction and facilities management: integrat-
ing BIMs and SNS,” Advanced Engineering Informatics, vol. 27,
no. 2, pp. 173–188, 2013.



Hindawi Publishing Corporation
The Scientific World Journal
Volume 2013, Article ID 178954, 10 pages
http://dx.doi.org/10.1155/2013/178954

Research Article
Safety Early Warning Research for Highway Construction
Based on Case-Based Reasoning and Variable Fuzzy Sets

Yan Liu,1 Ting-Hua Yi,2 and Zhen-Jun Xu1

1 College of Architectural Engineering, Qingdao Agricultural University, Qingdao 266109, China
2 School of Civil Engineering, Dalian University of Technology, Dalian 116023, China

Correspondence should be addressed to Ting-Hua Yi; yth@dlut.edu.cn

Received 1 June 2013; Accepted 23 August 2013

Academic Editors: E. W. L. Cheng, N. Ryan, and Y. H. Chiang

Copyright © 2013 Yan Liu et al. This is an open access article distributed under the Creative Commons Attribution License, which
permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

As a high-risk subindustry involved in construction projects, highway construction safety has experienced major developments in
the past 20 years, mainly due to the lack of safe early warnings in Chinese construction projects. By combining the current state
of early warning technology with the requirements of the State Administration of Work Safety and using case-based reasoning
(CBR), this paper expounds on the concept and flow of highway construction safety early warnings based on CBR. The present
study provides solutions to three key issues, index selection, accident cause association analysis, and warning degree forecasting
implementation, through the use of association rule mining, support vector machine classifiers, and variable fuzzy qualitative and
quantitative change criterion modes, which fully cover the needs of safe early warning systems. Using a detailed description of the
principles and advantages of eachmethod and by proving themethods’ effectiveness and ability to act together in safe early warning
applications, effective means and intelligent technology for a safe highway construction early warning system are established.

1. Introduction

China is currently one of the top infrastructure investors in
the world. From zero highway breakthroughs in 1988 to the
74,100 kilometers of highway traffic mileage implemented by
the end of 2010, comprising the second greatest highway net-
work in the world; China has achieved a level of development
that took western countries over 40 years to accomplish in
only 22 years, realizing a historic breakthrough in highway
construction. In keepingwith an overall construction plan for
an 850,000-kilometer highway road network [1], an increas-
ing number of highway construction projects will come into
operation over the next 10 years, the growth of which is
unprecedented. While highways have generated significant
economic benefits in the rapid development of the last 20
years, they have also resulted in billions of RMB of economic
losses due to safety issues, highlighting the severe safety con-
cerns in this industry.

According to the accident statistics for construction
project safety issued by the Ministry of Construction shown
in Figures 1 and 2, because China’s related department
strengthened management and improved managerial stuff
educational level, the numbers of accidents and fatalities

have been decreasing annually over the past three years. The
total number of accidents and deaths is relatively large, and
the number of people who have died of safety accidents in
construction projects in China is 1.5 times that of the total
death tolls in 50 other developed countries, including the
United Sates, the United Kingdom, Germany, and Japan. The
accident occurrences in road construction projects, which are
a high-risk subindustry in construction, account for 34% of
total construction project accidents, while the fatalities in this
subindustry account for approximately 31% of all construc-
tion project fatalities and are caused by five types of accidents:
height crashes, construction collapses, object attacks, electric
shocks, and machinery injuries. The safety conditions in this
subindustry are not satisfactory.

According to computations of static investments, it is esti-
mated that the future capital required for national highway
network construction is approximately 200 billion RMB.
National highway construction will be occurring fairly rap-
idly until 2020.The annual investment was approximately 140
billion RMB until 2010 and will be approximately 100 billion
RMB from2010–2020.However, the direct and indirect losses
caused by safety issues account for 2% of the annual total
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Figure 1: Number of safety accidents in the construction industry
(2008–2010).

investment, which is a large figure that greatly hinders the
development of road construction.

At first, the industry thought that the safety issues had
purely incidental or unexplainable reasons, and concern
for safety was limited to fatalities and property loss. With
improved knowledge and concern for safety issues, the indus-
try began to see that the occurrences weremore or less related
to incidents but also had their own laws and features. Because
it has gotten a late start, the study of safety management in
China is only an initial attempt in terms of both theory and
practice, with imperfect on-site safetymanagementmaterials,
an indirect and hysteretic quality to safety effectiveness, and
widespread uncertainties in construction projects. Thus, the
importance of the construction safety work inChina has been
ignored for decades. So, there is an urgent need for current
construction safety work to switch from accident handling
after accidents to forecast at the initial stage, switch fromhan-
dling the accident to predicting and preventing the accident,
and switch from traditionalmanagement tomodern scientific
management. The key link to realizing this transition is con-
struction safety early warning technology.The essence of safe
early warning technology in construction projects lies in pre-
control, prophase management, transitioning from accident
handling to accident prevention, discovering and addressing
potential risks at any time, and eliminating accidents in the
early stages of a project. Therefore, early warning is one of
themost effectivemethods of curbing accidents and reducing
safety losses. In April 2011, Wang [2] noted at the 14th session
of national construction safety officer working meetings that
construction enterprises should establish and perfect safe
production dynamic monitoring and early warning systems
in addition to analyzing and auditing the hidden dangers and
risks of their construction projects at regular intervals.

Further studies on early warning management models
exist abroad and are focused mainly on macroeconomic pre-
monitoring andmicroenterprise crises, such as an earlywarn-
ing study on financial crises [3, 4], computer network crises
[5], and natural disasters, such as tsunamis and earthquakes
[6, 7]. However, the study of industry production safe early
warning, particularly early warning in construction projects
[8], is relatively rare. A theoretical study of early warning in
China must commence with the circular fluctuation of the
economy in the middle of the 1980s [9] and then transition to
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Figure 2: Death tolls from safety accidents in the construction
industry (2008–2010).

the noneconomic early warning that has occurred in recent
years, beginning with early warning management studies in
the field of construction projects, such as coal mining [10, 11],
bridge construction monitoring [12, 13], and deep excavation
[14, 15]. Although the phrase “early warning” has been men-
tioned very frequently in other countries, systematic and in-
depth studies are still rare and mostly focus on the computer
technology involved in early warning management informa-
tion systems.

The accident losses during highway construction in
China over the past 20 years have been caused mostly by
the lagging study and practice of safe early warning; thus,
improving early warning abilities and preventing safety issues
are now the industry’s most challenging tasks.

2. Key Technology for Safe Early
Warning Systems

Safety and risk are mutually contradictory and dependent in
major construction projects. Safety risks do not exist alone
on a microscale, and safety issues cannot be induced by a
single risk element. In essence, safety is a systematic project
containing subunits, such as safety risk forecasting, distin-
guishing safety risks, risk associations, risk element impor-
tance ranking, safety investment and effectiveness, safe early
warning, safety evaluation, and an emergency response plan.
On a macroscale, safety is related to construction progress,
project quality, investment cost, and effectiveness, and these
factors are interrelated and interact with one another, leading
to an external action mechanism for safety issues.

Based on the current knowledge of safety, the selection of
monitoring indices for corresponding early warnings should
have a hierarchy.This paper divides earlywarningmonitoring
indices into a compulsory index hierarchy and dynamic index
hierarchy. The compulsory index includes an average safety
training time, safety education coverage rate, licensed per-
sonnel rate, site safetymember rate, safety symbol installation
rate, temporary electricity usage management standard rate,
reasonableness of machinery material management, fire pro-
tection management standard rate, safety danger patrol, safe
productionmeeting frequency, employment injury insurance
coverage rate, height workload, and ecological conditions.
Thedynamic index includes deviations in the project progress
and investment costs, soil stress changes and deformations,
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Figure 3: CBR-based highway construction safe early warning system.

and variations in water level and environment. The improve-
ment of safety awareness and safety standards is adopted for
the compulsory indices in the early warning process, while
such methods as reinforcing the monitoring of dangerous
areas and time zones, qualitative and quantitative change
monitoring of the index values, and the division of different
warning districts are included in the dynamic indices. Once
the analyzed data enter the warning districts, we can effec-
tively curb safety issues with the different control measures
that are taken according to the warnings made based on the
level of severity.

A complete and scientific safe early warning process
includes the selection of monitoring indices and association
analysis of the causes of the accident and warning degrees.
Because a highway has such features as a one-off quality,
uniqueness and a high level of uncertainty, the indices for
early warning, accident association, andwarning degree fore-
cast should be uniquely based on the project features. There-
fore, this paper introduces case-based reasoning (CBR) tech-
nology to the field of highway construction safe early warning
systems to increase the accuracy and effectiveness of the tech-
nology. CBR is an important branch of artificial intelligence
and originated in 1982 as part of Yale University Professor R.
Schank’s “Dynamic Memory,” a book that created the basic
theory of case-based reasoning. CBR is a similar or analogical
type of reasoning that is designed to use existing experience
and cases to solve new problems while also explaining the
new situations. By accessing a knowledge base used to solve
similar problems in the past, the current problem solutions
are given an inference model or the use of old cases or expe-
riences to solve new problems, evaluate new issues, explain
atypical circumstances, or understand a new situation. CBR
technology is used to solve a problem directly using previous
examples of knowledge and can effectively solve difficult or
problem areas that cannot be expressed otherwise. The self-
learning function of CBR ensures the continuous enhance-
ment of its reasoning, and it efficiently handles important
items that are close or similar to the means [16]. However,
papers involving both construction project safety and CBR
are very rare—there are dozens abroad and less than 10 from
China. However, these papers focus mainly on safety diag-
nosis, quality control, and slope stabilization and accident
emergency response, and none are deep or thorough enough.

Based on the advantages of CBR in project applications and
its high accountability and communicability, a 2010 key scien-
tific project regardingmajor accident prevention and solution
technologies for safe production, issued by China’s national
safety supervision bureau, discusses CBR and shows us that
CBR technology is increasingly used in construction safety
studies.

Timely and accurate early warning systems can effectively
reduce the occurrence of accidents and eliminate safety losses
while maximizing the effectiveness of safety investments.
This study is based on case-based reasoning technology and
researches three key links of early warning systems, as shown
in Figure 3, which is a virtuous cycle process of self-learning.
Using the analogical reasoning-based features ofCBR, the key
to the application is in searching former cases that are similar
to new projects because experiences from previous similar
cases are more thorough and accountable and more severe
or potential risks can be mined and identified. Therefore, we
should search existing cases with similar control properties
to the new projects, in which control properties can be set as
indices, such as project type, construction technology, geo-
logical conditions, and methods of precipitation and water
drainage. Next, we can calculate the similarity of comparative
properties, such as construction costs and project kilometers,
based on the search, filtering finished projects for which the
similarities surpass aminimum threshold.The risks and acci-
dents experienced by the similar projects can be summarized
and used as keywords to search a case library, mining risk
associations that lead to accidents, and then strongly cor-
related associations exceeding the minimum threshold of
association rules’ support and confidence as an accident-
prone frequent item can be set to reinforce monitoring. This
study uses the association degree to determine index weight.
The greater the relationship to risk accidents is the heavier
the index weight becomes. Because the indices have different
types and associations, this paper uses a support vector
machine with a strong generalization capacity and variable
fuzzy set approach to perform the warning degree forecast
and assure the accuracy of the warnings. These two methods
have excellent theoretical superiority and comparatively lag-
ging applications, so this paper combines cases to analyze and
verify application effectiveness based on the two methods’
principles and advantages.
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3. Association Rules

Association rulemining is one of themost active directions of
study in data mining, which is an important Knowledge Dis-
covery inDatabase (KDD) research subject initially proposed
by Ramakrishnan et al. [17]. Data mining reflects interesting
or relevant associations among projects from a large database.
With the increasing scale of data collected and stored in data
libraries, people are becoming more interested in the mining
of relevant association knowledge from these data.

There are two important concepts in the algorithm of
association rule, support and confidence. If the proportion
of objects 𝐴 and 𝐵 in data library 𝐷 is 𝑠, then we can say
that the support of the association rule for 𝐴 and 𝐵 in 𝐷 is
𝑠, support(𝐴 → 𝐵) = support(𝐴 ∪ 𝐵) = 𝑃(𝐴, 𝐵). If the pro-
portion of data library 𝐷 containing objects 𝐴 and 𝐵 at the
same time is 𝑐, then we can say that the confidence of the
association rule for 𝐴 and 𝐵 is 𝑐, confidence(𝐴 → 𝐵) =

support(𝐴 ∪ 𝐵)/support(𝐴) × 100%, or 𝑃(𝐵|𝐴). The support
reflects the importance of association rules in the data
library, and the confidencemeasures the accountability of the
association rule.

Using association analyses from previous construction
projects, Chen [18] applied the grey association analysis
approach to distinguish between the association elements
affecting safety preevaluation systems and sequence the pri-
mary and secondary associated danger levels of dangerous
substances, thus solving the uncertainty and accountability
issues in safety accidents. Sawacha et al. [19] analyzed numer-
ous accident samples and summarized the top 5 important
elements associated with on-site safe production. Siu and his
colleagues [20] made a comparative analysis of their associa-
tions from personal elements and accident rates, while
Halperin and McCann [21] determined relevant elements
from the study of frequent accident locations. Case-based
reasoning association rules are different from the association
analysis performed in the literature because references pro-
vided by similar cases can more accurately reflect the depen-
dence and association between a monitoring index and risk
events. In the mining process for early warning rules, we first
set the minimum threshold for the support and confidence
of the association rules. Then, we search all of the high-
frequency risk sets related to safety issues in the case library
and generate strongly correlated rules from these cases.

This study uses relational algebra theory-based associa-
tion rules to perform risk association mining, and the algo-
rithm only needs to scan the data library once (overcoming
the classic Apriori algorithm’s weakness of needing to scan a
data library multiple times) and has good concurrency and
scalability. Assuming that 𝐷 is the case library and 𝑇 =

{𝑡
1
, 𝑡
2
, 𝑡
3
, . . . , 𝑡

𝑚
} and 𝐼 = {𝑖

1
, 𝑖
2
, 𝑖
3
, . . . , 𝑖

𝑛
} are the case set and

risk itemset, respectively, the matrix is as follows:

𝑅 =
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[
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which stands for the binary relation from 𝑇 to 𝐼.

Table 1: Risk associations for height crash accidents.

𝑇ID Items 𝐴 𝐵 𝐶 𝐷 𝐸

𝑇1 {𝐴, 𝐵, 𝐶,𝐷, 𝐸} 1 1 1 1 1
𝑇2 {𝐴, 𝐵, 𝐶,𝐷} 1 1 1 1 0
𝑇3 {𝐴, 𝐵, 𝐶, 𝐸} 1 1 1 0 1
𝑇4 {𝐴, 𝐵,𝐷} 1 1 0 1 0
𝑇5 {𝐴, 𝐵, 𝐶,𝐷, 𝐸} 1 1 1 1 1
𝑇6 {𝐴, 𝐵, 𝐶, 𝐸} 1 1 1 0 1
𝑇7 {𝐴,𝐷, 𝐸} 1 0 0 1 1
𝑇8 {𝐵,𝐷} 0 1 0 1 0
𝑇9 {𝐴, 𝐵, 𝐶, 𝐸} 1 1 1 0 1
𝑇10 {𝐵, 𝐶,𝐷, 𝐸} 0 1 1 1 1
𝑇11 {𝐴, 𝐶,𝐷, 𝐸} 1 0 1 1 1
𝑇12 {𝐵, 𝐶,𝐷} 0 1 1 1 0

In the formula, the value of 𝑟
𝑖𝑗
(𝑖 = 1, 2, . . . , 𝑚; 𝑗 =

1, 2, . . . , 𝑛) is 1 or 0, representing whether case 𝑖 includes risk
element 𝑗. ∑𝑚

𝑖=1
𝑟
𝑖𝑗
/𝑚 is the support of property 𝑗 for the 1st

set. If the support is bigger than theminimum threshold, then
the risk item element is 1 large itemset. If an itemset is not
large, then any sets including this itemset can never be large.
Therefore, 2 large itemsets must search based on 1 large item-
set. Assume that 𝐴 is a 1 large itemset, 𝑎

𝑖
stores 1 large

relevant itemset, and 𝑖 = 1, 2, . . . , 𝑠, so 𝐴 has 𝑠 elements.
∑
𝑚

𝑝=1
(𝑟
𝑝𝑎𝑖

and 𝑟
𝑝𝑎𝑗
)/𝑚 is the support of 2 itemsets {𝑎

𝑖
, 𝑎
𝑗
}, so

the support must be larger than the minimum threshold to
be 2 large itemsets. These conditions apply to all itemsets. If
there exists an item 𝑉 to make ∑𝑚

𝑝=1
(𝑟
𝑝𝑖𝑘−1

and 𝑟
𝑝V)/𝑚 larger

than the minimum support threshold, then {𝑖
1
, 𝑖
2
, . . . , 𝑖

𝑘−1
, ]}

is a 𝑘 large itemset.
This paper considers height crash accidents, which have

the highest occurrence and number of fatalities, as an exam-
ple. Table 1 represents cases similar to the 12 height crash acci-
dents obtained from the case library and their risk associa-
tions.𝐴–𝐸 represent separate risk elements, such as safety belt
failure or lack of safety belt use, strut damage, loss of body
control, safety facility failure, and safety net damage.

The algorithm is described in MATLAB R2007a as in
Algorithm 1.

Set the minimum support threshold 𝑡 of this early warn-
ing association rule to 40%. Then, the 1 large itemset from
this algorithm is {𝐴}, {𝐵}, {𝐶}, {𝐷}, and {𝐸}; the 2 large
itemset is {𝐴, 𝐵}, {𝐴, 𝐶}, {𝐴,𝐷}, {𝐴, 𝐸}, {𝐵, 𝐶}, {𝐵, 𝐷}, {𝐵, 𝐸},
{𝐶,𝐷}, {𝐶, 𝐸}, and {𝐷, 𝐸}; and the 𝑘 large itemset is {𝐴, 𝐵, 𝐶},
{𝐴, 𝐵, 𝐸}, {𝐴, 𝐶, 𝐸}, {𝐵, 𝐶,𝐷}, {𝐵, 𝐶, 𝐸}, and {𝐴, 𝐵, 𝐶, 𝐸},
which is the same as the results gained from the classic Apri-
ori algorithm. A 𝑘 large itemset can typically represent the
mechanism of action, so curbing the occurrence of a 𝑘 large
itemset is key to safe early warnings.The rules set by this asso-
ciation algorithm are fixed, so if we can use it as a base and
combine quantitative data, such as the probability of basic
events and accidents, sensibility of basic events, safety thresh-
olds, or safety investment effectiveness, the risk element asso-
ciation rules can be further deduced.
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for 𝑗 = 1 : 𝑛
𝑓(𝑗)= 0;

for 𝑖 = 1 : 𝑚
𝑓(𝑗)= 𝑓(𝑗) + 𝑟(𝑖, 𝑗);
𝑓(𝑗)= 𝑓(𝑗)/𝑚;

for 𝑖 = 𝑎(1) : 𝑎(𝑛 − 1)
for 𝑗 = 𝑎(𝑖 + 1) : 𝑎(𝑛)

for 𝑝 = 1 : 𝑚
𝑑(𝑝)= 𝑟(𝑝, 𝑖) and 𝑟(𝑝, 𝑗);
𝑓 = 𝑓 + 𝑑(𝑝);

𝑓 = 𝑓/𝑚;
for each (𝑘 − 1) large itemset

for ℎ = 1 : 𝑛
for 𝑗 = 1 : 𝑚

Calculate 𝑟(𝑗, 𝑐) and 𝑟(𝑗, ℎ), and if its support is larger than the minimum threshold, then output a 𝑘 large itemset.

Algorithm 1

4. Support Vector Machine

The accuracy of a warning degree forecast decides the perti-
nence of safety precontrol measures and the effectiveness of
safety investments. Different warning degrees indicate dif-
ferent measures and investment costs. Therefore, safe early
warning systems have strict classification method require-
ments to make full use of investment costs, effectively control
risks, and avoid accidents. The interpretation of a neural net-
work does not give it the ability to learn and can easily cause
weak generalization characteristics. To combat this tendency,
this study introduces the most successful statistical learning
theory, support vector machine technology.The support vec-
tor machine (SVM) solves small samples with nonlinear and
high-dimensional pattern recognition performance, giving it
many unique advantages. Cortes and Vapnik [22] first pro-
posed the SVM in 1995 and based it on statistical learning the-
ory, and the theory ofVCdimension is based on the structural
risk minimization principle according to the limited sample
information in the model complexity (the learning accuracy
of a particular training sample, or accuracy) and the learning
ability (error-free samples that identify any capacity) to estab-
lish the best compromise between the two and obtain the best
generalization capability (or generalization) [23]. The main
advantages of SVM technology are that its small samples
can solvemachine learning problems, improve generalization
performance, solve high-dimensional problems and nonlin-
ear problems, and avoid neural network structure selection
and local minimum problems.

Experiments have shown that the results of fitting a low-
order function are better than the results of fitting a higher-
order function in noisy conditions, even if the true model
occurs several times [24].Thus, attempting to use a very com-
plicatedmodel to fit a limited sample, even with the “optimal”
function, results in the loss of generalization ability in low-
dimensional space.

Unlike traditional statistical methods, the SVM defines
structural risk minimization as its goal and makes a good
pre-selection using a nonlinear transformation, nuclear
function, and low-dimensional input vectors mapped into

Low-dimensional sample space

Nonlinear mapping

Solution of optimal classification superflat

Linear classificationNonlinear classification
Corresponds to

High-dimensional feature sample space

Figure 4: Principles of support vector machine thinking.

a high-dimensional feature space. An optimal separating
hyper plane can be constructed in this feature space. In
other words, the promotion of a high-dimensional space
constructed with a low-dimensional space produces more
powerful functions, as shown in Figure 4.

The SVM two-dimensional realization of the situation in
Figure 5 can be used to explain its use. The solid and hollow
points represent two samples𝐻 for the classification line,𝐻

1

and 𝐻
2
, respectively, from the classification of various line

types in a sample of recent data. In the classification of lines
parallel to the straight line, the distance between the lines is
called the classification interval (margin).The so-called opti-
mal separating line requires that the correct classification of
a line not only be capable of separating the two line types (a
training error rate of 0) but also be capable of classifying the
largest interval, or the promotion of capacity control, which
is one of the core concepts of the SVM.

The classification line for the equation of𝐻 is 𝑥 ⋅ 𝜔+ 𝑏 =

0, where𝐻
1
and𝐻

2
are classes 1 and −1, respectively, and the

equations of𝐻
1
and𝐻

2
are𝑥⋅ 𝜔+ 𝑏 = 𝑦,𝑦 = 1 and 𝑥⋅ 𝜔+ 𝑏 =

𝑦, respectively, with 𝑦 = −1. The determination of whether
the sample belongs to class 1 or class −1 can be summarized as

𝑦
𝑖
[(𝜔 ⋅ 𝑥

𝑖
) + 𝑏] − 1 ≥ 0, 𝑖 = 1, 2, . . . , 𝑛. (2)
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Table 2: Historical data sheet.

Project
number

Warning
degree

Workload
when

working at
height

Safety
protection

level

Engineering
geological
conditions

Installation
and

usage of
machinery

Workers
without

safety training

Organizational
ability

Safety
material
status

1 2 0.3 82 2 82 0.14 68 1
2 2 0.38 64 0 72 0.15 84 1
3 1 0.2 73 2 93 0.11 84 1
4 1 0.34 83 2 91 0.12 82 2
5 2 0.22 74 0 94 0.1 88 2
6 1 0.32 94 2 95 0.2 80 2
...

...
...

...
...

...
...

...
...

30 1 0.34 85 2 83 0.12 79 0
31 2 0.35 65 2 81 0.08 70 2
32 1 0.3 90 1 85 0.15 88 2
33 2 0.35 72 1 72 0.14 65 1
34 1 0.22 68 1 85 0.04 88 1
35 1 0.25 85 2 80 0.12 85 1
36 2 0.35 70 1 68 0.14 70 1

The interval classification is equal to 2/‖𝜔‖, so the maxi-
mum interval is equivalent to the minimum ‖𝜔‖

2. Therefore,
(2) the constraints to meet the minimum are ‖𝜔‖2/2, the clas-
sification of surface is called the optimal separating surface,
and𝐻

1
and𝐻

2
point to the training samples, called support

vectors.
Because the presence of noise will not distinguish bet-

ween some samples, even if the low-dimensional vector is
mapped to a high-dimensional feature space, the introduc-
tion of slack variables 𝜁

𝑖
and a penalty factor 𝐶 represent that

the data noise in the fault tolerance of the SVMachieves better
classification results. The purpose of the representation is to
allow part of the introduction of the point that does not meet
the requirement that the outliers give up. The resulting gen-
eralized optimal separating line model is

min ‖𝜔‖
2

2
+ 𝐶

𝑙

∑
𝑖=1

𝜁
𝑖

subject to 𝑦
𝑖
[(𝜔 ⋅ 𝑥

𝑖
) + 𝑏] 1 − 𝜁

𝑖
(𝑖 = 1, 2, . . . , 𝑙)

(where 𝑙 is the number of samples) 𝜁
𝑖
≥ 0.

(3)

This equation can be transformed into a dual problem for
its resolution, and because it is a convex quadratic program-
ming problem, there exists a global optimal solution.

In summary, the SVM training error and generalization,
according to the limited sample information in the model
complexity, find the best compromise to solve for small sam-
ples in nonlinear, high-dimensional problems, such as pat-
tern recognition. Although the SVM is widely used and the
method has many unique advantages, research into its use is
still relatively lagging. This paper introduces the use of the
SVM method into case-based reasoning for construction
safety warning degree forecasts, preserving the objectivity of
actual risk elements while maintaining the forecast accuracy

H1

H

H2

Margin = 2/‖𝜔‖

Figure 5: Linearly separable cases with optimal classification lines.

of warning degrees, achieving target precontrol measures,
and avoiding accidents.

This paper takes the historical data from [25] (Table 2) as
an example and considers a case study of vector machine
applications in safe early warning systems.

The process can be described in MATLAB R2007a as
follows:

%% Support Vector Machines
[bestacc, bestc, bestg] = SVMcgForClass (train lable,
train, cmin, cmax, gmin, gmax,. . ., v, cstep, gstep,
accsetp)
% cross-validation to determine the optimal penalty
factor 𝑐 and nuclear function parameter 𝑔 model =
svmtrain (train label, train, [“libsvm options”])
% determine the training set classification
[predict, acc] = svmpredict (test label, test, model)
% by category model to classify new samples
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Figure 6: Cross-validation optimized three-dimensional display.

This case makes the warning degree its object. Levels 1–3
represent slight, moderate, and severe warnings, respectively,
and the other 7 elements represent the risk properties, fore-
casting the warning degree of this case through the support
vector machine classifier. The first 31 cases are set as training
samples, and the final 5 are set as testing samples. In the classi-
fication setting, the kernel function selects a radial basis func-
tion while optimizing the parameters of the cross-validation
process. The training samples are randomly divided into 5
groups, and for themaximumnumber that appears, the cross-
validation accuracy of the smallest group of 𝑐 is selected
because the high penalty parameter causes the algorithm to
learn and is not conducive to the generalization of the results.
Based on this result, the best penalty parameter 𝑐 = 181.0193
and the best RBF kernel parameter𝑔 = 0.03125, for which the
highest cross-validation accuracy rate is 74.1935%, are shown
in Figure 6.

In the final training set, the forecast results show that the
classification accuracy of the classifiers trained by this set is
90.3226%, and the testing set samples have an accuracy of
100%, with the entire classification process lasting only 3.96
seconds. At the same time, the accuracy of the BP neutral
network approach for this testing set is only 60%, and it takes
22.48 seconds to finish the classification, which indicates the
generalization capacity strength of the SVM. The SVM has
major advantages over neutral networks in terms of its fore-
cast accuracy and efficiency and can efficiently improve the
pertinence of precontrol measures and the effectiveness of
safety investments.

5. Variable Fuzzy Qualitative
Change Criterion Mode

With the existence of a dynamic index, safe early warnings
must be a process of dynamicmonitoring. As the project pro-
gresses, the index values will change dynamically among
warning districts, with some changing across warning dis-
tricts and some changing only within warning districts.
Therefore, the index values are a critical test for illustrating
warning accuracy and disguising whether the index change is

Pl Pm Pr

𝜇A(u) = 1

𝜇A𝑐 (u) = 0

𝜇A(u) > 𝜇A𝑐 (u) 0.5 𝜇A(u) < 𝜇A𝑐 (u) 𝜇A(u) = 0

𝜇A𝑐 (u) = 1

Figure 7: Opposite fuzzy set schematic.

a quantitative or qualitative change. Professor Chen proposed
relative difference function-based variable fuzzy sets [26–28]
with quantitative and qualitative change (i.e., gradual and
abrupt) criterion modes [29].

Assume that for any element 𝑢 (𝑢 ∈ 𝑈), there is a vague
concept 𝐴 in the universe of discourse 𝑈 at any point on the
reference continuum axis of the relative membership func-
tion.The relativemembership of𝑈 to𝐴 is𝜇

𝐴
(𝑢) and𝜇

𝐴
𝑐(𝑢) to

𝐴𝑐, the opposite concept of𝐴, and 𝜇
𝐴
(𝑢)+𝜇

𝐴
𝑐(𝑢) = 1. Among

these variables, 0 ≤ 𝜇
𝐴
(𝑢) ≤ 1 and 0 ≤ 𝜇

𝐴
𝑐(𝑢) ≤ 1. As shown

in Figure 7, the left pole 𝑃
𝑙
has 𝜇
𝐴
(𝑢) = 1 and 𝜇

𝐴
𝑐(𝑢) = 0,

the right pole 𝑃
𝑟
has 𝜇
𝐴
(𝑢) = 0 and 𝜇

𝐴
𝑐(𝑢) = 1, and 𝑃

𝑚
is the

gradual qualitative change in the point of reference contin-
uum interval [1, 0] (for 𝐴) and [0, 1] (for 𝐴𝑐), meaning that
𝜇
𝐴
(𝑢) = 𝜇

𝐴
𝑐(𝑢) = 0.5.

Assume that𝐷
𝐴
(𝑢) = 𝜇

𝐴
(𝑢) − 𝜇

𝐴
𝑐(𝑢) is called the relative

difference of 𝑈 to 𝐴. As shown in Figure 8:

If 𝜇
𝐴
(𝑢) > 𝜇

𝐴
𝑐(𝑢), then 1 > 𝐷

𝐴
(𝑢) > 0;

If 𝜇
𝐴
(𝑢) = 𝜇

𝐴
𝑐(𝑢), then𝐷

𝐴
(𝑢) = 0;

If 𝜇
𝐴
(𝑢) < 𝜇

𝐴
𝑐(𝑢), then −1 < 𝐷

𝐴
(𝑢) < 0.

Assume that 𝑉 = {(𝑢,𝐷) | 𝑢 ∈ 𝑈,𝐷
𝐴
(𝑢) = 𝜇

𝐴
(𝑢) −

𝜇
𝐴
𝑐(𝑢), 𝐷 ∈ [−1, 1]}.
𝑉 is called the fuzzy variable set and 𝐴

+
, 𝐴
−
, and 𝐴

0
are

called the attraction basin (main), rejection basin (main), and
gradual qualitative change boundary, respectively.

Assume that 𝐶 is the variable element set of 𝑉 and 𝐶 =

{𝐶
𝐴
, 𝐶
𝐵
, 𝐶
𝐶
}, where 𝐶

𝐴
is a variable model set, 𝐶

𝐵
is a varia-

ble model parameter set, and𝐶
𝐶
is the other variable element

set excluding the model and its parameters.
When summarizing the above statement, we can con-

clude that the criterionmodes of the variable fuzzy qualitative
and quantitative changes are as follows.

(1) If 𝐷
𝐴
(𝑢) > 0 and 𝐷

𝐴
(𝐶(𝑢)) > 0, then 𝐷

𝐴
(𝑢) ⋅

𝐷
𝐴
(𝐶(𝑢)) > 0 is a quantitative change.

(2) If 𝐷
𝐴
(𝑢) > 0 and 𝐷

𝐴
(𝐶(𝑢)) < 0, then 𝐷

𝐴
(𝑢) ⋅

𝐷
𝐴
(𝐶(𝑢)) < 0 is a gradual qualitative change

(through𝐷
𝐴
(𝑢) = 0).

(3) If 𝐷
𝐴
(𝑢) < 0 and 𝐷

𝐴
(𝐶(𝑢)) < 0, then 𝐷

𝐴
(𝑢) ⋅

𝐷
𝐴
(𝐶(𝑢)) > 0 is a qualitative change.

(4) If 𝐷
𝐴
(𝑢) < 0 and 𝐷

𝐴
(𝐶(𝑢)) > 0, then 𝐷

𝐴
(𝑢) ⋅

𝐷
𝐴
(𝐶(𝑢)) < 0 is a gradual qualitative change

(through𝐷
𝐴
(𝑢) = 0).

Therefore, we can conclude that if 𝐷
𝐴
(𝑢) > 0 or𝐷

𝐴
(𝑢) <

0, the criterionmodes of the quantitative and gradual qualita-
tive changes of the variable fuzzy set are𝐷

𝐴
(𝑢) ⋅ 𝐷

𝐴
(𝐶(𝑢)) >

0 and𝐷
𝐴
(𝑢) ⋅ 𝐷

𝐴
(𝐶(𝑢)) < 0, respectively.

As shown in Figure 8, the left and right poles 𝑃
𝑙
and 𝑃

𝑟
,

where𝐷
𝐴
(𝑢) = 1 and𝐷

𝐴
(𝑢) = −1, are both abrupt qualitative
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Table 3: Basic information on Contract F (2003.02–2003.09) 10,000 Yuan.

Time Month Plan for
this month

Actual progress
during this month

Total Progress
since

commencement

Percentage of
actual progress to
planned progress

Change in contract
price

2003.2 14 880.1126 597.9812 5991.5486 0.68 8695.2054
2003.3 15 938.522 717.9559 6709.5045 0.765 8555.2054
2003.4 16 918.4406 530.2455 7239.75 0.58 8555.2054
2003.5 17 959.0213 630.8527 7820.6027 0.6578 8655.2054
2003.6 18 766.6541 218.3175 8029.8021 0.2848 9021.8495
2003.7 19 766.6541 259.7389 8219 0.3388 9221.8495
2003.8 20 68.6561 391.8619 8611.4029 0.586 9221.8495
2003.9 21 593.301 182.7692 8774.9369 0.308 9141.8495

Table 4: Investment cost risk calculations for Contract F 10,000 Yuan.

Time
Number of

project changes
this month

Investment cost
deviation value

(accumulated Change)
Earned value Investment cost

deviation rate
Progress

deviation rate

2003.2 −1,614.1201 7,605.669 −0.2122 −0.1856
2003.3 −140 −1,754.1201 8,463.625 −0.2073 −0.2050
2003.4 0 −1,754.1201 8,993.87 −0.1950 −0.2050
2003.5 100 −1,654.1201 9,474.723 −0.1746 −0.1911
2003.6 366.6441 −1,287.476 9,317.278 −0.1382 −0.1427
2003.7 200 −1,087.476 9,306.476 −0.1169 −0.1179
2003.8 0 −1,087.476 9,698.879 −0.1121 −0.1179
2003.9 −80 −1,167.476 9,942.413 −0.1174 −0.1277

Pl Pm Pr

DA(u) = 1 1 > DA(u) > 0 DA(u) = 0 0 > DA(u) > −1 DA(u) = −1

Figure 8: Relative difference function schematic.

change boundaries. If 𝐷
𝐴
(𝑢) > 0, 𝐷

𝐴
(𝑢) changes from a

certain positive value to “1” (abrupt change), then 𝐷
𝐴
(𝑢) ⋅

𝐷
𝐴
(𝐶(𝑢)) = |𝐷

𝐴
(𝑢)| is an abrupt qualitative change (without

𝐷
𝐴
(𝑢) = 0). If 𝐷

𝐴
(𝑢) < 0, 𝐷

𝐴
(𝑢) changes from a certain

negative value to “−1” (abrupt change), then −|𝐷
𝐴
(𝑢)| ⋅

𝐷
𝐴
(𝐶(𝑢)) = |𝐷

𝐴
(𝑢)| is also an abrupt qualitative change

(without𝐷
𝐴
(𝑢) = 0).

Therefore, we can see that the criterion mode for abrupt
qualitative change without 𝐷

𝐴
(𝑢) = 0 can be summarized as

𝐷
𝐴
(𝑢) ⋅ 𝐷

𝐴
(𝐶(𝑢)) = |𝐷

𝐴
(𝑢)|.

As this process continues, the criterion mode for abrupt
qualitative change with 𝐷

𝐴
(𝑢) = 0 can be summarized as

𝐷
𝐴
(𝑢) ⋅ 𝐷

𝐴
(𝐶(𝑢)) = −|𝐷

𝐴
(𝑢)|.

Because current construction projects tend to excessively
favor internal indices in dynamic index monitoring for
safe early warning systems, the abnormal state of external
indices, such as cost and progress, can also have a negative
effect on safety situations. This study uses the changes in
construction progress and investment for the 210 road section
of a national highway as an example to verify the effectiveness
of this qualitative and quantitative change model [30]. This
road starts at the Qiujiahe River on the cross-boundary

Table 5: [𝑎, 𝑏] and [𝑏, 𝑑] interval eigenvalues for the deviation index.

𝑥
1

𝑥
2

[𝑎
1
, 𝑏
1
] [𝑏

1
, 𝑑
1
] [𝑎

2
, 𝑏
2
] [𝑏

2
, 𝑑
2
]

[−0.1, −0.18] [−0.18, −0.25] [−0.1, −0.18] [−0.18, −0.25]

between Sichuan and Chongqing and ends at Heishizi in the
Jiangbei District of Chongqing, connecting with the Yuchang
highway. The highway has a total length of 53.108 kilometer.
Tables 3 and 4 summarize the progress and investment costs,
respectively, for Contract F of this project.

The linear formula for the relative difference in this appli-
cation document [31] is

𝐷
𝐴
(𝑢) = (

𝑥
𝑖
− 𝑏
𝑖

𝑎
𝑖
− 𝑏
𝑖

) 𝑥
𝑖
∈ [𝑎
𝑖
, 𝑏
𝑖
] ,

𝐷
𝐴
(𝑢) = (

𝑥
𝑖
− 𝑏
𝑖

𝑑
𝑖
− 𝑏
𝑖

) 𝑥
𝑖
∈ [𝑏
𝑖
, 𝑑
𝑖
] ,

(4)

where 𝑥
1
is the investment cost deviation rate, 𝑥

2
is the

progress deviation rate, the comprehensive evaluation of risk
is based on the twodeviation rates, and the relative differences
between the investment cost and progress from February
2003 to September 2003 are calculated separately according to
the [𝑎, 𝑏] and [𝑏, 𝑑] interval eigenvalues in Table 5.

Assume that the weight vector of the two indices is 𝜔 =

(0.5, 0.5). Then, the relative difference in monthly risk is
𝐷
𝐴
(𝑢) = ∑

2

𝑖=1
𝜔
𝑖
⋅ 𝐷
𝐴
(𝑢)
𝑖
. Table 6 shows the monthly com-

prehensive relative difference.
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Table 6: Relative differences for Contract F (2003.2–2003.9).

Time 2003.2 2003.3 2003.4 2003.5 2003.6 2003.7 2003.8 2003.9
𝐷
𝐴
(𝑢) −0.27 −0.37 −0.27 0.26 0.26 0.78 0.80 0.76

The closer the value of𝐷
𝐴
(𝑢) is to −1, the greater the risk

and the greater the pressure for safety are.The closer the value
is to 1, the safer the project is. Based on the results in Table 6,
we can see the change in tendency to risk. The safety level
experiences a gradual qualitative change from April to May,
while the changes from February to April and from May to
September are both quantitative.The change is negative from
February to April, indicating that the deviation in progress
and investment costs during this period have a negative effect
on safety production, and the change fromMay to September
is positive, indicating that the deviation in progress and
investment costs during this period does not have a negative
external effect on safety situations.The results are simple and
intuitive, and the existence of association rulesmeans that the
occurrence of safety issues is a combined action of multiple
risk elements.Therefore, it is far from sufficient to set a warn-
ing degree threshold for individual risk elements to ensure
safety when monitoring dynamic indices. This method can
also be applied to the dynamicmonitoring ofmultiple indices
and intervals. We can create corresponding control measures
based on the results, thereby curbing safety issues.

6. Conclusions

Early warning technologies are used to determine both safety
situations and safety losses. Good early warning technologies
can not only reduce losses by limiting the available accident
sources but can also indirectly lower investment costs by
guiding safety input benefit maximization. Different from
other existing research, the following conclusions and recom-
mendations are made based on this research.

(1) By using analogical reasoning-based CBR, this paper
gives a basi schematic for solutions to safe early warn-
ing technologies by practically solving the three-key
issues of index selection, accident cause association
analysis, andwarning degree forecast, which also pen-
etrate the whole process of safe management.

(2) Combined with the characteristics of highway pro-
jects, as well as the possible problems in the process
of data processing, this paper introduces association
rule mining, support vector machine classifiers and
variable fuzzy qualitative and quantitative change cri-
terionmodes in order to keep the data of high fidelity.
Together with experiments proving the effectiveness
of the methods, the proposed method is a completely
feasible and effective means of improving our coun-
try’s early warning technologies.

(3) With the gradual application of artificial intelligence
to the security of construction projects, the CBR tech-
nology can be applied to safe early warning systems
for construction projects in our country. However,
research shows that a lack of existing cases and the
complexity of the data are the biggest bottlenecks in

the application of CBR. Therefore, further study of
CBR technology and the settlement of data process-
ing, case statistics, and searches of highway construc-
tion safe early warning systems are key to improving
the practicability of safe early warning systems and
safety management.

Acknowledgments

This research work was jointly supported by the Science
Fund for Creative Research Groups of the NSFC (Grant no.
51121005) and the National Natural Science Foundation of
China (Grant no. 51310105008).

References

[1] C. Y. Guan, “Current situation and development foals of road
construction in China,” Technology & Management for Con-
struction Machinery, vol. 8, pp. 44–49, 2004.

[2] S. P. Wang, Citing Websites, Ministry of Housing and Urban-
Rural Development of the People’s Republic of China, 2011,
http://www.mohurd.gov.cn/zcfg/jsbwj 0/jsbwjgczl/201104/
t20110420 203184.html.

[3] M. Bussiere and M. Fratzscher, “Towards a new early warning
system of financial crises,” Journal of International Money and
Finance, vol. 25, no. 6, pp. 953–973, 2006.

[4] G.Morris, L. K. Graciela, andM. R. Carmen,Assessing Financial
Vulnerability: An Early Warning System for Emerging Markets,
Institute for International Economics Press, 2000.

[5] C. C. Zou, L. Gao, W. Gong, and D. Towsley, “Monitoring and
early warning for internet worms,” in Proceedings of the 10th
ACM Conference on Computer and Communications Security
(CCS ’03), pp. 190–199, Washington, DC, USA, October 2003.

[6] R. M. Allen and H. Kanamori, “The potential for earthquake
early warning in Southern California,” Science, vol. 300, no.
5620, pp. 786–789, 2003.

[7] R. Basher, J. Page, J.Woo et al., “Global earlywarning systems for
natural hazards: systematic and people-centred,” Philosophical
Transactions of the Royal Society A, vol. 364, no. 1845, pp. 2167–
2182, 2006.

[8] R. Navon and O. Kolton, “Model for automated monitoring of
fall hazards in building construction,” Journal of Construction
Engineering andManagement, vol. 132, no. 7, pp. 733–740, 2006.

[9] J. Sun and H. Li, “Data mining method for listed companies’
financial distress prediction,” Knowledge-Based Systems, vol. 21,
no. 1, pp. 1–5, 2008.

[10] L. C. Zhang, C. L. Zhang, and Z. C. Chen, “The study of fore-
warning management control system on coal mine,” Advanced
Materials Research, vol. 328-330, pp. 2432–2435, 2011.

[11] S. G. Cao, Y. B. Liu, and Y. P. Wang, “A forecasting and fore-
warningmodel formethane hazard inworking face of coalmine
based on LS-SVM,” Journal of China University of Mining and
Technology, vol. 18, no. 2, pp. 172–176, 2008.

[12] T. Y. Liu,W. L. Chiang, C.W. Chen,W. K. Hsu, L. C. Lu, and T. J.
Chu, “Identification and monitoring of bridge health from



10 The Scientific World Journal

ambient vibration data,” JVC/Journal of Vibration and Control,
vol. 17, no. 4, pp. 589–603, 2011.

[13] E. Ntotsios, C. Papadimitriou, P. Panetsos, G. Karaiskos, K. Per-
ros, and P. C. Perdikaris, “Bridge health monitoring system
based on vibrationmeasurements,” Bulletin of Earthquake Engi-
neering, vol. 7, no. 2, pp. 469–483, 2009.

[14] H. Wang, H. Yang, X. Dong, and S. Ni, “Safety monitoring and
early warning for deep foundation pit construction,” in Proceed-
ings of the 10th International Conference of Chinese Transporta-
tion Professionals (ICCTP ’10), pp. 3493–3500, Beijing, China,
August 2010.

[15] D. P. Wei, G. G. Ren, X. H. Gui, and L. S. Xiao, “Design of safety
monitoring system for super-large deep foundation pit in city
center,” Applied Materials and Electronics Engineering, vol. 378-
379, pp. 125–130, 2011.

[16] M. Galushka and D. Patterson, “Intelligent index selection for
case-based reasoning,” Knowledge-Based Systems, vol. 19, no. 8,
pp. 625–638, 2006.

[17] S. Ramakrishnan, V. Quoc, and A. Rakesh, “Mining association
rules with item constraints,” in Proceedings of the International
Conference on Knowledge Discovery in Databases and Data
Mining (KDD ’97), pp. 67–73, August 1997.

[18] K. R. Chen, “Identification and prevention of important danger-
ous headstream affect construction safety in city construction,”
Construction Technology, vol. 33, no. 8, pp. 55–56, 2004.

[19] E. Sawacha, S. Naoum, and D. Fong, “Factors affecting safety
performance on construction sites,” International Journal of
Project Management, vol. 17, no. 5, pp. 309–315, 1999.

[20] O. L. Siu, D. R. Phillips, and T. W. Leung, “Safety climate and
safety performance among constructionworkers inHongKong:
the role of psychological strains asmediators,”Accident Analysis
and Prevention, vol. 36, no. 3, pp. 359–366, 2004.

[21] K. M. Halperin and M. McCann, “An evaluation of scaffold
safety at construction sites,” Journal of Safety Research, vol. 35,
no. 2, pp. 141–150, 2004.

[22] C. Cortes and V. Vapnik, “Support-vector networks,” Machine
Learning, vol. 20, no. 3, pp. 273–297, 1995.

[23] N. V. Vladimir, Statistical LearningTheory, House of Electronics
Industry Press, 2004.

[24] X. G. Zhang, “Introduction to statistical learning theory and
support vector machines,” Acta Automatica Sinica, vol. 26, no.
1, pp. 32–42, 2000.

[25] N. Ma and L. N. Zhang, “Research on safety forecast for con-
struction project based on rough sets and artificial nerve net-
work with particle swarm optimization,” China Safety Science
Journal, vol. 17, no. 4, pp. 36–42, 2007.

[26] S. Y. Chen,Theory of Engineering Fuzzy Sets and Its Application,
National defense industry Press, 1998.

[27] S. Y. Chen, “Theory and model of engineering variable fuzzy
set—mathematical basis for fuzzy hydrology and water resour-
ces,” Dalian Ligong Daxue Xuebao/Journal of Dalian University
of Technology, vol. 45, no. 2, pp. 308–312, 2005.

[28] S. Y. Chen, “Philosophical foundation of variable fuzzy sets the-
ory,” Journal of DalianUniversity of Technology, vol. 26, no. 1, pp.
53–57, 2005.

[29] S. Y. Chen, “Quantity change and quality change criterionmod-
els of variable fuzzy sets theory and their application,” Xi Tong
GongCheng YuDianZi Ji Shu/Systems Engineering and Electron-
ics, vol. 30, no. 10, pp. 1879–1882, 2008.

[30] G. P. Zhou, “Research on early-warning threshold values for
investment risk of infrastructure projects,” Highway, no. 2, pp.
100–103, 2006.

[31] S. Y. Chen and J. X. Yuan, “Variable fuzzy sets model and
demonstration of inaccuracy of extensible methods applied in
water science,”Water Resources Protection, vol. 23, no. 6, pp. 1–6,
2007.




