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From the Editor

This issue contains a variety of peer-reviewed papers covering several research topics in 
the built environment: Housing Price, Energy Saving, Procurement & Contracting, Project 
Management and Environmental Performance Assessment. 

Housing Price
“An Empirical Study Investigating the Effects of Attributes on the Condominiums Price in 
Xi’an by Structural Equation Modeling”: Wang, Leung and Zhou identified the attributes 
that affect housing price of condominiums in Xi’an, China.  

Energy Saving
“Double-skin Facades for Hong Kong”: Haase, Wong and Amato examined the energy 
savings of six recently completed buildings with double-skin facades. 

Procurement & Contracting
“Contractor Key Competitiveness Indicators (KCIs): a Hong Kong Study”: Tan, Shen, 
Yam and Lo studied a list of competitiveness indicators for measuring contractor 
competitiveness of construction industry in Hong Kong.  A total of six KCIs were 
identified: (1) Corporate Image, (2) Technical Ability, (3) Financing Ability, (4) Marketing 
Ability, (5) Management Skills and (6) Human Resources Strength. 

Project Management 
“Rework in Projects: Learning from Errors”: Design and construction errors often lead to 
programme disruption of construction project. Palaneeswaran, Ramanathan and Tam 
conducted a series of case study on human error-based rework occurrences in design 
and construction phases of construction projects. 

Environmental Performance Assessment
“Assessing Environmental Performance in the Construction Industry”: Tam and Le 
developed a series of Environmental Operational Indicators (EOIs) and Environmental 
Performance Indicators (EPIs) for Environmental Performance Assessment (EPA). The 
relationships between EOIs and EPIs were also investigated. 

I would like to express my sincere gratitude to all editorial board members, and invited 
reviewers for their support and prompt responses, and to extend my gratitude to the 
authors’ contributions to SBE. Last but not least, I would like to show my appreciation to  
Linda Chan, Secretary of the SBE Editorial Board, for her efforts in preparing this Issue.

I wish all HKIS fellow members a Merry Christmas and Happy New Year! 

Dr Kenneth Tak Wing Yiu
Editor Vol 18 Issue 2 
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An Empirical Study Investigating 
the Effects of Attributes on the 
Condominiums Price in Xi’an by 
Structural Equation Modeling 
Ying Wang1 and Mei-yung Leung2 and Yong Zhou3

1Management School of Xi’an University of Architecture and Technology, Xi’an, China

 tel: (86) 029-82220382;  email: haokey@hotmail.com.
2Building and Construction Department of City University of Hong Kong, Kowloon, HK, China

tel: (852) 27887142;  email: bcmei@cityu.edu.hk.
3Management School of Xi’an University of Architecture and Technology, Xi’an, China

tel: (86) 029-85533649;  email: wyzh2x@163.com.

ABSTRACT

The price of a house has to compensate for its varied structural attributes, such as size, number of 
bathrooms, neighborhood condition, and construction quality.  A large body of work has identified 
the effect of each attribute of the housing price using hedonic price theory.   This paper focuses not 
only on the individual structural attributes, but also on the immeasurable integrated characteristics, 
such as characteristics of the location, characteristics of the site, characteristics of the building, 
and characteristics of the dwelling.  The effects of these integrated characteristics on the price of 
condominiums in Xi’an, China have also been explored using the Structural Equation Modeling.   
The results from the empirical study showed that the location of houses/flats has the greatest 
effect on their price, and the neighborhood condition along with the district quality plays a more 
important role in determining the location value than the distance from the city center.  The study 
also found that characteristics of the site and building, especially characteristics of the dwelling, 
have comparatively smaller effects on the price.

Keywords

Housing price
Integrated characteristics
Condominium
Structural equation model
Location
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INTRODUCTION 

Residence is not only an everyday necessity; 
but a lso, in many economies, the most 
valuable asset owned by the households.  
Residential construction investment occupies 
a large share of fixed asset investment in an 
aggregate economy.  In view of its important 
effects on the welfare of the individuals and the 
aggregate economy, economists have a great 
interest in, and have devoted considerable 
efforts to understanding, the structure of the 
demand for housing.

In this context, hedonic price theory has been 
extensively used.  The theoretical foundation 
of this method was developed by Lancaster 
(1966) and Rosen (1974), and the firs t 
application of hedonic price theory in real 
estate research was made by Ridker and 
Hemming (1968).  The hedonic price model 
attempts to solve the problem of heterogeneity 
by using an econometr ic model, which 
relates the price of a particular property 
to its characteristics, such as location, lot 
size, access to amenities and construction 
condition.  The appeal of hedonic price 
model stems from the fact that they can be 
used to value specific aspects of a residential 
house as well as to forecast the price of a 
residential house with specific characteristics.  
But they are not limited to these applications.   
From the earliest work to the most recent 
studies, the standard approach to estimate 
the hedonic price function has long been 
the selection of a functional form in which its 
actual values is determined by a finite number 
of parameters.  The estimation then proceeds 
by selecting those parameter values that result 
in a hedonic price function, which gives the 
“best fit” to the data. In addition to the linear 
or logarithmic parametric forms, since 1980, 
hedonic studies have been applying to more 
flexible functional forms obtained by applying 
the Box-Cox transformation.

No matter which function form is selected, it 

always establishes the relationship between 
a house’s price and its individual structural 
characteristics.  However, sometimes, we 
are interested not only in the ef fect of a 
bedroom, a bathroom, or other attributes on 
the price, but also in whether the integrated 
dwelling characteristics composing bedrooms, 
bathrooms, or other attributes are considered 
more important by the consumers, and that, 
therefore, has a greater effect on the price of 
the housing unit than the integrated location 
characterist ics, which include access to 
amenities, public services, environmental 
quality, and so forth.  Since the ordinary 
hedonic price function cannot achieve this 
objective, this paper introduces the adaptation 
of Structural Equation Modeling (SEM) to 
identify the relationship between the housing 
price and integrated characteristics.  SEM 
is a multivariate statistical technique with 
less restrictive assumptions.  It encompasses 
and extends regression, econometric, and 
factor analysis procedures (Bollen, 1989), 
and analyzes hypothesized relationships 
among latent (i.e. immeasurable) variables 
that are measured by the manifes t ( i .e. 
measurable) indicators.  In addition, SEM 
has the advantage of simplifying a model. In 
the hedonic price function, there are many 
characteristics indicating different conditions 
and must therefore be dealt with as dummy 
variables – for instance, the type of heating; 
whether the building condit ion is good, 
fair, or poor; the date of sale; and so on – 
thus, large dummy variables will lead to a 
cumbersome and illegible model.  In contrast, 
all values of a condition variable can be given 
to a variable, and the number of variables is 
reduced significantly in SEM.  Thus, a more 
accurate estimation of parameters can be 
achieved with the same sample size limitation, 
since, all other things being equal, the more 
variables are included in a model, the greater 
the sample size is.

Since condominiums occupy the largest 
f rac t ion o f the hous ing marke t (above 

An Empirical Study Investigating the Effects of Attributes on the Condominiums Price in Xi’an by Structural Equation Modeling



SBE
�

90 percent) in China, they are the most 
representative buildings in the market.  This 
paper, therefore, aims to: (1) give a brief 
overview of the residential market in Xi’an; 
(2) describe the frame and variables of the 
structural equation model and the data used in 
the study; and (3) report the results obtained 
from an empirical study.

OVERVIEW OF THE 
RESIDENTIAL REAL ESTATE 
MARKET IN XI’AN 

Xi’an, the provincial capital of Shaanxi and 
the center of northwest China, is a large and 
historical city with an urban population of 
more than 3 millions.  Despite this, Xi’an is 
a developing city, unlike those developed 
cities such as Beijing, Shanghai, and other 
southeast coastal cities.  However, in recent 
years, under the implementat ion of the 
“Western China Development Strategy” and 
the expansion of the population base, the 
level of real estate activity in Xi’an has been 
greatly increased.  More than one quarter of 
the total fixed asset investment is made up of 
real estate investment, of which residential 
i n ve s tmen t r ep re sen t s a l a rge s ha re , 
approximately 80 percent, that represents 
an increase of more than 10 percent a year.  
On the other hand, demands for housing are 
brisk, with more than 2 million square meters 
being traded every year, which has 90 
percent of real estate market sales volume.  
Xi’an city is divided into the following zones: 
City Central, City East, City South, City West, 
City North, City Gaoxin, and Xi’an Rural.  
With the exception of the rural zone, these 
city districts conduct real estate business.  
Hence, this paper has limited its research 
scope to these six zones.

RESEARCH MODEL 

A full SEM consists of a structural model 

and a measurement model.  This technique 
has been successful ly applied in social 
science (Baumgartner and Homburg, 1996), 
psychology (Siguaw and Widing, 1994), 
and behavioral construction management 
(Leung et al., 2004) studies.  This paper 
applied the SEM to real estate economics 
in order to explore the inf luence of the 
integrated characteristics of condominiums 
in the Xi’an housing market on the trading 
p r ice .  Th i s a im i s rea l i zed by L ISREL 
program (Joreskog and Sorbom, 2001).  The 
structural model in this study describes the 
relationships between price and integrated 
characteristics.  Thus, price and integrated 
characteristics are latent variables: price is 
the endogenous and dependent variable, 
whi le integrated character is t ics are the 
exogenous and independent variables. In 
contrast, the measurement model describes 
how each latent variable is measured by the 
corresponding manifest indicators. 

The traded price of housing adjusted by the 
Consumer Price Index (CPI) can properly 
represent the latent variable PRICE, i t is 
designated as the indicator of price named 
Pr iceaj .  On the o ther hand, the o ther 
latent variables of integrated characteristics 
and their indicators in the model ought to 
be determined.  The attributes influencing 
the housing pr ice are categor ized in to 
four in tegrated character is t ics, namely 
location characteristics, site characteristics, 
bu i ld ing charac te r i s t i c s and dwe l l i ng 
itself characteristics.  In detail, location 
characteristics includes the district that the lot 
is located, the distance from the city center,  
and, the access to different facilities (e.g. 
jobs, shopping, transportation station and 
entertainment), the provision of local public 
services (e.g. education, fire, and police 
services), and the environmental quality (e.g. 
air pollution and noise level) (Dipasquale 
and Wheaton, 1996).  A site consists of 
various characteristics such as lot size, total 
floor area, seller’s credit condition and so on; 

Surveying and Built Environment Vol 18 (2), 7-16   December 2007   ISSN 1816-9554
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while the characteristics of a building include 
its height and its orientation (i.e. whether it 
is a pure residential building).  On the other 
hand, the characteristics of dwelling refers 
to the number of bedrooms, the number of 
bathrooms and the area of floor.   Hence, 
four latent variables are determined in the 
study, namely DWELLING, BUILDING, SITE, 
and LOCATION.

Although the integrated characteristics involve 
many items, as discussed above, some of 

Xi, an, including City North, City West, City East, City South, City Gaoxin, and City Central (Huang, 2006). 

them were selected to be the indicators of the 
integrated characteristics for the model’s parsimony 
and estimation.  For instance, the total number 
of rooms could not be considered due to 
the high correlation to the floor area, which 
may lead to estimations being inefficient (see 
Hoesli and Thion, 1995).  In addition, the 
seller’s credit condition has not been taken 
into consideration, as it has no direct causal 
connection to the value of the property (see 
Edmonds, 1984).   The meaning and nature 
of these manifest variables are shown in Table 1.

Table 1  Definition of Variables in the Model

An Empirical Study Investigating the Effects of Attributes on the Condominiums Price in Xi’an by Structural Equation Modeling
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As shown in the above model, three sub-
models are established.   Measurement Model 
1 expresses the relationship between four 
housing integrated characteristics and their 
indicators, while the Measurement Model 
2 explains how the latent variable PRICE 
is identified.  The third model establishes 
a Structural Model representing the causal 
relationships between the four Integrated 
Characteristics and the PRICE of housing.  This 
paper identified the value of path parameters,  
β, to determine which integrated characteristic 
plays the most significant role in determining 
the housing price.

DATA

Transaction data of the Xi’an real estate market 
are not available to the public, and therefore 

Almost all indicators of the latent variables can 
be directly measured except Neighborhood 
which is an indicator of LOCATION variable. 
A simple questionnaire, therefore, is designed 
to measure Neighborhood indicator.  This 
quest ionnaire includes 7 i tems, namely 
access to jobs, shopping, and entertainment; 
provision of education and medical services; 
air pollution condition; and noise level.  The 
targeted respondents are residents within 1 
kilometer-radius around sample flats.  Over 
10 questionnaires per flat were effectively 
returned.   The interviewees were asked to rate 
each item using a scale between 1 and 5 in 
which 1 indicated “the worst” and 5 indicated 
“the best”.

Based on the definition stated in Table 1, the 
relationships among all variables in the model 
are shown in Figure 1.

Figure 1  Structural Equation Model for Price 

Note: a exogenous variable; b endogenous variable

Surveying and Built Environment Vol 18 (2), 7-16   December 2007   ISSN 1816-9554
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variables, the sample to be used in the 
following study was reduced to 1,560.  Table 
2 displays the summary statistics of variables.

EMPIRICAL RESULTS

Measurement Model Analysis

Ignoring measurement error may lead to 
inconsis tent est imations and inaccurate 
assessments of the relationships between the 
underlying latent variables (Bollen, 1989). 
Therefore, the measurement proper t ies 
(validities and reliabilities) of the measurement 
instruments need to be checked. Table 3 shows 
the estimation of the measurement model. 
The factor loadings, t-value, and squared 
multiple correlation (R2) are all used to assess 

Table 3  Estimation of the Measurement Model 

Table 2  Descriptive Statistics for Manifest Variables

commercial banks were used as the data 
source of this study.  Samples are often 
“cleaned up” using various procedures, such 
as the exclusion of certain data described as 
being unusually low or high.  If such deviations 
are caused by measuring faults or errors in the 
data collection process, their elimination from 
the sample is uncontroversial.  If, however, 
extreme values exist for a correctly documented 
regular sales procedure, cleaning up the 
sample is considered questionable (Raimond 
et al., 2004).  In fact, the extreme values 
used here cannot be proved with any error; 
therefore, the application of general cleaning 
procedures has been avoided.

After excluding the transactions that are 
incomple te wi th regard to the re levant 

An Empirical Study Investigating the Effects of Attributes on the Condominiums Price in Xi’an by Structural Equation Modeling
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Table 5  Goodness-of-fit Indices of the Model

the validities and reliabilities of measurement 
models. The factor loadings indicate validity 
coefficients, and R2 is usually interpreted as 
the reliability of the measurement. During the 
measurement model testing, the factor loadings 
of all indicators were greater than 0.2, all 
R2 values were greater than 0.20, and all 
t-values were greater than 1.96, and therefore 
they were considered to be good manifest 
variables of the latent variables (Joreskog and 
Sorbom, 2001).

Structural Model Analysis

The process of deriving the final structural 
model results involves parameter estimates, 
measures of overall fit, component fit measures, 
and the modification.  Maximum likelihood (ML) 
is adopted to estimate the parameters.

Table 4 gives the ML estimators of the structural 
equation.  The first line lists the parameter 
between the independent variables and 
the dependent variable, and below each 
parameter are its standard error and the 
relevant t-value.  At the same time, R2 for the 
structural equation is listed in the table.  It can 
be seen that all the path parameters between 
PRICE and integrated characteristics are 
significant at the least level of 0.05 (dwelling, 
building, and site) and 0.001 (location) with 
an R2 of 87.1 percent, which is within the 

Table 4  Path Parameter (β) Estimates of the Model

acceptable range (see note1 for other studies 
on the hedonic price model).

The goodness-of-fit indices of the model are 
shown in Table 5.  The goodness-of-fit indices 
determine the degree to which the model as 
a whole is consistent with the empirical data 
in the study.  Multiple criteria are therefore 
suggested, including degree of freedom (df), 
chi-square (χ2), root mean square error of 
approximation (RMSEA), standardized root 
mean square residual (SRMR), comparative 
fit index (CFI), goodness-of-fit index (GFI), 
and adjusted goodness-of-fit index (AGFI) 
(Diamantopoulos and Siguaw, 2000; Bollen, 
1989).  I t can be obser ved that al l the 
goodness-of-fit indices are satisfactory2. 

It is utmost important that any modifications 
made to an original model are substantively 
meaningful and just i f iable, because the 
evaluation of the model and the assessment 
of f i t are not entirely a statis t ical matter 
(Diamantopoulos and Siguaw, 2000).  Due to 
the good component fit testing and reasonable 
overall fit assessment, and as none of the 
modification information provided by the 
program offered a clear and well-founded 
interpretation, no further modification was 
implemented; the model was, therefore, proved 
by the data set at a certain statistical level.

Surveying and Built Environment Vol 18 (2), 7-16   December 2007   ISSN 1816-9554
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DISCUSSION

The relative contribution of the integrated 
characteristics to the price is shown in Table 
4.  The structural equation model strongly 
indicates that LOCATION has the greatest 
ef fect on PRICE of traded condominiums 
among all factors (β4=0.98).  Location is 
always the focus of real estate research, 
in which immobility is the most basic and 
important feature of real estate goods.  Thus, 
to some extent, it is fully consistent with 
the traditional urban economics theory: a 
central principal of urban economics is that 
the price of land will vary with the location 
(Balchin et al., 2000), and this varying 
land price affects the housing price.  In 
addition, Neighborhood and District are 
better representatives of LOCATION than 
Distance (see Table 3).  On the one hand, 
Xi’an has enjoyed a convenient traffic net 
and low t ranspor ta t ion cos ts fo l lowing 
the road construction in recent years, so 
the living area that people can select has 
expanded.  On the other hand, following 
the establishment of technology development 
district, economy development district and 
ecological tourism district’s one after another, 
new urban cores are forming continually.  
Thus, Xi’an is developing into a multi-centric 
and modern city: manufacturing sites, office 
sites, and living sites are scattered across 
every district, though with different densities, 
therefore, the distance from the city center 
influences fewer peoples’ life.  In contrast, 
residents concern more on the public service 
facilities and environment quality surrounding 
the flats.  In addition, the result indicates 
that every district has its own distinguished 
features endowed by dif ferent historical 
backgrounds and urban plans, which has 
different influences on the housing price.  
For example, Gaoxin district and City South 
district are called the Central Life District.  
There are fewer factories, better education 
and cultural resources, thus, more residents, 
which results in a higher price.

SITE is the second most important factor 
affecting PRICE (β3=0.34).  As peoples’ 
income increases, they demand more for 
the housing estate, for instance, it is better 
to have more grassland and more living 
services, such as sports ground, convenience 
store, beauty salon, nursery and primary 
school.  The bigger the site is, the better 
the facilities are.  Hence, the lot size, the 
number of buildings and the total area are 
all good representatives of SITE.

Finally, the characteristics of a dwelling 
play a relatively minor role in influencing 
t he hous ing p r i ce (β1=0.052) , wh ich 
indicates that the implicit prices of dwelling 
characterist ics, including the number of 
bedrooms, the number of bathrooms, and 
the size of the floor area, are very small.  
This contrasts with the f indings of other 
s tudies (Raimond, Mar t in, and Stef fen, 
2004; Ogwan* and Wang, 2003), but 
the conclusion that residents care less about 
dwelling characteristics is a difficult one to 
make.  The dwelling facing south and a 
good spectacular view were rated to be 
more important than the number of bedrooms 
or bathrooms provided.  However, we 
could not acquire such information from 
the current dataset. Therefore, the effects 
of the characteristics of a dwelling on the 
price should be further explored in further 
research.

CONCLUSION

Research on the implicit price of housing for 
discovering the preference of buyers is always 
an interesting topic for many economists.  
The ordinal method generally establishes 
the Hedonic Price Model to investigate the 
relationships between specific structural 
at t r ibutes and t raded pr ice of housing. 
However, this paper does not only focus on 
the individual structural attributes, but also on 
the effects of the integrated characteristics 
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determined by these structural attributes on 
the housing price.  Based on the housing 
economics literatures and theories, an empirical 
study was conducted in the Xi’an condominium 
market.  The Structural Equation Modeling was 
introduced to identify the relationships between 
the price of a condominium and its integrated 
characteristics (i.e. dwelling, building, site 
and location).  The results showed that the 
location of a flat is the first and prior element 
in determining its traded price.  This does not 
only reflect that the consumers concern most on 
the location of a house when buying housing, 
but also confirm that location selection is very 
significant in housing project development.  At 
the same time, the neighborhood condition 
and the district quality are also found to be 
more important in determining the location 
value than the distance from the city center 
does.  It reflects that Xi'an is developing into a 
multi-centric modern city.  The result is useful for 
us to realize the balancing city development.   
Bet ter publ ic faci l i t ies and good social 
and natural environment are important for 
improving the value of an area and absorbing 
the immigration and agglomeration of urban 
residents and firms.  It definitely will boost 
the regional economy finally. However, the 
study also indicated that characteristics of site, 
building, and especially dwelling have a less 
important effects on the price. Thus, property 
developers should pay more attention on 
site selection and establish more living and 
entertainment facilities in the community.
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ABSTRACT

There is a need for a sustainable development in Hong Kong’s built environment. One of the most 
significant technologies for energy savings in a building is the facade. Double-skin facade (DSF) 
technology provides several advantages. However, little work has been done on the behaviour 
of DSFs in hot and humid climates. In this paper DSFs are first defined and classified, and an 
explanation of the different airflow concepts used is given.  The paper then describes a study 
of six recently-completed buildings incorporating DSFs in Hong Kong.  The features of these 
buildings were collated and analysed, and from this information three different types of DSF 
were modelled. These models were used to run a dynamic building simulation with the software 
package VisualDOE that provides detailed overall yearly energy consumption. The results show 
that considerable energy consumption savings (up to 9.18%) are possible. But in order to link the 
airflow in the cavity to the HVAC-system further research has to be conducted.
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Double–Skin Facades for Hong Kong

INTRODUCTION

There is a need to promote sustainable 
d e v e l o p m e n t i n H o n g K o n g ’s b u i l t 
environment (Hui 2000).  53% of energy 
consumed in Hong Kong accoun t s fo r 
buildings (EMSD 2005b). 18% is consumed 
by residential buildings and 36% is consumed 
by commercial buildings as shown in Fig 1. 
The transportation sector accounts for another 
36% and the industry sector consumes 11% 
energy. The reduction of energy consumption 
is seen as a main issue for sus tainable 
development (CEC 2001; UNCED 1997). 

One of the best ways of saving energy in a 
building is by carefully designing its facade.  
Architects working in collaboration with 
engineers have already begun to take an 
energy-responsible approach to the design 
of building facades, as a building’s facade 
contributes both to i ts embodied energy 
and operating energy (Amato 1996; Karsai 
1997).  Recent advances in the fields of 
materials, manufacturing and thermo sciences 
have been used in facade design and have 
been applied both in the construction of 
new buildings, in the retrofit or rehabilitation 
of existing buildings and in the ef ficient 
operation of buildings (Compagno 2002).

New concepts have already been tested 
in a number of European countries with a 
moderate to cold climate. These concepts 
have taken into account outdoor conditions 
and have tried to create a climate-responsive 
building (Goulding et al. 1992; Wigginton 
1996). Advanced facade technologies have 
already been developed for the top-end 
market sector of office buildings (Wigginton 
2002). 

O n e o f  t h e m o s t  i m p o r t a n t  r e c e n t 
deve lopmen t s in facade des ign i s t he 
emergence of double-skin facade (DSF) 
technology. DSFs offer several advantages 
(Oesterle et al. 2001). They provide an 
additional layer that helps to reduce the 
acoustic impact on a building. Their cavities 
provide a space for positioning advanced 
sunshading devices that reduce heat gain 
but allow in natural daylight (von Grabe 
2002).  Allowing natural daylight to be 
filtered into a building for lighting appears 
to reduce the heat load for artificial lighting 
on air conditioning (Bodart 2002; Grimme 
1999).  Finally, the buoyancy flow in DSF 
cavities may reduce solar heat gain and 
also supports HVAC (heating, ventilation and 
air-conditioning) systems.  This can help to 
minimize the size of such systems, thereby 

Figure 1:	  Energy consumption in Hong Kong (EMSD 2005b)

0

20000

40000

60000

80000

100000

120000

1991 1992 1993 1994 1995 1996 1997 1998 1999 2000 2001 2002

En
d-

us
e 

En
er

gy
 [T

J]

Transport
Industry
Residential building
Commercial building



SBE
19

Surveying and Built Environment Vol 18 (2), 17-32   December 2007   ISSN 1816-9554

Figure 2:  Classification of double-skin facades 

concepts i t is impor tant to note that al l 
main types of double-skin facades can be 
combined with both types of ventilation and 
all types of airflow concepts. This results in a 
great variety of double-skin facades. 

Figure 3 i l lus t rates the di f ferent air f low 
concepts that can be applied to double-skin 
facades. More recently, double-skin facades 
have been developed that act as climate 
responsive elements with hybrid ventilation 
(natural and mechanical) concepts with a 
possibility to change the airflow concept due 
to different weather conditions in different 
seasons (IEA 2002). 

Figure 3:  Airflow concepts of double-skin facades

reducing the building’s energy consumption 
(Andersen 2003).

Classification of double-skin 		        
facades (DSFs)

For the purposes of this paper i t would 
be he lpfu l to agree on a consol idated 
classification of DSFs (Parkin 2004). Figure 2 
gives an overview of the main characteristics 
of ten used when describing the various 
features of DSFs.

Airflow concepts

When l ook i ng a t t he va r i ou s a i r f l ow 
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However, little work has been done on the 
behaviour of double-skin facades in hot and 
humid climates (Rajapaksha et al. 2003). 
Facades designed for use in a moderate 
to cold climate cannot simply be applied 
without modification to a different environment. 
The seasonal and daily climate in terms of 
mean temperature, humidity and wind speed 
distribution in Hong Kong is different from the 
more moderate climate found in European 
countries. A new approach has to take the 
climatic factors into account to find out if 
a double-skin facade can help to reduce 
energy consumption in buildings in a hot and 
humid climate (Hui and Cheung 1997). The 
complexity of the new concept and technology 
requires a careful and responsible planning. 
This may be done by s imula t ion of the 
thermal behaviour and comparison with the 
performance of existing buildings. 

SURVEY AND MODELLING

This study sought to identify the advantages 
and disadvantages of double-skin facades 
in a hot and humid climate by considering 
the performance of a number of buildings in 
Hong Kong already fitted with double-skin 
facades and modelling their performance.  

The complete study involves the following four 
steps:

(1) 	 Collection of data on construction details 
(survey).

(2) 	 Modelling of the data (using a suitable 
software package) to simulate building 
energy consumption in buildings fitted 
with DSFs under different circumstances.

(3) 	 Analysis of the energy performance of the 
different buildings and determination of 
design details. 

(4) 	 Monitoring of the data for at least a 
whole year. 

SURVEY OF EXISTING DSF
BUILDINGS IN HONG KONG

A s u r v e y o f b u i l d i ng s i n Hong Kong 
i den t i f i ed t he f o l l ow ing s i x r e cen t l y -
comp le ted bu i ld ings wi t h doub le - s k in 
facades:

(1) 	 Dragonair/CNAC Building (Chek Lap 
Kok International Airport);

(2) 	 Kadoorie Biological Sciences Building, 
The Universi ty of Hong Kong (Hong 
Kong Island);

(3) 	 Building 5, Hong Kong Science Park (Sha 
Tin);

(4) 	 Sha Tin Government Offices Building (Sha 
Tin);

(5) 	 1 Peking Road (Kowloon); and

(6) 	 Headquarters Building, Electrical and 
Mechanical Services Department (EMSD) 
(Kowloon).

Fur ther details of each of these building 
p ro j e c t s ( name , da t e o f comp l e t i o n , 
number of storeys, and GFA), the architect, 
project management, contractor, engineers 
(structural, M&E, and facade), and quantity 
surveyor are provided in Table 1. 

Table 2 gives the classification characteristics. 
Three projects used a cavity with natural 
ventilation, while the other three used a cavity 
with mechanical ventilation. Accordingly, 
the projects with naturally ventilated cavities 
used an external air curtain while the projects 
with mechanically ventilated cavities used 
an internal air curtain as an airflow concept 
realized in box-window facades. 
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Dragonair/CNAC Building

The Dragonair/CNAC Building at Chek Lap 
Kok International Airport was built by Wong 
Tung & Partners and completed in 2002. 
Meinhardt Facade Engineering did the facade 
engineering. The problem of aircraft noise 
was addressed by the adoption of a double-
skin cavity wall system which provides 60 
dBa of sound attenuation. A 800 mm cavity 
separates the 19 mm thick external layer of 
fully-tempered glass and the inner layer, which 
is an insulated low E coated unit.

The cavity wall system not only answers the 
engineers’ requirements, but also avoids 
condensation problems through its use of 
acoustic baffles to ventilate the system. The 
cavi ty also faci l i tates maintenance and 
improves the building’s thermal performance, 
(ht tp://www.building.com.hk/feature/
11_00dragon.htm).

It was necessary to add fire dampers to the 
double-skin facade, so that the facade cannot 
take advantage of the stack effect in this 6 
level building with 5 level DSF.  

Building 5, Hong Kong Science Park

Building 5, Hong Kong Science Park, was 
bui l t by Simon Kwan & Associates and 
completed in 2002. The management of the 
Science and Technology Park (in Sha Tin) 
has encouraged architects to express the 
innovative and forward looking concept of the 
Science Park in the building design of several 
buildings. 

The bui ld ing enve lope i s des igned for 
energy efficient and environmentally sensitive 
treatment. The doubleskin facade system on the 
west elevation helps to shield traffic noise from 
Tolo Highway and reduce solar heat gain, 
while the double-glazed curtain wall system, 
sun shading devices and the metal roof also 
enhance the building’s thermal and acoustic 
performance. Due to its close proximity to Tolo 
Highway, clear glass was used throughout the 
facade to help to reduce the amount of glare 
that could affect passing motorists. BIPV panels 
used on the outer skin of the west facade 
and roof canopy not only contribute to the 
energy efficiency of the building, but also give 
the building its unique character. Clerestory 
glazing was specified for the building to 
present a transparent image in line with the 
rest of Science Park Phase 1 and to reduce the 
apparent bulk of the building (Youngs 2003). 

Figure 4:  Dragonair/CNAC Building

Figure 5:  Building 5, Hong Kong 
               Science Park
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Building 5 has parts of its BIPV (building 
integrated photovoltaic) integrated in the 
double-skin facade. The double-skin facade 
is open to all four sides allowing free airflow 
in a 2000mm cavity. In addition the design 
of the glass modules shows gaps of app. 
40 mm. This should influence the pressure 
difference and therefore the buoyancy flow in 
the cavity.

Kadoorie Biological Sciences
Building

The Universi ty of Hong Kong’s Kadoorie 
Biological Sciences Building was built by Leigh 
& Orange and completed in 2000.

The building was designed with seven key 
issues in mind, namely: functionality, flexibility, 
safety, energy ef f iciency, sustainabil i ty, 
lifetime economy, buildability and ease of 
maintenance.
        
All these considerations are reflected in all 
aspects of the building’s design, particularly 
t he facade . The Kadoo r i e B io log ica l 
Sc iences Bu i ld ing i s t he f i r s t bu i ld ing 
in Hong Kong to ful ly exploit the green 
possibilities of a second skin: an external 
glazed screen which is 2.5 m away from 
the external wall.
        
The building is clad in a combination of silver 
grey ceramic tiles and glass and steel double 
skin. The north and south facades are clad in 
ceramic tiles and the windows are protected 
by sunshading devices. External maintenance 
walkways surround the building at each floor 
level, providing safe and easy access for 
maintenance personnel. 
       
The east and west facades are clad in a 
double-skin curtain wall which acts as a screen 
for various building services installations 
distributed around the exterior of the building.  
Placing these installations on the exterior of the 
building has three main advantages: 

• 	 It enables a more flexible interior for the 
laboratories to be designed. 

• 	 I t enables main tenance work to be 
carried out without disturbing laboratory 
users and lessens the likelihood that the 
laboratories will become contaminated. 

• 	 A c c e s s t o t h e b u i l d i n g s e r v i c e s 
installations through external ducts and 
staircases enhances the security of the 
laboratories.

• 	 The fritted glass used for the screen wall 
serves to limit solar radiation while the 
external services zone between the two 
layers of glazing acts as a stack which 
channels hot air upwards for discharge 
into the air, thus reducing the building’s 
solar heat gain.

• 	 An open metal grille installed at each 
floor allows free air circulation while 
serving as walkways for maintenance 
access. 

• 	 Heat gain is further reduced by locating 
heat emitting equipment in the external 
ser vices zone outs ide the bui lding, 
where they release their heat into the 
void rather than the interior (http://
www.b u i l d i n g . c om . h k/ f e a t u r e/
06_00kadoorie.htm).

Figure 6:  Kadoorie Biological   
               Sciences Building - The
	  University of Hong Kong
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Sha Tin Government Offices Building

The Sha Tin Government Offices Building 
was bui l t by the Archi tectural Ser vices 
Depa r tmen t (ASD ) and comp l e t ed i n 
2002.  
 
The envelope of the building was purpose-
designed to reduce solar heat gains and 
maximize daylighting penetration in the 
premises. On north side where minimum 
direct solar load is to be suffered, normal 
single glazed curtain wall system is applied. 
The drawing on the left side indicates the 
design of Vertical fins on the two edges of 
the building. The concrete fins are purposely 
designed to block the direct sunlight from 
entering the building. Such installation is 
also erected on the south side facade. On 
east and west sides, double glazed curtain 
walling system with fenestrations of less 
than 50% were erected. The heat built up 
in capacity is extracted mechanically at 
the top of the window. The design tries to 
minimize the cooling load requirement by 
reducing solar heat gain. Consequently, the 
thermal comfort is claimed to be enhanced. 
For south side, in addition to the vertical 
concrete fins, horizontal shading devices are 
also erected.

It is claimed that the double glazing heat return 
system applied, the overall OTTV as well as 
the energy consumption by air-conditioning 
system are comparatively lower than other 
traditionally designed buildings (www.hk-
beam.org). 

The windows can be opened individually 
and an additional second layer of glazing 
has been p laced on the in s ide o f t he 
window to create a double-skin facade. 
This technology is called ‘Airflow window’ 
and operates usually with a 200mm cavity. 
Although there is a second layer of glass in 
the facade implemented it does not affect 
the solar heat gain since the cavity of the 
double-skin is connected to the interior, 
HVAC unit respectively. Incoming solar heat 
gain is immediately transported to the air-
handling unit. The purpose of this design is 
to improve the thermal microclimate in the 
room next to the window. The effect has 
been studied and demonstrated (Haase and 
Amato 2005).

1 Peking Road

1 Peking Road (Kowloon) was bui l t by 
Rocco Ltd and completed in 2003. 

The building design strongly emphasizes the 
green building approach. In the top of the 
roof there are BIPV integrated. The facade 
layout recognizes the different orientations of 
the building and there is a call for action to 
natural daylight in the offices.

One of the aims of the development was 
to provide all users of the building with a 
direct and intimate relationship with the 
surroundings via a t ransparent external 
building envelope. Although this required 
clear glass to be specified, the designers 
were ab le to o f fe r an env i ronmen ta l l y 
sens i t i ve c ladd ing sy s t em. The towe r 
features a triple-glazed active wall system, 
combining three layers of low emissivity 

Figure 7:	  Sha Tin Government 
               Offices Building
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clear glass with a venti lated cavity that 
resu l t s in h igh l igh t t ransmiss ion ye t a 
low overall thermal transfer value (OTTV). 
Venetian blinds are housed in a 200 mm 
ai r gap in the g lazing sys tem and are 
operated by a computerised system. When 
sunlight sensors detect a need for shade, 
the blinds automatical ly descend to cut 
glare and heat gain in the interiors. Sensors 
also control the blinds’ blade angles and 
power for their operation comes from an 
array of photovoltaic panels located at 
the rooftop.  The south elevation features 
innovative arrangements to reduce solar 
gain yet allow increased light transmission 
at the same time. Although standard ceiling 
heights in the development are 2,800 
mm on o f f i ce f loo r s , inc l i ned ce i l i ngs 
r ise as they reach the windows, which 
gain extra height as a result. Outside the 
windows, aluminium sunshading fins serve 

as reflectors bouncing light up onto the 
angled ceiling to transmit more natural light 
inside while at the same time limiting the 
entry of direct sun. At night, these same fins 
are lit from below as architectural features. 
(ht tp://www.building.com.hk/feature/
10_03peking.pdf) 

The part of the facade with double-skin was 
built with the trademark ‘Active Wall’ by 
Permasteelisa Group. This type of facade 
i s a box window wi th a mechan ica l l y 
v e n t i l a t e d  c a v i t y  o f  2 0 0 m m . T h e 
construction is similar to the airflow window 
of Sha Tin Government Offices Building. 
The cav i t y o f the DSF i s mechan ica l l y 
venti lated with a controlled air f low that 
transports heat gain to the HVAC-unit. 

New EMSD Headquarters

The new EMSD Headquarters (Kowloon) was 
built by the Architectural Services Department 
(ASD) and completed in 2005.  ASD tried 
to promote ‘sustainable energy and space 
development’ through this conversion. The 
entire conversion project was centered on the 
theme of environmental protection, pursuing 
harmony with the buildings in the surrounding 
environment (TDC 2005).

Figure 8:  1 Peking Road

Figure 9:  New EMSD Headquarters



SBE
26

Double–Skin Facades for Hong Kong

Thus, sustainable architecture, which focuses 
on the sustainable use of energy and space, 
was the design theme of the building. The 
existing external walls of the main elevations 
are converted into environmental facades, 
with ventilated double-layered curtain walls 
for the office floors (6/F & 7/F) and metal 
sun shades for the workshop floors (G/F 
to 5/F). An aluminium arch f rame and 
perforated panels over the new Entrance Hall 
unify the different elements of the 190m long 
main facade.
•	 Ventilated double layered curtain walls, 

deep canopies and sun shades to 
control solar gain; 

•	 Motion and daylight sensors to control 
artificial lighting (ASD 2005). 

The venti lated DSF was instal led on the 
building to improve thermal insulation. The 
300-600 mm gap between the two layers 
of glazing provides a return air path that 
dissipates heat gained on the surface glass 
layer, thus reducing the demand on the air-
conditioning system. The DSF also improves 
the building’s noise insulation, effectively 
shutting out traffic noise from the nearby 
Kwun Tong Bypass (Tam 2005). 

MODELLING

Two different types of facades were identified 
in the buildings surveyed. The first is the 
externally naturally ventilated DSFs with depths 
of 0.5m and 2.0m. The second is the internally 
mechanically ventilated DSFs with a depth 
of 0.2m as shown in Fig 10. This suggested 
five separate simulation models to assess 
the effectiveness of DSFs:  firstly, a prototype 
building with a single skin curtain wall system 
with a 0.5m horizontal shading device (Option 
1); two buildings using externally naturally 
ventilated DSFs at different depths (Options 
2 and 3); a building using an internally 
mechanically ventilated DSF with a depth of 
0.2m (Option 4); and finally, a variant of 
Option 4 where unconditioned external air is 
used for ventilating the cavity (Option 5).

To account for buoyancy flow in the cavity, 
four different assumptions were made. The 
simulation was run with 2, 5 10 air changes 
per hour (ach) in the cavity. Additionally 200 
ach were assumed as a maximum of buoyancy 
flow to study the influence of further increases 
in ach. There was no support of airflow to the 
HVAC-system assumed so all options were 
simulated with the same HVAC-system.

Figure 10:  Principle of airflow window
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BUILDING SIMULATION

The VisualDOE software, which simulates 
whole building energy consumption, was 
used to simulate different types of double-skin 
facades. The software calculates the annual 
electricity consumption of lighting, small 
power load and cooling in accordance with 
the weather data of a typical meteorological 
year (TMY) and the 1961–1990 National 
Solar Radiation Data Base (NSRDB).  The 
model simulates:

•	 hea t gain o f ou t s ide a i r and so la r 
rad ia t ion wh ich f lows th rough the 
b u i l d i n g e n v e l o p i n t h e f o r m o f 
w i n d o w s a n d o p a q u e w a l l s  o f 
facades and roofs; it performs a heat 
balance calculation at each time step, 

simultaneously calculating radiation 
and convection processes at each time 
step; constant convective heat transfer 
coef ficients are used, here dif ferent 
airflow rates were applied with 2, 5, 
10, and 200 ach;

•	 internal heat gain of adjoining rooms 
which flows through flows, partitions and 
doors; 

•	 internal heat gain of lighting, equipment 
and occupants; and

• 	 internal daylight illuminance of daylight 
from window to centre of a room taking 
shading devices into consideration; 
internal windows; direct solar radiation 
impinging on sur faces is calculated 
hourly, taking geometry into account; 
d imming e lec t r i c l igh t i ng con t ro l s 
including heating and cooling effects.

Surveying and Built Environment Vol 18 (2), 17-32   December 2007   ISSN 1816-9554

Facade
options

 ytivaC stnedecerP
width

Ventilation mode Shading devices 

Option 1 conventional curtain wall 0 m No ventilation 0.5m horizontal 
projection

Natural ventilation at 2-10 air 
change (ac) per hour or 

Option 2 DSF with 500 mm air cavity and 
movable blind installed in-between  
(Ref: Dragonair/CNAC Building) 

0.5 m 

Mechanical ventilation at 200 ac 
per hour (fan consumption not 
included)

Movable blind in-
between cavity 

Natural ventilation at 2-10 ac per 
hour or 

Option 3 DSF with 2000 mm air cavity and 
movable blind installed in-between 
(Ref: Building 5, Hong Kong Science 
Park)

2.0 m 

Mechanical ventilation at 200 ac 
per hour (fan consumption not 
included)

Movable blind in-
between cavity 

Option 4 air-flow options in which interior 
conditioned air flows through 
200mm cavity of double-skin facade 
and returns into air handling unit 
(Ref: Sha Tin Government Offices 
Building and 1 Peking Road) 

0.2 m Fan flow rate at 472-litre per second Internal movable 
blind

Natural ventilation at 2-10 ac per 
hour or 

Option 5 air-flow options (Option 4) in which 
exterior unconditioned air is naturally
ventilated through 200mm cavity 

0.2 m 

Mechanical ventilation at 200 ac 
per hour 

Internal movable 
blind

Table 3:  Simulation Models
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parameters
Architectural
tenants

layout
areas

of 
[1]

Orientation Light power  
density [2] 

Equipment
power density 
[2]

Occup.
density
[2]

model Size of floor 
plan:

54.9 m x 
29.4 m 

6 storey Rest on south-
west and north-
east axis 

25 W/sqm 25 W/sqm 8 sqm 
per
person

       

Data input 
parameters

Roof Ceiling Floor
slab 

Type of HVAC
system

Light sensor Pattern of
operation

model Asphalt laid on 
200mm
concrete roof 
slab

Sus-
pended
ceiling

160 mm 
concrete
floor slab 

Standard
variable air 
volume (VAV) 
system

Light sensor turns on 
the artificial light 
when internal 
daylight illuminance 
is less than 500 lux 

Office pattern 

[1] typical office plan layout       
    (EMSD 2005c). :ecnerefeR ]2[ 

Data input

Table 4:  Data presets used in VisualDOE

Double–Skin Facades for Hong Kong

Facade
Options 

Lighting
consumption

Equipment
consumpt.

Cooling
consumpt.

Total
consumpt.

   per floor area 
[1]

 per floor
area

 per floor 
area

 per floor 
area

  (kWh/m2 floor 
area)

Lighting
consumption

increase or 
reduction % in 

comparison
with total (kWh/m2

floor area)
(kWh/m2

floor area) 

Cooling
consumpt.

increase or 
reduction % 

in
comparison

with total 
(kWh/m2 floor 

area)

Consumpt.
increase or 

reduction % 
in

comparison
with total 
Option 1 

Option 1[2]               
no vent. 33.18  95.32 188.86  317.36  

Option 2               
no vent. 39.21 1.90% 95.32 163.99 -7.84% 298.52 -5.94%

2ach 39.21 1.90% 95.32 163.85 -7.88% 298.38 -5.98%
5ach 39.21 1.90% 95.32 163.71 -7.92% 298.24 -6.02%

10ach 39.21 1.90% 95.32 163.04 -8.14% 297.57 -6.24%
200ach 39.21 1.90% 95.32 160.77 -8.85% 295.30 -6.95%

Option 3               
no vent. 43.52 3.26% 95.32 155.72 -10.44% 294.56 -7.18%

2ach 43.52 3.26% 95.32 154.77 -10.74% 293.61 -7.48%
5ach 43.52 3.26% 95.32 153.72 -11.07% 292.56 -7.81%

10ach 43.52 3.26% 95.32 152.62 -11.42% 291.46 -8.16%
200ach 43.52 3.26% 95.32 149.38 -12.44% 288.22 -9.18%

Option 4[3]               
me.vent. 37.05 1.22% 95.32 163.28 -8.06% 295.65 -6.84%

Option 5               
no vent. 37.05 1.22% 95.32 163.35 -8.04% 295.72 -6.82%

2ach 37.05 1.22% 95.32 163.33 -8.04% 295.70 -6.83%
5ach 37.05 1.22% 95.32 163.08 -8.12% 295.45 -6.90%

10ach 37.05 1.22% 95.32 162.78 -8.22% 295.15 -7.00%
200ach 37.05 1.22% 95.32 159.07 -9.39% 291.44 -8.17%

[1] All options with light sensor which turns on when daylight illuminance level is lower than
     500 lux (EMSD 2005a) 
[2] Without ventilation.       
[3] mechanically ventilated by 152mm fan     

Facade
Options 

Lighting
consumption

Equipment
consumpt.

Cooling
consumpt.

Total
consumpt.

   per floor area 
[1]

 per floor
area

 per floor 
area

 per floor 
area

  (kWh/m2 floor 
area)

Lighting
consumption

increase or 
reduction % in 

comparison
with total (kWh/m2

floor area)
(kWh/m2

floor area) 

Cooling
consumpt.

increase or 
reduction % 

in
comparison

with total 
(kWh/m2 floor 

area)

Consumpt.
increase or 

reduction % 
in

comparison
with total 
Option 1 

Option 1[2]               
no vent. 33.18  95.32 188.86  317.36  

Option 2               
no vent. 39.21 1.90% 95.32 163.99 -7.84% 298.52 -5.94%

2ach 39.21 1.90% 95.32 163.85 -7.88% 298.38 -5.98%
5ach 39.21 1.90% 95.32 163.71 -7.92% 298.24 -6.02%

10ach 39.21 1.90% 95.32 163.04 -8.14% 297.57 -6.24%
200ach 39.21 1.90% 95.32 160.77 -8.85% 295.30 -6.95%

Option 3               
no vent. 43.52 3.26% 95.32 155.72 -10.44% 294.56 -7.18%

2ach 43.52 3.26% 95.32 154.77 -10.74% 293.61 -7.48%
5ach 43.52 3.26% 95.32 153.72 -11.07% 292.56 -7.81%

10ach 43.52 3.26% 95.32 152.62 -11.42% 291.46 -8.16%
200ach 43.52 3.26% 95.32 149.38 -12.44% 288.22 -9.18%

Option 4[3]               
me.vent. 37.05 1.22% 95.32 163.28 -8.06% 295.65 -6.84%

Option 5               
no vent. 37.05 1.22% 95.32 163.35 -8.04% 295.72 -6.82%

2ach 37.05 1.22% 95.32 163.33 -8.04% 295.70 -6.83%
5ach 37.05 1.22% 95.32 163.08 -8.12% 295.45 -6.90%

10ach 37.05 1.22% 95.32 162.78 -8.22% 295.15 -7.00%
200ach 37.05 1.22% 95.32 159.07 -9.39% 291.44 -8.17%

[1] All options with light sensor which turns on when daylight illuminance level is lower than
     500 lux (EMSD 2005a) 
[2] Without ventilation.       
[3] mechanically ventilated by 152mm fan     

Table 5:  Simulation results
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To model the heat-flow and daylight intensity, 
the presets inside VisualDOE were used as 
shown in Table 4 to evaluate the indoor 
temperature and daylight i l luminance of 
building interiors.

RESULTS 

The des igned fea tu res tes ted inc luded 
airflow windows, active wall system and 
double facades with different cavity widths, 
the thermal mass as well as air inlet and 
top out let detai ls.  The ef fect iveness of 
utilising double-skin facades was assessed 
by modelling a similar prototype building 
with a curtain wall system and comparing 
the two.

The results are classified into the energy-
consuming un i t s l igh t ing, coo l ing and 
internal equipment. For all five options the 
yearly energy consumption for each unit 
and different air changes (ach) are shown in 
Table 5. 

In order to identify the consumption increase 
and decrease the percentage of total energy 
consumption of Option 1 are shown. A 
positive number indicates an increase and 
a negative number shows a reduction of 
consumpt ion. Opt ion 3 shows the bes t 
consumption reduction of 9.18% (Option 3 
with 200 air changes per hour) in comparison 
to a single skin solution follow by Option 5 
with a reduction of 8.17% (Option 5 with 200 
air changes per hour).

By looking at the consumption pattern of the 
three dif ferent energy-consuming units an 
increase of lighting and a decrease of cooling 
consumption is apparent. 

The difference of energy savings for Option 
3 between no ventilation and a ventilation of 
200 air changes per hour is 2.00%.

CONCLUSIONS

Several conclusions can be drawn from the 
results. The first is that Option 3 is the model 
with the largest energy reduction.   Option 
2 (with no ventilation) and Option 4 provide 
a smaller reduction in energy consumption.  
Option 5 provides a reduction of 8.17% at 
considerably lower costs.  This means that 
the modified double-skin facade is the best 
solution for Hong Kong. 

Then, a small increase of 4.87kWh/m2 floor 
area (from 33.18 to 37.05kWh/m2 floor area) 
of lighting consumption was simulated for Option 
5 with a cavity width of 200mm. This is a total 
increase of energy consumption of 1.22%. 
Option 3 provides a higher increase of lighting 
consumption (10.34 kWh/m2 floor area which 
is 3.26%) due to its width of 2000mm. 

Finally, the airflow in the cavity of the double-
skin facade was responsible for a significant 
reduction of energy consumption (cooling). 
While for Option 5 the cooling consumption 
reduces from 163.35 to 159.07kWh/m2 
floor area (1.35%), for Option 3 the reduction 
of cooling consumption is from 155.74 to 
149.3877kWh/m2 floor area (2.00%). 

Additional studies should enable an optimum 
cavity width to be determined. The assumptions 
of the dif ferent air f lows could be fur ther 
explored in order to optimise the reduction in 
energy consumption. A comparison with real 
data measured at the project sites could help 
to validate the results. In the following chapter 
further investigations are proposed.

The simulation model had a double-skin 
facade on all four elevations. Further studies 
of the effectiveness in relation to the facade 
orientation may consider favourable facade 
orientations, and could provide detailed 
information for design considerations.
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Although this study produced useful results, it 
also had two important limitations.  The first 
limitation is that at the moment no data is 
available on the performance of the building 
and the facade in particular. The data that 
would be most helpful are: 

• 	 temperature and humidi ty in the 
double-skin cavity; 

• 	 air velocity (and velocity distribution) 
in the double-skin cavity; 

• 	 real daylight distribution in the adjunct 
rooms; and

• 	 analysis of occupant satisfaction.

As mentioned, a comparison of the thermal 
behav iou r o f t he bu i ld ings w i t h o the r 
buildings without double-skin facades can 
help to simulate the performance of this 
type of facade in hot and humid climates.

The second limitation is the lack of exact 
data of the buoyancy effect in the cavity. 
This not only influences energy consumption 
but could also enhance the HVAC system 
as part of the natural ventilation solution for 
improved indoor comfort. In Hong Kong 
the outside air temperature is high all year 
round during day-time and the wind speed 
can var y enormous ly. Thus , mode l l ing 
buoyancy flow in the cavity using both CFD 
and model experiment can help to not only 
visualise but also quantitatively investigate 
the phenomena. A key aim would be to 
de te rmine the buoyancy and en tha lpy 
ef fects of di f ferent cavi ty designs, and 
to prepare an analytical model that will 
predict the behaviour of different types of 
double skin facades.

Double-skin facades demand the use of more 
material. This leads to higher initial costs. The 
planner has to point out and evaluate the 
long-run benefits of new technologies. Latest 
developments in LCC/LCA (life cycle costing / 
life cycle assessment) will help to evaluate the 

overall performance of double-skin facades in 
hot and humid climates (Amato et al. 2004).

I t i s hoped t ha t f u r t he r i nves t iga t ions 
can help to validate the advantages of 
double - sk in facades in ho t and humid 
climates.
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ABSTRACT

Proper understanding on competitiveness indicators is important for assisting contractors to 
formulate effective competition strategies and for assisting clients to select suitable contractors. This 
study presents a list of competitiveness indicators for measuring contractor competitiveness with 
reference to Hong Kong construction industry. Contractor Key Competitiveness Indicators (KCIs) 
adopted in the local practice are identified. This identification was conducted through analyzing 
the data collected from a comprehensive questionnaire survey in the local industry. Relative 
Importance Value (RIV) was used as the criterion for the identification of the KCIs. The findings 
from this study provide valuable information for helping contractors from different backgrounds in 
the local construction market to understand their competitive advantages and weaknesses, thus 
relevant actions can be taken for improving their competitiveness. The research also provides 
valuable references for investigating contractor KCIs in different construction practices. 
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Contractor Key Competitiveness Indicators (KCIs): a Hong Kong Study

INTRODUCTION

U n d e r s t a n d i n g a n d i m p r o v i n g t h e 
competitiveness of organizations has been 
a popular research area. Factors affecting 
organizational competitiveness have close 
association with the structure and practice of 
an industry. Studies on competitiveness and 
competitive advantage have been conducted 
by many researchers (Porter, 1985; Pettigrew, 
1988; Betts and Ofori, 1992; Hu, 2001; 
Hi tchens e t a l . , 2003). Por te r (1980) 
suggested five major forces determining 
the competition practice within an industry, 
namely, indus t r y compet i tors, potent ia l 
entrants, suppliers, buyers and substitutes. 
In construction industry, competitiveness is 
generally used for ranking contractors in 
a bidding process. Previous studies have 
presented several methods for assessing 
contractor competitiveness in pre-qualifying 
and shor t - l i s t ing tenders . The s tudy by 
Flanagan and Norman (1982), for example, 
suggests measuring a bidder’s competitiveness 
by the bidder’s previous success rate, which 
is calculated by a percentage of the bidder’s 
successful contract value to its total bids within 
a certain period. Drew and Skitmore (1993) 
defined contractor bidding competitiveness 
as a percentage of the difference between 
concerned contractor’s bid and the lowest bid 
among all bidders to the lowest bid. Shen et 
al. (1999) developed an optimal bid model 
to help contractor in determining an optimal 
level of tender price and contract time in 
order to maximize its overall competitiveness. 

In a more recent study, Li et al. (2002) introduced 
a multi-level parameter model for accessing 
contractor’s competitiveness after analyzing the 
construction business environment in China. Based 
on the study by Li et al. (2002), Shen et al. (2003) 
developed a Windows-standard Decision Support 
System Contractor’s Competitiveness Assessment 
Scoring System (C-CASS) for assessing contractors’ 
total competitiveness value. In a further study, Shen 
et al. (2004) identified the model adopted to 

award construction contracts on multi-criteria 
basis in China by taking into account both the 
contractor’s competitiveness and the defined 
project objectives. This model presented 
a comprehensive l is t of competi t iveness 
parameters.   

As an extension to the study by Shen et 
al. (2004), this paper aims to find out the 
key competitiveness indicators (KCIs) for 
measuring contractors’ competitiveness in the 
Hong Kong construction industry. An index 
value is used for measuring the significance 
of individual competitiveness indicators, by 
which the KCIs are to be identified. Data 
used in the analysis were collected through 
a survey to the construction industry in Hong 
Kong. The research results provide insights 
into the practice of what affecting contractors’ 
competitiveness in the Hong Kong construction 
market. The identified KCIs will be useful to 
help contractors to understand their strengths 
and weaknesses, thus improve the effectiveness 
of formulat ing compet i t ive s t rategies in 
competitions. As the practice of the Hong 
Kong construction industry is well developed, 
the research findings are valuable references 
for those construction industries in developing 
countries and regions. They are also valuable 
research references for examining competition 
practice in other construction industries.

CONTRACTOR COMPETITIVENESS 
INDICATORS

The identification of contractor competitiveness 
indicators has been extensively examined in 
previous studies. For example, the study by Holt 
et al. (1994) classifies competitiveness indicators 
under five groups: contractor’s organization, 
financial considerations, management resource, 
past experience, and past performance. Each 
group includes various specific indicators. Hatush 
and Skitmore (1997) proposed a set of alternative 
criteria classified into five categories for assessing 
contractor competitiveness, including financial 
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soundness, technical ability, management 
capability, health and safety, and reputation. 
Nevertheless, these works are criticized, for 
example, for lacking consistency. The study 
by Lam et al. (2000) presents an artificial 
neu ra l ne twork as a dec i s ion suppor t 
tool for pre-qualifying contractors through 
examinat ion o f the mul t ip le con t rac tor 
competitiveness variables including technical 
s t rength, f inancial s tatus, etc. A recent 
s tudy by Shen et al. (2003) presents a 
more comprehens ive se t o f con t rac to r 
competitiveness indicators in the development 
of a model for calculating a contractor’s total 
competitiveness value (TCV). TCV model 
incorporates contractor competi t iveness 
indicators classified under six categories, 

namely, social influence, technical ability, 
f inancing abil i ty and accounting status, 
marketing ability, management skills, and 
organizational structure and operations.

The examination on the existing studies leads 
to the formulation of an alternative list of 
competitiveness indicators, as presented in 
Table 1. The validity of the list for application 
in Hong Kong construction industry was tested 
through a number of selected professional 
interviews in the local construction industry. 
Valuable comments and suggestions were 
contributed by the interviewees, based on 
which modification was made to the list. The 
interviews helped in improving the clarity and 
readability of the indicators.

Section I : Indicators Measuring Corporate Image 
I-1 Recognized grading for company (e.g., Category A, B, or C) 
I-2 Professional qualifications of project manager 
I-3 Business coverage & market share (by region) 
I-4 Business coverage & market share (by industrial sectors) 
I-5 Business specialism (design, or construction, etc.) 
I-6 Organizationn  ’s credibility 
I-7 Bank credibility rating 
I-8 Project quality awards 
I-9 Project safety performance records 
I-10 Project environment & hygiene performance records 
I-11 Corporate identity 
I-12 Compatible with the local culture 
I-13 Social conscience and responsibility 
Section II : Indicators Measuring Technical Ability 
I-14 Capacity of construction equipment and plant 
I-15 Capacity of construction equipment and plant per staff 
I-16 Proportion of advanced construction equipment and plant 
I-17 Utilization efficiency of equipment and plant 
I-18 Equipment/plant depreciation rate 
I-19 Establishment of research unit and strength of research staff 
I-20 Level of investment on Research & Development 
I-21 The rate of applying the new technology developed internally 
I-22 Level of external dissemination of the new technology 
I-23 Number of the technical patents owned by the organization 
I-24 Number of technical patent transfers 
I-25 Number of professional staff 
I-26 Number of technical staff 
I-27 Adequacy of administrative staff 
I-28 Standing of technology advancement within the industry 
I-29 Extent of applying information technology 
I-30 Conversant with the local practice 
Section III : Indicators Measuring Financing Ability 
I-31 Credibility grade certified by relevant financial bodies 
I-32 The value of annual loans obtained 
I-33 Knowledge about financial policy  
I-34 Effectiveness of communication with banker and financial institutions 
I-35 Organizational assets status 
I-36 Organizational profit status 
I-37 Organizational debt status 
I-38 Growth rate of the organizational total assets 
I-39 Growth rate of the organizational profit 
I-40 Growth rate of gross output 
I-41 Capability of loan repayment 
I-42 Payment to subcontractors / suppliers on time 

Table 1	    Preliminary List of Indicators for Measuring Contractors’
                Competitiveness
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I-7 Bank credibility rating 
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I-13 Social conscience and responsibility 
Section II : Indicators Measuring Technical Ability 
I-14 Capacity of construction equipment and plant 
I-15 Capacity of construction equipment and plant per staff 
I-16 Proportion of advanced construction equipment and plant 
I-17 Utilization efficiency of equipment and plant 
I-18 Equipment/plant depreciation rate 
I-19 Establishment of research unit and strength of research staff 
I-20 Level of investment on Research & Development 
I-21 The rate of applying the new technology developed internally 
I-22 Level of external dissemination of the new technology 
I-23 Number of the technical patents owned by the organization 
I-24 Number of technical patent transfers 
I-25 Number of professional staff 
I-26 Number of technical staff 
I-27 Adequacy of administrative staff 
I-28 Standing of technology advancement within the industry 
I-29 Extent of applying information technology 
I-30 Conversant with the local practice 
Section III : Indicators Measuring Financing Ability 
I-31 Credibility grade certified by relevant financial bodies 
I-32 The value of annual loans obtained 
I-33 Knowledge about financial policy  
I-34 Effectiveness of communication with banker and financial institutions 
I-35 Organizational assets status 
I-36 Organizational profit status 
I-37 Organizational debt status 
I-38 Growth rate of the organizational total assets 
I-39 Growth rate of the organizational profit 
I-40 Growth rate of gross output 
I-41 Capability of loan repayment 
I-42 Payment to subcontractors / suppliers on time 

Contractor Key Competitiveness Indicators (KCIs): a Hong Kong Study

Section I : Indicators Measuring Corporate Image 
I-1 Recognized grading for company (e.g., Category A, B, or C) 
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I-9 Project safety performance records 
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I-12 Compatible with the local culture 
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Section II : Indicators Measuring Technical Ability 
I-14 Capacity of construction equipment and plant 
I-15 Capacity of construction equipment and plant per staff 
I-16 Proportion of advanced construction equipment and plant 
I-17 Utilization efficiency of equipment and plant 
I-18 Equipment/plant depreciation rate 
I-19 Establishment of research unit and strength of research staff 
I-20 Level of investment on Research & Development 
I-21 The rate of applying the new technology developed internally 
I-22 Level of external dissemination of the new technology 
I-23 Number of the technical patents owned by the organization 
I-24 Number of technical patent transfers 
I-25 Number of professional staff 
I-26 Number of technical staff 
I-27 Adequacy of administrative staff 
I-28 Standing of technology advancement within the industry 
I-29 Extent of applying information technology 
I-30 Conversant with the local practice 
Section III : Indicators Measuring Financing Ability 
I-31 Credibility grade certified by relevant financial bodies 
I-32 The value of annual loans obtained 
I-33 Knowledge about financial policy  
I-34 Effectiveness of communication with banker and financial institutions 
I-35 Organizational assets status 
I-36 Organizational profit status 
I-37 Organizational debt status 
I-38 Growth rate of the organizational total assets 
I-39 Growth rate of the organizational profit 
I-40 Growth rate of gross output 
I-41 Capability of loan repayment 
I-42 Payment to subcontractors / suppliers on time 
Section IV : Indicators Measuring Marketing Ability 
I-43 Geographical regions of business activities 
I-44 Scope of business activities 
I-45 Ability and facilities for managing market information 
I-46 Ability to forecast the changes of market conditions 
I-47 Past success rate in pre-qualification exercises 
I-48 Past success rate in the final bidding stage 
I-49 Value of annual contract works 
I-50 Membership in relevant government advisory committees 
I-51 Relationship with governmental departments 
I-52 Relationship with private sector developers 
I-53 On the tender list for governmental works 
I-54 On the tender list for private sector developers 
I-55 Relationship with news media 
I-56 Relationship with subcontractors and suppliers 
I-57 Relationship with the public 
Section V : Indicators Measuring Management Skills 
I-58 Availability and effectiveness of quality management system 
I-59 Performance during the warranty period 
I-60 Number of quality awards and punishments 
I-61 Number of major accidents over past 3 years 
I-62 Effectiveness of time management 
I-63 Previous records about construction delays 
I-64 Proportion of liquidated damage to project total value 
I-65 Effectiveness of cost control methods 
I-66 Establishment of contract administration system 
I-67 Availability and competence of contracts manager 
I-68 Effectiveness in settling contract dispute through negotiation 
I-69 Ratio of successfully committed contracts 
I-70 Number of contract disputes 
I-71 Ratio of dispute settlement cost to contract sum 
I-72 Effectiveness of co-ordination with subcontractors 
I-73 Effectiveness of site management 
I-74 Effectiveness of site safety management 
I-75 Effectiveness of financial management 
I-76 Knowledge about the local construction law 
I-77 Effectiveness of accident settlement process 
I-78 Effectiveness of environmental protection measures 
I-79 Availability and effectiveness of risk management system 
Section VI : Indicators Measuring Human Resources Strength 
I-80 Ratio of technical and professional staff in the organization 
I-81 Staff salary scale relative to that of other organizations within the industry 
I-82 Career prospect within organization 
I-83 Availability of resources and programs for training 
I-84 Appropriateness of organizational structure 
I-85 Appropriateness of personnel structure 
I-86 Mechanism for staff recruitment 
I-87 Mechanism of distributing benefits and reward 
I-88 Existence of strategies for human resources development 

Table 1	    Preliminary List of Indicators for Measuring Contractors’
                Competitiveness (continued)

(continued)
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Table 1	    Preliminary List of Indicators for Measuring Contractors’
                Competitiveness (continued)
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RELATIVE IMPORTANCE 
OF THE COMPETITIVENESS 
INDICATORS 

Relative importance value (RIV)

The level of importance among individual 
competitiveness indicators listed in Table 
1 can only be measured relatively, thus an 
index value, namely, relative importance 
va lue (R IV ) i s adopted. Re la t i ve index 
technique has been used extensively in 
research particularly for analyzing the data 
col lected f rom s t ructured quest ionnaire 
su r vey on ind iv idua l s ’ j udgmen t s . Fo r 
e xamp l e , O l omo l a i y e e t a l . ( 1987 ) 
established relative index rankings from 
investigating the productivity performance 
by joiners, br ick layers and s teel - f ixers. 
Bubshait & AI-Musaid (1992) established 
relative importance indexes for illustrating 
the degree of involvement by construction 
owners/clients during construction process. 
Shash (1993) identified the important factors 
influencing contractors’ tendering decisions 
by building up a relative index ranking. 
By using relative index method, Kometa 
et al. (1994) ranked construction clients’ 
fundamental needs and examined the client-
re lated at t r ibutes af fect ing construct ion 
consultants’ performance.

The measu r e R I V f o r each i nd i v i dua l 
competitiveness indicator is obtained from 
calculating the weighed average using 
the surveyed data through the following 
formula:

            (1) 
N
aX

RIV
5

100

Where
X:	 the frequency of the responses for a 

specific grade;
a:	 the weighting value (ranging from 1 to 5, 

where 1 is negligible and 5 is extremely 
important) corresponding to a specific 
grade;

N:	 total number of responses.

Data survey

For the calculation of RIV in the formula (1), 
the data for the variable X are needed. 
A questionnaire survey was conducted to 
collect the data for generating the values 
of X. The survey involved the participation 
of the registered contractors in the Hong 
Kong construction industry during the period 
from November 2004 to February 2005. 
All 338 contractors included in the Hong 
Kong Construction Association List were 
approached by providing the questionnaire 
by pos t , wh ich was addres sed to t he 
General Manager of individual firms. Thus 
338 questionnaires were distributed. The 
questionnaire was designed to collect the 
judgmental opinion from practitioners about 
the value of the relative significance of each 
competitiveness indicator. Respondents were 
invited to provide opinion by indicating a 
particular grade against each indicator. Table 
2 shows a sample part of the questionnaire. 
There were 81 valid replies, giving a return 
rate of 24% (81/338). 

Calculating the RIV

A n i n d i c a t o r w i t h h i g h e r R I V v a l u e 
indicates that the indicator has a higher 
effect on contractors’ competitiveness. The 
rankings between individual indicators 
were established according to their RIV 
values. By using the data collected from 
the survey, calculations were conducted 
according to formula (1). And a sample 
result of the calculations is presented in 
Table 3.
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Table 2	    A Sample Part of the Questionnaire Table for Survey

Table 3	    RIV of Indicators Measuring Corporate Image 

Table 2   A sample part of the questionnaire table for survey 

A Survey for Improving Contractors’ Competitiveness in Hong Kong 

INSTRUCTION
A preliminary list of indicators is included in this questionnaire for assessing
contractors’ competitiveness, with particular reference to the Hong Kong construction
industry. We are going to identify those Key Competitiveness Indicators (KCIs) based
on professional opinion. There may be other indicators missed on this list. Please
identify them as you go through the list. 

Please indicate the degree of importance of each indicator for measuring contractors’
competitiveness by selecting one of the five alternatives:

5-Extremely important; 4-Important; 3-Average; 2-Less important; 1-Negligible 

SECTION I: Indicators Measuring Corporate Image 
I1  Recognized grading for company  5  4  3  2  1
I2  Professional qualifications of project manager  5  4  3  2  1 
I3  Business coverage & market share (by region)  5  4  3  2  1 
I4  Business coverage & market share (by industrial sectors)  5  4  3  2  1 
I5  Business specialism (design, or construction, etc.)  5  4  3  2  1 
...... ......

Table 3 RIV of Indicators Measuring Corporate Image

Indicators
Distribution between 
different grades RIV

3
05.3800.052.1157.88ytilibidercn’soitazinagrO

Recognized grading for company 85.00 13.75 1.25 81.25
Project safety performance records 70.00 28.75 1.25 77.25

57.6705.205.7200.07gnitarytilibidercknaB
Business specialism (design, or construction, etc.) 65.00 32.50 2.50 76.00
Professional qualifications of project manager 67.50 32.50 0.00 75.00

52.4752.600.0357.36sdrawaytilauqtcejorP
Project environment & hygiene performance records 60.00 32.50 7.50 72.50

00.2705.200.0405.75ytitnedietaroproC
Business coverage & market share (by industrial

05.0705.700.5405.74)srotces
Business coverage & market share (by region) 50.00 42.50 7.50 70.25
Compatible with the local culture 40.00 52.50 7.50 67.25
Social conscience and responsibility 41.25 46.25 12.50 66.50

EGAREVA 74.08
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IDENTIFICATION OF KEY

COMPETITIVENESS INDICATORS 

According to the index values RIV in Table 3, 
the indicators in Table 1 were ranked. The key 

competitiveness indicators (KCIs) are selected as 
those whose RIV values are above the section 
average value and they are graded score at 
grade 4 or 5 by more than 50% correspondents. 
As a result, a list of key competit iveness 
indicators is selected, as shown in Table 4.

Table 4	    Preliminary Selected Key Competitiveness IndicatorsTable 4 Preliminary Selected Key Competitiveness Indicators 

Section I : Indicators Measuring Corporate Image
I-6  Organization’s credibility 
I-1  Recognized grading for company
I-9  Project safety performance records 
I-7  Bank credibility rating 
I-5  Business specialism
I-2  Professional qualifications of project manager 
I-8  Project quality awards 
Section II : Indicators Measuring Technical Ability
I-17  Utilization efficiency of equipment and plant 
I-26  Number of technical staff 
I-14  Capacity of construction equipment and plant 
I-30  Conversant with the local practice 
I-25  Number of professional staff 
I-16  Proportion of advanced construction equipment and plant 
I-28  Standing of technology advancement within the industry
Section III : Indicators Measuring Financing Ability
I-42  Payment to subcontractors / suppliers on time 
I-31  Credibility grade certified by relevant financial bodies 
I-37  Organizational debt status 
I-36  Organizational profit status 
I-41  Capability of loan repayment 
Section IV : Indicators Measuring Marketing Ability
I-53  On the tender list for governmental works 
I-52  Relationship with private sector developers 
I-56  Relationship with subcontractors and suppliers 
I-54  On the tender list for private sector developers 
I-46  Ability to forecast the changes of market conditions 
I-51  Relationship with governmental departments 
Section V : Indicators Measuring Management Skills
I-73  Effectiveness of site management 
I-72  Effectiveness of co-ordination with subcontractors 
I-65  Effectiveness of cost control methods 
I-62  Effectiveness of time management 
I-74  Effectiveness of site safety management 
I-75  Effectiveness of financial management 
I-67  Availability and competence of contracts manager 
I-76  Knowledge about the local construction law 
I-58  Availability and effectiveness of quality management system 
I-79  Availability and effectiveness of risk management system 
I-61  Number of major accidents over past 3 years 
I-69  Ratio of successfully committed contracts
Section VI : Indicators Measuring Human Resources Strength
I-84  Appropriateness of organizational structure 
I-82  Career prospect within organization 
I-80  Ratio of technical and professional staff in the organization 
I-83  Availability of resources and programs for training 
I-85  Appropriateness of personnel structure
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VALIDATION OF THE KCIs

In order to confirm the validation of the 
calculated KCIs, a fur ther workshop was 
conducted. The workshop on “Understanding 
competitiveness for contractors in Hong Kong 
construction industry” was held on 25 February 
2006 in the Hong Kong Polytechnic University. 
The participants were invited from the response 
list used for the questionnaire survey. 46 
invitation letters were sent, 15 replied and 8 
delegates actually attended the workshop. 

The 8 delegates were divided into three 
groups, with each group has one convener 
for facilitating the discussion in group. The 
workshop started with the introduction by the 
research team to explain research background, 
objectives and tasks. Then group discussions 
were held and facilitated by three conveners. 
Finally, the feedbacks were collected from each 
group.  Constructive discussions were conducted 
during the workshop, leading to the generation 
of suggestions, as summarized in Table 5, for 
the modification of the selected KCIs.  

Table 5	    Group Suggestion Summary in Workshop

Surveying and Built Environment Vol 18 (2), 33-46   December 2007   ISSN 1816-9554

Table 5 Group Suggestion Summary in Workshop 

Group Suggestions

Group 1

The key indicators identified are suitable to the local
construction industry.
Competitiveness should cover maintenance field. 
Good relationship with architects/consultants is also
important in marketing. 

Group 2

"Organization’s credibility" (I-6) is subjective and not easy
to evaluate. 
"Compatible with local culture" (I-12) should be a key
factor, especially for new entrants.
Indicators I-14, I-15 and I-17 can be grouped together. 
Indicators I-36 and I-37 can be grouped together. 
Indicators I-47 and I-48 should be a key indicator,
particularly for Housing Authority Works. 
The indicator "Effectiveness of site management" (I-73) is
too broad.
Indicators I-62, I-65 and I-67 can be grouped together. 
"Mechanism of distributing benefits and reward" (I-87)
should be a key indicator. 

Group 3 The identified KCIs are proper but there are still other
indicators very important, such as retention of core staff,
training, group-working, and problem solving ability. 
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The suggestions from the workshop provide 
useful reference for modifying the selected 
KCIs in Table 4. Based on the suggestions, the 
modified KCIs are produced accordingly, as 
shown in Table 6. 

FINDINGS AND DISCUSSION

The above analysis leads to the identification of 
KCIs for measuring contractors’ competitiveness 
in Hong Kong construction industry under six 

Table 6	    Key Competitiveness Indicators (KCIs) Based on Workshop

Contractor Key Competitiveness Indicators (KCIs): a Hong Kong Study

Table 6 Key Competitiveness Indicators (KCIs) Based on Workshop 

Section I : Indicators Measuring Corporate Image
KCI-1  Organization’s credibility
KCI-2  Recognized grade of the company 
KCI-3  Project quality / safety / environment performance 
KCI-4  Banking credibility rating 
KCI-5  Business specialism
KCI-6  Professional qualifications of project manager
Section II : Indicators Measuring Technical Ability
KCI-7  Capacity of construction equipment and plant 
KCI-8  Capability of technical and professional staff 
KCI-9  Conversant with the local practice 
KCI-10  Proportion of advanced construction equipment and plant 
KCI-11  Standing of technology advancement within the industry
Section III : Indicators Measuring Financing Ability
KCI-12  Payment to subcontractors / suppliers on time 
KCI-13  Credibility grade certified by relevant financial bodies 
KCI-14  Organization’s financial status 
KCI-15  Capability of loan repayment
Section IV : Indicators Measuring Marketing Ability
KCI-16  On the tender list for governmental works 
KCI-17  Relationship with public / private sector
KCI-18  Relationship with architects / consultants 
KCI-19  Relationship with subcontractors and suppliers 
KCI-20  Ability to forecast the changes of market conditions
Section V : Indicators Measuring Management Skills
KCI-21  Effectiveness of site progress management 
KCI-22  Effectiveness of co-ordination with subcontractors 
KCI-23  Effectiveness of contract administration system
KCI-24  Effectiveness of site safety management 
KCI-25  Effectiveness of financial management 
KCI-26  Knowledge about the local construction law 
KCI-27  Availability and effectiveness of quality management system 
KCI-28  Availability and effectiveness of risk management system 
KCI-29  Number of major accidents over past 3 years
KCI-30  Ratio of successfully committed contracts 
Section VI : Indicators Measuring Human Resources Strength
KCI-31  Appropriateness of organizational and personnel structure 
KCI-32  Career prospect within organization 
KCI-33  Ratio of technical and professional staff in the organization 
KCI-34  Availability and effectiveness of resources and programs for training
KCI-35  Retention of core staff 
KCI-36  Effectiveness of group-working and problem solving
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categories. They provide a valuable reference 
for professionals in Hong Kong construction 
industry to understand the practice of assessing 
contractors’ competit iveness in the local 
construction market.

Corporate Image

T h e o r g a n i z a t i o n ’s c r e d i b i l i t y w a s 
considered a key indicator for corporate 
image by most respondents in the survey. 
Organizations’ credibility is an invisible 
resource which helps to gain the trust from 
clients, public, or partners. High credibility 
can increase contractors’ opportunities to 
win contracts. Contractors’ good quality, 
sa f e t y and env i r onmen t pe r f o rmance 
contribute directly to their corporate image. 
This has also been addressed by Hong 
Kong construction industry (CIRC, 2001) 
that more concerns should be given to 
improve contractors’ quali ty, safety and 
environment performance.

Technical Ability

In Hong Kong, it is well noted that a wide 
gap exists in technical ability between local 
and foreign contractors. Walker (1995) 
noted that only a few local contractors 
could compete with the technological ly 
and financially superior foreign contractors. 
Those localized foreign contractors have 
made success in Hong Kong construction 
industr y, especial ly in civi l engineering 
sector. Their success illustrates the important 
role of technology in gaining and sustaining 
the competitive advantages of international 
contractors. However, technology seems not 
being given priority in Hong Kong business. 
The sur vey in th is s tudy shows that the 
indicator ‘Level of investment on Research 
and Development’ is not considered as a key 
indicator in the local construction industry, 
evidencing the lower technology sense 
among the local contractors. This finding is 
also echoed by another study (Raftery et al., 
1998). 

Financing Ability

Subcontractors and suppliers play essential 
role in Hong Kong construction industry. In 
government statistics (Rowlinson, 1995), 
the value of subcontracted work constitutes 
over half of the total value of work done 
by all contractors (including both main and 
subcontractors). Without abundant natural 
resources, Hong Kong construction industry 
has to depend on imported materials, such 
as cement, steel, and wood. Therefore, as a 
general contractor, the ability of the payment to 
subcontractors and suppliers is essential, which 
was considered as the key competitiveness 
indicator in the survey. If the payment is 
deferred, the construction schedule will be 
affected, and contractor’s credibility lost, and 
its competitiveness reduced in consequence. 

Marketing Ability

Good relationship with clients, architects, 
consultants, subcontractors, and suppliers 
enables contractors to have more information 
and oppor tuni ty to obtain cons t ruc t ion 
contracts. The government is one of the single 
largest clients in Hong Kong construction 
industry and is responsible for all public 
buildings, including hospitals, schools, etc; 
and al l the major infrastructure projects 
including roads, tunnels, sewers, bridges, etc. 
Therefore, the inclusion of a contractor on the 
tender list for government works is considered 
an important indicator of good competence. 
Never theless, the data from Census and 
Statistics Department (C&SD, 2006) shows that 
the value of private sector works surpasses the 
public sector in recent years. Thus, establishing 
a good partnership with private clients is 
also considered an important competitiveness 
indicator.

Management Skills

Management skills reflect a contractor’s ability 
to provide clients high quality products or 
service. The site progress management, co-
ordination with subcontractors, contract 
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administration system, quality management, 
safety management and risk management 
are al l considered as key indicators for 
measuring contractors’ management skills, as 
shown in Table 6. Good management skills 
help contractors to maintain and improve 
their operation effectiveness and form the 
competit ive advantages in bidding. This 
can be evidenced by the fact that foreign 
contractors who have better management 
experience are more successful in Hong 
Kong construction industry, especially in civil 
engineering sector, which requires contractors 
with better management skills (Raftery et al., 
1998). 

Human Resources Strength

Construction industr y is a project -based 
industry. An appropriate organized structure 
within a contractor enables the company to 
make optimum use of resources and improve 
the quality and frequency of communication. 
An effective training system therefore plays 
an important role in improving contractors’ 
human resource strength, as suggested in the 
workshop. The discussion in the workshop 
suggests that a well established training 
system will certainly have the advantage 
in a t t rac t ing good human resources. I t 
contributes largely to the improvement of a 
contractor’s competitiveness as retention of 
core staff is one of the contractor’s competitive 
advantages. 

CONCLUSION

Construction market in developed countries 
or regions such as Hong Kong favors those 
contractors who have real competitiveness. 
This presents the importance for the contractors 
to gain a proper understanding on the practice 
of how their competitiveness is assessed in a 
specific construction market. This study found 
that there are a list of indicators adopted 
for measuring contractor competitiveness in 
the current Hong Kong construction market, 

and these key indicators have dominant 
influence on contractor competit iveness. 
The research results can help contractors to 
understand their strengths and weaknesses, 
thus prepare themselves effectively when they 
consider competing for construction works in 
Hong Kong, and improve the effectiveness 
of formulating competition strategies. Project 
clients can also find the research results 
valuable when they consider choosing proper 
indicators in a particular project environment 
to assess contractors’ competitiveness for 
contractor selection. Whilst the data used in 
the analysis are collected from Hong Kong 
construction industry, the findings provide useful 
references for further studies in comparing the 
key competitiveness indicators used in other 
construction industries.
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ABSTRACT

Design and construction errors can have serious consequences in construction project systems, 
including various failures. Recent studies by the authors revealed that the root causes of human 
errors are diverse and the consequences may vary. Moreover, late discovery of errors and 
unfound errors will have more serious impacts. Although “to err is a human nature”, most of the 
project-based human errors are avoidable by having adequate knowledge, better management 
practices and relevant systems. A set of case-study based research findings on some human error-
based rework occurrences in design and construction phases are described in this paper, i.e. 
three examples of design/construction errors from recent projects are explained. The first example 
illustrates a rework case due to late discovery of a setting out error. The second example is about 
a rework occurrence from wrong assumption of a standard practice. The third case presents a 
rework instance from a late discovery of a drafting related design error. The case-study discussions 
outlined in this paper include key lessons learnt such as basic inferences on consequences and 
avoiding future occurrences for improved project performance. 
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INTRODUCTION

Const ruc t ion projec ts are main ly mul t i -
disciplinary and involve several consultants 
and contractors. Project success is mainly 
propelled by essential understanding of the 
design principles and construction methods by 
various team players (Love and Smith, 2003). 
Moreover, effective coordination frameworks 
and efficient arrangements for information and 
communication are essential for project success 
(e.g. Love et al. 2004).  Reduction of rework 
and wastages is crucial for achieving good 
performance in project systems (e.g. Love and 
Li, 2000; Fayek et al. 2004; Palaneeswaran 
e t a l . 2005 ) . Rewo r k occu r r ences i n 
construction projects are mostly avoidable 
as these are mainly unnecessary redoing/
rectifying efforts of incorrectly implemented 
processes or activities (Love, 2002). 

Human e r ro r s a re among t he l ead ing 
causes for defects, rework and wastages in 
construction projects (Kaminietzky, 1991; 
Atkinson, 1999; Love and Josephson, 2004). 
Thus, errors in construction projects can be 
costly and even become a social problem 
due to future repairs, inconveniences, and 
other perils including safety (Rimer, 1976). 
Uncontrol led rework and wastages can 
affect the project success. Reduction of such 
damaging items can be targeted by effective 
management of des ign (Rounce 1998; 
Acharya et al. 2006; Palaneeswaran et al. 
2007) and construction (Love et al. 1999; 
Fayek et al. 2003), which can ultimately 
yield sustainable whole-life values including 
stakeholder satisfaction. 

Drawing threads from such requirements, an 
ongoing Hong Kong based research has 
targeted to consolidate useful knowledge-sets 
for developing a knowledge portal of project-
based lessons, including those on managing 
rework in design works. In this exercise, a 
hybrid research method with triangulation 
approach (e.g. surveys, interviews, data-

min ing, and case -s tudies ) i s used. The 
discussions in this paper mainly integrate some 
useful overview regarding three noteworthy 
cases of human errors occurred in recent 
projects.       

CASE – 1: LATE DISCOVERY OF 
SETTING-OUT ERRORS

Basic description of the error

The set t ing-out tasks of various bui lding 
elements and corresponding verifications 
are normally vested with the contractors. 
The managerial practices in the Hong Kong 
construction industry are reasonably sound. In 
addition, due to the mandatory requirement of 
several clients, quality management systems 
are implemented extensively in both design 
and construction organizations. Furthermore, 
with professional staff and modern survey 
equipments, even minor mistakes are usually 
avoided in the setting-out works. Thus, errors 
of serious consequence owing to incorrect 
setting-out instances are not common in the 
Hong Kong construction industry. However, if 
such serious setting-out errors are not detected 
and rectified in time, there will be severe 
cost and time impacts, e.g. due to temporary 
setbacks and lasting implications. Moreover, 
several design changes would have to be 
implemented to redress such errors. A case-
study regarding one such occurrence of a 
serious late discovery of a significant setting-
out error, which occurred in a recent private 
building project is reported in this section.

Project details

The referred project is a low-rise building 
project situated in a remote site. The civil and 
building services works of this project included 
two contract packages, i.e. (i) foundation 
contract and (ii) superstructure contract. The 
foundation contract included related works 
such as site formation and drainage diversion 
in addition to construction of piles, whereas 
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the superstructure contract included construction 
of pile caps, associated excavation and lateral 
support works, construction of superstructure, 
all electrical and mechanical services (including 
internal and external drainage works), and 
approach roads. Both contracts followed 
traditional procurement approach (i.e. design-
bid-bui ld) wi th lump-sum arrangements. 
Moreover, the private client employed a 
project manager to manage both design and 
construction phases. The project site is featured 
with a hillside slope at the rear side.

Causes and Impacts

The setting-out of any construction work is 
normally carried-out by the contractors and 
most of the contract documents in Hong Kong 
affix sole responsibility with contractors in clear 
terms. Hence, 2 to 5 resident surveyors will be 
employed by the contractors and the number 
of surveyors at site will be based on the size 
and complexity of the project. In many cases, 
the engineers, architects and other supervisory 
personnel may not be adequately proficient to 
precisely verify the correctness of the setting-
out. Occasionally, the project manager may 
employ an independent surveyor to verify 
the contractor’s outline setting-out before 
commencement of the work. 

In this reported case, the foundation contractor 
commenced the foundat ion works soon 
after the contract was awarded. Initially, 
the foundation contractor had incorrectly 
set-out the building outline. Due to some 
poor managerial practices and inadequate 
quality management in his part, this error 
was not detected and rectified immediately. 
Consequently, all the longitudinal gridlines 
(i.e. alphabetical notations A, B, C, D, and 
E as in Figure 1.1) and the piles along those 
gridlines were wrongly set-out, offsetting by 
3 meters away from their intended positions 
towards the hillside. Subsequently, all the piles 
were constructed in wrongly set-out locations. 
Apart from this undetected error, the 3-months 

duration of piling work activity was delayed 
earlier with 2 weeks extension of time for some 
other excusable delays. 

Normally, minor setting-out errors of some piles 
(i.e. offsetting by few centimeters) may be 
deemed acceptable or easily rectifiable and 
many cases with such occurrences have been 
identified in this research. Wherever necessary, 
some redesigning of (a) pile caps and/or (b) 
connecting ground beams may be resorted for 
such minor errors. However, the extra costs will 
be mostly borne by the foundation contractors 
in such minor error instances. However, major 
setting-out errors including wrong setting-out 
of whole set of piles as found in this case 
is typically uncommon in the local industry. 
Hence, knowing the background of this 
particular case of a major error occurrence as 
well as particulars of managing the subsequent 
consequences will be useful.

Figure 1.1 portrays an indicative cross-section 
of the design intent and Figure 1.2 portrays 
the piles as constructed with 3 meters offset 
of setting-out error. Upon completion of pile 
driving, chosen piles were load tested and the 
local authority granted consent to proceed with 
excavation and pile cap works. Subsequently, 
the superstructure contractor excavated for pile 
cap construction and the error was discovered 
as p i l e s had been d r i ven - i n a t wrong 
locations. The project manager instructed both 
the contractors (i.e. the two designated for 
foundation and superstructure works) to carry 
out a joint survey and the foundation contractor 
confirmed that they had wrongly set-out the 
building outline and that consequently, all the 
longitudinal gridlines and piles are also not 
in correct positions. Upon the late discovery 
of this error, the project manager immediately 
issued a ‘Certificate of Non-Completion’ to the 
foundation contractor. Additional unwarranted 
impacts included design and construction 
rework, the time and cost impacts, need for 
additional resources and wastages. 
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Management measures

For managing this atypical rework scenario, 
the design team considered various options 
and two viable alternatives, both of which are 
presented in this section. The first option (i.e. 
‘Option 1’) as portrayed in Figure 1.3 was 
to keep the building footprints unchanged by 
designing a combined pile cap with additional 
piles wherever required (e.g. in the front portion 
of the structure). Moreover, in this option, there 
was no need for the locations of columns 
and walls to be drastically changed as the 
foundation could be redesigned with piles 
already driven and additional piles as required 
for the new arrangement. However, this option 
raised some concerns such as programme 
impacts and statutory approvals and consents. 

In Hong Kong, the private building works are 
strictly controlled by the Building Authority (BA). 

Figure 1.1:  Design Intent

Figure 1.2:  Piles as Constructed

Hence, the client was required to appoint 
an Authorized Person (AP) and a Registered 
Structural Engineer (RSE) who could submit the 
plans and requisite forms to BA for necessary 
approvals/consents and who could oversee 
the construction works. According to this 
arrangement, the foundation works and 
superstructure works, including the interface, 
were carried out in the following sequence: 
(i) submission of foundation plans by AP/RSE; 
(ii) approval of foundation plans by BA; (iii) 
completion of foundation work; (iv) submission 
of as-built foundation plans by AP/RSE; (v) 
selection of pile/raft for loading test by BA; (vi) 
satisfactory completion of loading test; and (vii) 
BA granting consent to commence pile cap 
and superstructure works. When this setting-out 
error was discovered, all the above-mentioned 
approval/consent steps had already been 
carried-out. 

Fresh set of approvals and consents were 
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required for the rework and related mending 
changes which arose from the late discovery 
of the setting-out error. These above-mentioned 
statutory approvals and consents had to 
be repeated. As the ‘Option 1’ required 
redesigning of foundation with additional piles, 
fresh approvals/consents were necessary 
(including load tests for additional piles), which 
would delay the superstructure works as well, 
i.e. till that time the superstructure contractor 
who had already commenced his works 
should wait. However, the ‘Option 1’ had 
some advantages too. By keeping the building 
footprint unchanged, statutory resubmissions 
were not necessary for the superstructure part. 
Moreover, the original proposal for slope 
cutting works need not be revised (i.e. on 
the rear side). Thus, an originally proposed 
footpath behind the building could be retained 
and the hillside slope could be stabilised to the 
required standards as planned. However the 
disadvantage of programme impact was the 

dominating decision criterion for this private 
client and hence ‘Option 1’ was not pursued.

The second option (i.e. ‘Option 2’) proposed 
by the design team was mainly to shift the 
whole building by the erroneous offsetting 
distance (i.e. 3 meters) towards the hillside 
slope. Figure 1.4 por trays the details of 
‘Option 2’, which was finally considered in 
this project. The set of pile caps and columns 
by this option could be built right above the 
existing ‘wrongly-driven’ piles. Moreover, the 
structural framework of the building remains 
unchanged, though shifted. In addition, the 
required revisions to architectural and structural 
layout were minimal. However, additional 
slope cutting and revision of stabilisation 
measures for the slopes behind the footpath 
were required. The width of the footpath was 
reduced to satisfy the minimum requirement 
in planning regulations, which reduced the 
extent of the additional slope cutting. Then 

Figure 1.3:  Option 1 - Piles Displaced, Combined Pile Cap 
                   (Additional Piles Required)

Figure 1.4:  Option 2 - Piles Displaced, Whole Building Shifted (Adopted Scheme)
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the superstructure contractor continued with 
the pile cap works as per ‘Option 2’ and in 
the meantime statutory approval for shifting 
the building and additional slope cutting was 
obtained. Thus, no substantial time delay was 
experienced. However, the design team had 
to revise relevant drawings for the building 
shift and slope cutting changes. These design 
changes involved additional design costs. In 
addition, the revised slope works related to 
cutting and stabilisation measures involved 
additional construction costs. The costs for all 
such rework and revisions were recovered from 
the erring foundation contractor in this project, 
i.e. about 17% of his total contract amount 
was recovered which was much higher than 
his own profit markup for this project. 

Lessons learnt

This case-study illustrates the significance of 
verifying the setting-out. In most of the public 
projects in Hong Kong (including government 
and quasi-government projects), a team of 
resident site staff are employed including 
a set of surveyors. But, in private sector 
developments, only the services of respective 
cont ractor ’s sur veyors are re l ied upon. 
However, the Buildings Department (BD) 
has recently strengthened safety and quality 
supervision requirements. Quality Supervision 
Plan (QSP) for foundation works is mainly 
to ensu re tha t p i les/ra f t s a re founded 
in a s t ratum as in tended in the design. 
According to th is QSP ar rangement, a 
fulltime resident engineer nominated by RSE 
and to be agreed by BA, among his other 
responsibilities, has to verify the setting out 
of every single pile before commencement. 
Such checking arrangements would be 
helpful in avoidance of drastic errors and 
preventing resultant rework and wastages. 
Nevertheless, the construction industry may 
benefit considerably by choosing to appoint 
an independent land surveyor to periodically 
verify the contractor’s setting-out works and 
to avoid serious late discoveries. 

CASE – 2: ERROR OF 
WRONGLY ASSUMING A 
STANDARD PRACTICE 

Basic description of the error

As a standard practice, construction drawings 
normally contain various general notes and 
typical -detai l drawings. Such notes and 
details are generally typical for many similar 
projects. Thus, some notes and details are 
normally ‘reused’ with minor modifications 
in comparable projects. Although this is a 
common practice in building projects, as 
numerous common details might be similarly 
relevant for many cases, necessary care 
should be exercised while applying such 
standard references. Addit ional notices 
(e.g. warnings, disclaimers) and necessary 
distinctive information should be included for 
individual cases, e.g. for elaborating specific 
items that are substantially dif ferent from 
assumed standards. 

Project details

This case-s tudy refers a recent mul t i -use 
building project of a public sector client. The 
procurement arrangement for the construction 
phase in this project is a traditional design-bid-
build approach with lump sum contracts. As 
in the previous ‘Case 1’, the project delivery 
mainly included two construction contracts 
such as (a) foundation contract and (b) 
superstructure contract. Although this project 
was procured with traditional approach, the 
public client employed a team of resident 
site staff as construction managers who were 
independent of the design consultants. 

Causes and impacts

Figure 2.1 portrays the standard arrangement 
for reinforcement details for the column starter 
bars. According to this standard practice, 
the reinforcement bars should be taken down 
to the pile cap bottom level. Besides, the 
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embedment length of “L.L” (i.e. abbreviation 
for tension lap length) requirements should 
be met. According to this arrangement, 
“L.L” should include a minimum of 300mm L 
bend, and the minimum lap length (specified 
elsewhere) shall be 46 times the bar diameter. 
For example, considering a normal pile cap 
of 1.5 meter depth and 40mm diameter of 
column reinforcement with a 50mm cover, 
corresponding “L.L” is 1840mm (i.e. 46x40), 
and the available vertical length within the 
pile cap would be 1370mm (i.e.1500mm 
- 50mm cover - 80mm for 2 layers of bars 
each 40mm diameter), whereas the remaining 
470mm would be provided horizontally as 
an L bend. In such normal cases, the column 
bars will reach the pile cap bottom. However, 
from structural point of view, the column bars 
need to be embedded into the pile cap only 
for the required tension anchorage length, 
and it is not necessary that bars should reach 
the bottom of pile cap, unless there are some 
special demanding requirements. 

In this multistory building project, pile caps 
for the main tower were of 4m deep and 
the contractor intended to embed only “L.L” 
in to the pi le cap, which was 1840mm 
for the 40mm bars. As the pile caps were 
deeper than usual, the intended anchorage 
length could not reach the pile cap bottom. 
Moreover, for the constructability reasons, 
the contractor had proposed to concrete the 
cap with three horizontal construction joints 
(CJ) (with three parts of 0.7m thick and one 
part of 1.9m thick layer). Thus, CJs were 
formed at depths of 1.9m, 2.6m and 3.3m 
from the top of the pile cap. In this case, 
the star ter bars would not pass through 
any of the CJs. But the structural engineer 
expected that the star ter bars would be 
taken down beyond the CJs and preferably 
up to the pile cap bottom level. Conversely, 
the cont ractor assumed that according 
to t he con t rac t d rawing, on ly t ens ion 
anchorage length would be provided into 
pile cap and the starter bar need not be 

Figure 2.1:  Typical Detail of Column Starter Bars (Contract Drawing) N.T.S.
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extended down to the cap bottom. The 
contractor’s interpretation is portrayed in 
Figure 2.2. 

The concerned project was of a special 
situation in which the typical details are not 
suitable. Given the large size of the pile cap, 
concerting in several pours was expected. 
Necessary precautions of such piecemeal 
concreting had been included in the concrete 
specifications. But the specifications of typical 
details were not modified to suit the deep pile 
cap. However, the experienced contractor 
anticipated that he would be asked to take the 
bars down to the pile cap bottom. Hence, he 
raised the issue ahead of steel bar installation. 
Thus, the error discussed herein came to light 
in the initial stages of superstructure contract 
work and hence serious rework and wastages 
were avoided. 

Figure 2.2:  Contractor’s Interpretation 
                  (Contractor’s Proposed Construction Joints Inserted) N.T.S.

Management measures

In this project, the pile cap is 4m deep and 
hence CJs were necessary for constructability. 
The starter bar detail was ambiguous in the 
contract drawing and hence the erroneous 
assumpt ion was made in i t ia l l y, i t was 
subsequently considered as desirable to 
extend the starter bars passing through the 
CJs. Consequent ly, the engineer had to 
convince the project team on his intended 
requirements for taking the bars down to pile 
cap bottom. If the intention of providing the 
starter bars up to the pile cap bottom had 
been expressed in an unambiguous way 
(e.g. with relevant cautionary messages), 
related claims and variations could have been 
avoided. Earlier, the project quantity surveyor 
agreed to the contractor’s interpretation. 
However, the engineer insisted that the bars 
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should be taken down to the bottom of pile 
cap, as the proposed construction sequence 
included casting in several pours with three 
CJs, the starter bars should pass beyond all 
the CJs. The design team quickly discussed, 
and the construction manager took stock of the 
technical requirement, deficiency in the drawing 
and contract implications and took a decision 
without any time loss. Subsequently, the 
construction manager issued formal instructions 
to the contractor for extending the starter bars 
up to pile cap bottom and this constituted a 
necessary variation. Figure 2.3 portrays the ‘as-
built’ details of starter bars.

Lessons learnt

This case illustrates that implementation of 
standard practices without adequate checking 
of suitability aspects can lead to errors. Before 
inserting standard details into the tender set 
of drawings, corresponding suitability for the 
particular project should be carefully checked. In 

this case-study, not inserting additional warning 
notices and not exercising adequate care (e.g. 
verifying on applicability of standard particulars 
and constructability) had caused additional costs 
to the project stakeholders and the ripple effects 
included embarrassment to a design consultant. 
Adequate care and appropriate systems can 
prevent such errors. Early discovery will reduce 
the damaging impacts on costs and schedules, 
and ripple effects can also be avoided.

CASE – 3: LATE DISCOVERY OF 
A DRAFTING ERROR

Description of the error

All construction projects are multi-disciplinary, and 
however small it is, engagement of several design 
consultants is necessary. For ensuring performance 
and project success, relevant project leadership 
roles (e.g. by lead consultants) and appropriate 
interface coordination arrangements (e.g. 

Figure 2.3:  Starter Bars as Constructed N.T.S.
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between foundation and superstructure works) 
are necessary. Depending upon the project type 
(such as building works and infrastructure projects) 
such lead roles may vary. In addition, design 
managers may be employed in some projects. 
Inadequacies in such arrangements including 
lack of clarity and poor interface coordination 
can result in dysfunctions such as rework and 
wastages. In this section, a design related rework 
occurrence due to late discovery of a drafting 
error is presented. This error led to the demolition 
and rebuilding of a portion of the work, the cost 
of which was borne by the design consultant.

Project details

This case-study refers to a recent private project 
that mainly included the design and construction 
of a plant and a 40-meter tall steel chimney. The 
private client is a manufacturing company. The 
plant and chimney were part of a research study 
jointly conducted by the client and an educational 
institution. The purpose of the plant was to enable 
the recycling of some wastes by thermal treatment. 
The steel chimney was designed by a specialist 
mainland firm, which also fabricated and erected 
it. The client employed a consulting engineer to 
design the foundation of the chimney. In addition 
to the foundation design, the consultant was 
also nominated as the RSE (under the Building 
Ordinance) and he was required to manage 
the submission of the aforementioned specialist’s 
drawings and calculations (as per local codes 
and regulations). The engineer designed the 
raft foundation based on the chimney loadings, 
with a RC ring beam on the top together with 
threaded bolts embedded into it for fixing the 
steel chimney. 

Causes and impacts

After completion of design and submission 
requ i remen ts , a foundat ion con t rac to r 
completed the foundation works as per the 
engineer’s drawings and specifications. But, 
before installing the tank, the superstructure 
contractor found that bolts installed in the 
foundation were not in correct position to build 

the steel chimney. It was subsequently discovered 
that the bolt locations shown in the engineer’s 
drawings were incorrect, and did not match 
those in the chimney drawings. This resulted in 
significant wastages and unwarranted rework. 
Moreover, the project was also delayed. The 
root causes include poor communication, lack of 
coordination and absence of well-defined design 
leadership for effective design management.

Management measures

Due to the late discovery of this design error, 
subsequent construction works were affected. 
Since the er ror of misplaced bol ts was 
discovered after considerable advancement in 
the construction phase, easily implementable 
options were not available for rectification. 
Consequently, the ring beam was demolished, 
the bolts were re-fixed at correct locations 
and the beam was re-cast. Although design 
leadership in this project was not well-defined, 
the client felt that the consulting engineer should 
be held responsible for this rework and wastages 
as he should have avoided this drafting error or 
at least should have discovered it much earlier.  
Hence the client decided to recover some costs 
from the consulting engineer, such as the direct 
costs of demolishing and re-constructing the ring 
beam. Due to this recovery, the engineer had 
to forego most of his consultancy fee and his 
reputation was also affected.  

Lessons learnt

The error referred to in this case is a drafting 
error (or ‘draftsman error’), but the engineer 
had to pay a pr ice in this project. This 
case illustrates the importance of interface-
coordination and necessary verifications. 
Normally the design coordination roles of 
electrical and mechanical services in building 
projects wi l l remain wi th the main civ i l 
contractors, who should also coordinate with 
his own sub-contractors and other nominated 
specialist contractors. A main contractor should 
prepare ‘combined builders work drawings’ or 
‘structural electrical and mechanical drawings’, 
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showing relevant details including all openings 
and fixtures. In order to prevent errors, such 
drawings should be vetted by the design 
consultants. From the case-study observations 
(including respective interviewed perceptions), 
it is apparent that the managerial measures 
and quality management systems were not 
rigorous in the supply chain because this 
project was relatively small. More importantly, 
the interviewed perceptions revealed that due 
care might have been missing, with respect 
to coordination amongst contractors and 
consultants. In order to avoid such errors and 
carry-forward rework effects, the consultant 
should provide all relevant superstructure 
drawings to the respective civil contractor 
and the latter should be asked to check the 
bolt locations and alike before carr ying 
out the subsequent works. In addition, the 
superstructure contractor should be asked to 
comment on the engineer’s foundation drawing. 
Such good practice measures would have 
relieved the consulting engineer from bearing 
the entire burden in the aforementioned case. 
Never theless, adequate care should be 
exercised in drafting and checking the details 
involving multi-interface works.

SUMMARY AND CONCLUSIONS

Three interesting cases of design and construction 
errors which occurred in recent project are 
presented in this paper. The case-study illustrations 
provide useful dissemination of those error 
examples with highlights on causes and impacts, 
management measures and lessons learned 
knowledge-sets. For example, the first case cites 
a late discovery instance of one non-typical 
construction error which necessitated a series of 
design and construction rework. Although some 
recovery was made from the erring contractor, 
some impacts were experienced by other project 
participants as well. In the next example, a 
wrong assumption of a standard practice led to 
a design error which might have caused some 
serious problems including defects. However, this 
error was detected subsequently before actual 

construction. However, as the tendering phase 
was already over and the contractor had already 
commenced some works, this error led to some 
formal variations and additional costs. The other 
case referred to another late discovery of a 
design error caused by multiple dysfunctional 
reasons such as unclear project leadership 
role, lack of design verifications and interface 
coordination. In this case, the default designer 
had to pay for the error consequences and some 
tangible/intangible ripple effects might have 
been felt by other stakeholders.   

Thus, design and construction errors in projects 
can lead to serious concerns as the resulting 
rework and wastages wil l af fect project 
performance and productivity aspects. In general, 
the errors are avoidable. Necessary mechanisms 
for prevention/reduction of errors should be 
in place. Moreover, timely discovery of error 
occurrences will minimize the extent of impacts.  
But, several inadequacies in project systems 
(e.g. lack of knowledge, poor coordination, and 
mediocre quality management) add to difficulties 
for such timely discoveries and/or prevention 
measures. Since time pressures and resource 
limitations are common in the construction 
industry, many of the error-related dysfunctions 
and lessons are not properly documented in all 
cases. Hence, developing a knowledgebase of 
error-related case-studies is considered as useful, 
e.g. finding ways to avoid errors, formalizing 
recording of error occurrences and constructing 
systematic knowledge systems. Moreover, such 
measures and knowledge systems should be 
suitably integrated with project-based operational 
systems and other learning frameworks.
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ABSTRACT

Environmental Management System (EMS) has recently been advocated for most economic 
sectors. Construction, one of the pollution generators creating destruction to the environment, is by 
no means exempted from EMS. However, in implementing EMS, the greatest obstacle found is the 
lack of objective performance evaluation criteria. To overcome this, Environmental Performance 
Assessment (EPA) is introduced to assess environmental performance, which however is not 
popularly adopted in the construction industry. This paper attempts to develop a series of input (EOIs) 
and output (EPIs) indicators for EPA and measure their relations by using robust fitting and spectral 
methods based on survey and interview results undertaken in Hong Kong and Australia. The results 
show that the proposed EOIs correlate strongly with EPIs. Therefore, EPA can help improving and 
predicting environmental performance of an organization.
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Introduction

Construction creates and provides facilities for 
human activities and social development; on 
the other hand, its impacts on the environment 
are very serious (Bossink and Brouwers, 
1996). Therefore, the fourth dimensions, 
the “environment”, other than cost, time and 
quality was highly motivated in the construction 
project management (Shen and Tam, 2002), 
as illustrated in Figure 1. The environmental 
performance of construction companies, which 
is defined as the company’s achievements in 
managing any interaction between construction 
activi t ies and the environment, plays an 
important role in environmental protection 
(Morledge and Jackson, 2001, Polster et al., 
1996, Rikhardsson, 1999). Environmental 
Management System (EMS) can provide a 
framework to achieve and to demonstrate a 
desired level of environmental performance 
(Tse, 2001, Wu, 2003). In implementing 
EMS, Environmental Performance Assessment 
(EPA) is an essent ial tool for cont inuous 
improvement. Thus it is necessary to implement 
EPA for construction firms (Kuhre, 1998, Shen 
and Tam, 2002).
 

In Hong Kong and Australia, construction 
is one of the pillar industries in the national 
economy and also one of the pol lu t ion 
generation industries that lacks a systematic 
way in controlling pollution. Construction 
o rgan iza t ions ’ poor response to EMS 
is at t r ibuted to their poor environmental 
consciousness; low profit margins; and the 
immaturity of the construction market. As a 
result, there are few records of construction 
f i rms implement ing EPA. Therefore, the 
environmental situation does not show any 
obvious improvement. Hence it is worthwhile 
to identify and try to remove the difficulties in 
the implementation.

Research Objectives

This paper aims to evaluate the effectiveness 
of EPA by correlating the input factors at an 
operational level (EOIs) and the output factors 
of the environmental performance outcome 
(EPIs) for construction in Hong Kong and 
Australia. The objectives are to:
	 •	 Highlight the impor tance of EPA in 

evaluating environmental performance;
	 •	 Identify a series of input (EOIs) and 

output (EPIs) assessment indicators;
	 •	 Examine the relationships between EOIs 

and EPIs in the context of construction by 
using robust fitting and spectral methods; 
and

	 •	 P rov ide r ecommenda t i on f o r t he 
construction industry.

Research Methodology

Based on the previous work (Bachas and 
Tomaras, 1994, Benneth and James, 1999a; 
1999b, Canadian Insti tute of Chartered 
Accountants, 1994, Chen et al., 2000, 
Clayton Group Services, 2001, Cole, 2000, 
Construction Industry Research and Information 
Association, 1999, Environmental Protection 
Agency, 2007, Henderson and McAdam, 
2000, HK-BEAM Society, 2007, Hong 
Kong Government - Environmental Protection 
Department, 2006, Hong Kong Housing 

26

Figure 1: Fourth dimension of construction project management (Shen and Tam, 2002)
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Authority, 2002, Hong Kong Productivity 
Council, 2006, International Organization for 
Standardization, 2006, Jasch, 2000, Kuhre, 
1998, Lawson et al., 2001, Meyer, 2001, 
Poon, 1997, Ren, 2000, Shen and Tam, 2002, 
Tam et al., 2002a, Tam et al., 2002b, Thoresen, 
1999, Tibor, 1996, Tilford et al., 2000, White 
and Zinkl, 1999), input and output indicators (EOIs 
and EPIs respectively) are identified in Section 
4, the relationships among them are assessed. 
A sample of forty-nine construction managed by 
five large-sized construction firms in Hong Kong 
and a sample of fifty-seven construction projects 
managed by six large-sized construction firms in 
Australia are studied. One hundred and six project 
managers are interviewed and all EOIs and EPIs 
were clearly explained to them for clarity. All the 
interviewed project managers are engaged in all 
levels of on-site activities and had site experience 
of at least fifteen years. As the interviewees are 
experienced project managers and they are 
involved in the overall project management, they 
can provide the best knowledge on the projects 
regarding related environmental management 
issues.
 
The comparative results for the one hundred and 
six construction projects are measured based 
on the information given by project managers 
which were asked to choose an appropriate 
degree of importance for each indicator (EOIs 
and EPIs). A rating scale of 1 (least important) 
to 7 (most important) is used according to the 
operational measures and the environmental 
performance adopted in the projects.
 
Robust fitting method and spectral methods are 
used to correlate EOIs and EPIs in this study. 
It is supported by the MATLAB programming 
package including all plots and mathematical 
equations.

Developing Performance 
Indicators
Environmental Performance Assessment (EPA) is 

a critical tool of EMS in checking, reviewing, 
monitoring and evaluating environmental 
performance of organizations. It is an ongoing 
process of collection and assessment of data 
and information to evaluate performance, 
and trends over t ime (Jasch, 2000, Tam 
et al., 2002a). A primary role of EPA is 
to provide a comprehensive assessment 
of the envi ronmental per formance of a 
construction project. Environmental indicators 
focus on the use of tangible measures to 
evaluate performance. They offer significant 
and standardized data on environmental 
performance, not only as assessment but also 
in comparison with different site conditions 
(Benneth and James, 1999a, Jasch, 2000). 
By monitoring the indicators, regular evaluation 
and target control can be exercised since they 
can highlight any adverse trends in the process 
of environmental control (Tam et al., 2002b). 
Since operational performance is an important 
and indispensable element in evaluating 
environmental performance, this paper focuses 
on evaluation factors of EPA at the operational 
level because site environmental assessment 
is essential for parties within a construction 
organizat ion (Clayton Group Ser vices, 
2001, Crawley and Aho, 1999, Ren, 
2000). Therefore, Environmental Operational 
Indicators (EOIs) are used to measure the input 
performance of an organization. From that, 
Environmental Performance Indicators (EPIs) 
are used to measure the output performance 
of an organization based on their input. 
The fol lowing highl ights the (EOIs ) and 
Environmental Performance Indicators (EPIs) 
used in this study.
 

Environmental Operational    			 
Indicators (EOIs)

Organizational operations are defined as 
being physical facilities and equipment, during 
production processes (Jasch, 2000). EOIs 
are used to assess the major inputs including 
resources, energy and other aspects of facilities 
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and equipment, which relate to: i) design, 
operation, and maintenance; ii) material, 
energy, product, service, waste, and emission; 
and iii) supply of materials, energy and services 
to, and the delivery of product, associated 
with the organization’s physical facilities and 
equipment.
 
In this s tudy, some parameters for EOIs 
are suggested to improve environmental 
performance; for example, environmental site 
planning can provide an early preparation for 
the overall environmental performance (Jasch, 
2000, Kuhre, 1998); energy consumption 
should be included in the evaluation criteria 
o f EOIs (Benne th and James , 1999a, 
Clayton Group Services, 2001, International 
Organization for Standardization, 2006, 
Jasch, 2000, Kuhre, 1998, Meyer, 2001, 
Tibor, 1996); ef fect ive maintenance of 
equ ipmen t he lps improv ing opera t ion 
efficiency and operational environmental 
performance (Benneth and James, 1999a; 
1999b, HK-BEAM Society, 2007). There is 
no doubt that air, noise, sewage and waste 
are the four major environmental problems 
and should be given considerable attention 
to improve environmental performance (Hong 
Kong Government - Environmental Protection 
Department, 2006); input of services used 
to prevent and to minimize the generation 
of these four subjects should be considered 
(Bachas and Tomaras, 1994, Benneth and 
James, 1999a; 1999b, Clayton Group 
Services, 2001, Jasch, 2000, Kuhre, 1998). 
In addition, waste indicators should also be 
included as they are highly visible phenomena 
and their targets can be set and easi ly 
understood (Benneth and James, 1999a; 
1999b). Based on the above, eight indicators 
(EOIs) inputting operational measures are 
derived as follows.
 
EOI-1: Environmental Site Planning
Site planning is critical in determining and 
improving the performance of on-site activities 

which allows better arrangement of activities 
in respect of labour, plant and equipment, 
materials, time and cost (Jasch, 2000, Kuhre, 
1998). Devising a plan that outlines the 
environmental management programme and 
the operational practices on construction 
sites can streamline operations, cut costs and 
improve environmental performance. EOI−11: 
Initial site planning is a sub-indicator.
 
EOI-2: Energy Consumption
Energy is required to support all operations, 
such as use of cons t ruc t ion p lan ts and 
temporary lighting system (Benneth and James, 
1999a; 1999b, Jasch, 2000). It is necessary 
to understand the consumption of energy 
during construction activities (Henderson and 
McAdam, 2000, Tibor, 1996). EOI−21: 
Monitor of energy usage is a sub-indicator.
 
EOI-3: Maintenance of Equipment
Many aspects of facilities and equipment can 
influence the environmental performance of 
construction. For instance, regular maintenance 
of equipment can often dramatically reduce 
the generation of emission and help improve 
operating efficiency (Benneth and James, 
1999a; 1999b, HK-BEAM Society, 2007). 
EOI−31: Quality of maintenance is a sub-
indicator.
 
EOI-4: Air Pollution Control
Total suspended particulars have increased in 
our environment, which affect the respiratory 
system, reduce visibility, lead to dirty clothing 
and bui ldings, and increase the rate of 
corrosion. Construction activities generate a 
lot of dust and significantly contributing to air 
pollution. This situation needs to be controlled 
by EOI−41: Water sprays for minimizing dust 
airborne particles, and EOI−42: Mitigation 
measures to the generation of polluted air (Chen 
et al., 2000).
 
EOI-5: Noise Pollution Control
The h igh -dens i t y deve lopment such as 
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Hong Kong makes noise as one of the critical 
construction concerns (Cole, 2000). Noise is an 
inevitable phenomenon resulting from construction 
work, in which piling is the nosiest activity. 
Therefore, to reduce its impacts, EOI−51: The use 
of time management and EOI−52: Mitigation 
measures to noise levels are necessary.
 
EOI-6: Water Pollution Control
Genera t ion o f po l l u ted wate r and the 
inef fect ive use of water are common in 
construction activities (Hong Kong Productivity 
Council, 2006). It is necessary to encourage 
and educate the staff in EOI−61: Monitor of 
water usage; EOI−62: Water reusing and 
recycling systems; and EOI−63: The use of 
wastewater treatment.
 
EOI-7: Waste Pollution Control
The amount of waste is increasing at a fast 
rate (Hong Kong Government - Environmental 
Protection Department, 2006). According to 
the Environmental Protection Department (Hong 
Kong Government - Environmental Protection 
Department, 2006), the construction industry 
generated about 965,425 tonnes of C&D 
waste per year in 2006. Inconsistent with the 
continuous development of economics and 
infrastructure, people’s awareness of waste 
reduction is always low on construction sites, 
which aggravates the situation. As a result, 
excessive loss of materials and improper waste 
management are common. EOI−71: The 
use of purchasing management (Hong Kong 
Housing Authority, 2002), EOI−72: Waste 
reuse and recycling (Lawson et al., 2001, 
Poon, 1997), EOI−73: Green construction 
technology (Chen et al., 2000) and EOI−74: 
The use of chemical waste treatment (Tilford et 
al., 2000) are sub-indicators.
 
EOI-8: Ecological Control
Ecological impact is not common for building 
projects in Hong Kong and in Australia but can 
be significant for civil engineering projects. 
Ecological impact means any disturbance to 

the pre-existing conditions such as topsoil, trees 
and vegetation and living habitats (Construction 
Industry Research and Information Association, 
1999). EOI-81—Degree of efforts in reducing 
ecological impact—is a sub-indicator. It can 
be determined by measuring the effort to cope 
with the potential ecological impacts.

Environmental Performance 			 
Indicators (EPIs)

EPIs need to be developed to reflect the output 
performance of a project. They are also used 
to evaluate the efficiency and effectiveness of 
environmental management systems (Canadian 
Institute of Chartered Accountants, 1994). 
On-site activities such as site cleanliness do 
directly affect environmental performance. 
Second, the regulatory compliance should 
be included in EPIs (Jasch, 2000, Tam et al., 
2002b, Thoresen, 1999, White and Zinkl, 
1999) since the legislation sets the minimum 
standard for environmental protection. Jasch 
(Jasch, 2000) pointed out that environmental 
auditing activities could also provide quality 
documentation information for controlling and 
monitoring environmental performance. In 
summarizing the previous research, five main 
indicators (EPIs) for output performance are 
proposed:
 
EPI-1: Site Environment
Site environment including cleanliness and 
tidiness can determine the environmental 
performance. For example, poor positioning 
and main tenance of s to rage areas fo r 
materials always result in accidental damages. 
Proper control and documentation on material 
flow can minimize material wastage. Overall 
site environment (EPI-11) is used to measure 
the site environmental performance.

EPI-2: Regulatory Compliance
There are a number of regulat ions and 
ordinances related to environmental protection 
in Hong Kong (Hong Kong Government - 
Environmental Protection Department, 2006) 
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and in Australia (Environmental Protection 
Agency, 2007). The EPA program helps assess 
the achievement in environmental regulatory 
requirements (Benneth and James, 1999a; 
1999b, Jasch, 2000, Kuhre, 1998, Meyer, 
2001). EPI -21: Number of prosecutions 
received; EPI-22: Number of complaints / 
warnings received; and EPI-23: Amount of 
fines and penalties paid are the sub-indicators.

EPI-3: Auditing Activities
Auditing activities provide information on 
the per formance of the sys tem. Fur ther, 
construction organizations need to provide 
sufficient preparations for pre-auditing, auditing 
and post-auditing activities (Jasch, 2000) 
through which it can improve the operational 
system. EPI-31: Non-conformance report and 
EPI-32: Report of marginal cases put under 
observation, provide relevant knowledge in 
understanding the performance on auditing 
activities.
 
EPI-4: Waste Generation
Waste gene ra t ion i s a lways the main 
concern for any organization. Whatever 
the organization does for environmental 
management, the main issue is to lower its 
waste levels. Therefore, EPI-41: Monthly waste 
generation (in tons) should be considered.
 
EPI-5: Accident Rate
Quality, environmental and safety are the main 
constraints for a construction project (Shen and 
Tam, 2002). Among them, safety is directly 
affected the human life. Therefore, EPI-51: 
Accident rate (per 1,000 mandays) should be 
considered on site.

Robust Fitting Method

The robust fitting method uses an iteratively 
re-weighted least-squares algorithm, with the 
weights at each iteration are calculated by 
applying the bisquare function to the residuals 
from the previous iteration. This algorithm 
gives a lower weight to points that do not fit 

well. The results are less sensitive to outliers in 
the data as compared with an ordinary least-
squares linear regression method. This can 
show the “real” correlation between EOIs and 
EPIs.

Spectral Methods

The interpolation method is used to estimate 
the results of output tests from input tests. From 
that, it is possible to determine redundancy 
among the tests, in turn, significantly lowers 
the number of tests. To fur ther s tudy the 
correlation among the tests, spectral methods 
using the power spectrum and bispectrum are 
employed. The power spectrum P( f ) of a data 
set x(t) is given in Eq. (1) as (Lathi, 1998, Le et 
al., 2003):
P( f ) = | X( f ) |2,                                    (1)

where X( f ) is the Fourier transform of the data 
or input signal.
 
To fu r ther s tudy the data, a b ispec t ra l 
method is in t roduced which shows the 
cor re la t ion among the tes t s a t var ious 
" f requencies". The “f requencies” in this 
case is inversely proportional to the time 
at which the test samples were taken. For 
example, if the samples are taken every 
2 seconds, then its frequency is 0.5 Hz. 
The bispectrum B( f1, f2 ) has been widely 
employed in the field of high-order statistics 
to s tudy data correlat ion in 3-D and is 
given by (van Milligen et al., Jan. 1995):
B( f1, f2 ) = X( f1)X( f2)X*( f1 + f2),                 (2)

where the symbol " * " means complex 
conjugate.
 
I t is clear that the bispectrum is strongly 
dependent on the Fourier transform of the 
input signal. From Eq. (2) the term X*( f1 + 
f2) represents the correlation among various 
frequency terms in the ( f1 + f2) plane. To 
estimate the bispectrum, the mean value of the 
data is removed to eliminate sudden spikes 
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and pulses which could lead to misleading 
interpretation. In MATLAB, this can be done by 
using a detrend(·) function. After that, the data 
are windowed using a Hanning window via 
the command hanning(·) provided in MATLAB. 
In addition, the data are also normalised 
by diving each column by its largest item so 
that abrupt changes are nullified. The Fourier 
transforms of the detrended data are then 
calculated, in this case, there are twenty one 
out of twenty three tests having numerical 
results, yielding twenty one Fourier transforms. 
For data size of more than 1,024, which is 
very common in signal processing, substantial 
computing work is required which makes the 
bispectrum sometimes hard to estimate and not 
practical. However, it reveals vital information 
to the understanding of data characteristics 
and especially correlation among various 
criteria at different frequencies. In this paper, 
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indicators and input indicators in Hong Kong construction industry. The R2 factors of all

equations are also estimated. 
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+

-81 (with R Square of 0.99) 

(10)

the bispectrum of an error matrix of 210×10 
is calculated to show correlation among the 
fitting errors and also error uniformness.

Results

Robust Fitting Method

The robust-fitting linear regression method 
is used to mathematically link the same set 
of input and output indicators. The main 
advantage of this method is that it assigns a 
lower weight to outliers which are considered 
as measurement errors or noise. As a result, 
a better fit to the data can be achieved. 
Eqs. (3) to (10) mathematically describe the 
relationship among the output indicators and 
input indicators in Hong Kong construction 
industry. The R2 factors of all equations are 
also estimated.
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Eqs. (11) to (18) mathematically describe the relationships among the EPIs and the EOIs in the 
Australian construction industry.
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34 55 84 357
0.0964 + 0.074 54 326
0.0946 24 731 236
0.0913 4674 572EOI-81 (with R Square of 0.97) 

(11)

32 1335 4672 0.3546
+ 0.3683 825 3562 572
0.3156 737 3571 3627
0.2125 2521 789EOI-81 (with R Square of 0.98) 

(12)

3 .2935 3 36
0.397 267 2456 3683

0.3167 735E 2467 5227
0.0942 4277 578EOI-81 (with R Square of 0.99) 

(13)

368 2477 437 962
+ 0.134 84 63 612
0.1323 437E 2 47
0.03226 27 2EOI-81 (with R Square of 0.99) 

(14)

3 3 3 3
69 3 37 27

0.8536E 6 2 2
0.0152 6 6EOI-81 (with R Square of 0.97) 

(15)

25 3 267 25
0.3262 35 2 25
0.3278 468 835 3
0.485 32 26EOI-81 (with R Square of 0.99) 

(16)

324 5 78 436
32 27 478 26

0.6277 2 734 71 + 4.3527
8.2267 278 273EOI-81 (with R Square of 0.98) 

(17)

1 277 277 278
1.789 275 277E 26
1.9927 0.8962 27 625
0.0893 22 852EOI-81 (with R Square of 0.98) 

(18)
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From Eqs. (3) and (11), it can be noted 
that EOI–74 chemical waste treatment is 
the dominant factor on EPI–11 overall site 
performance with the regression coefficient 
of 0.4374 and 0.4674 respectively. From 
one of the inter view discussions with a 
project manager, it was highlighted that 
chemical materials need to be continuously 
monitored using storage management and 
waste treatment. This project was carried 
out to lower chemical waste which is sent 
for special treatment before being dumped 
to landfill, incurring a high dumping charge. 
Further, if one can provide efficient chemical 
waste management, the other environmental 
management can be easily dealt with using 
the experience gained from chemical waste 
management. Therefore, EOI–74 chemical 
waste treatment directly affects the overall 
site performance.
 
From Eqs. (4) and (6), (12) and (14), EOI
–31 maintenance of equipment is one of 
the dominant factors affecting the output 
performance EPI–21 prosecutions received 
and EP I–23 f i ne s and pena l t i e s pa id 
wi th regress ion coef f ic ients of 0.3762 
and 0.2368 respectively in Hong Kong 
and 0.4672 and 0.2437 respect ive ly 
in Australia. This result is consistent with 

the interview discussions with the project 
managers. They explained that noise pollution 
is the main element, rather than air, water and 
waste pollution, which caused prosecution. 
As noise pollution is the main concern from 
the nearby sensitive parties, if construction 
activities cause high noise pollution, the 
company will receive prosecutions or fines 
and penalties are then applied. Therefore, 
r egu la r ma in t enance o f equ ipmen t i s 
important for an efficient operation and to 
effectively control their noise generation.
 
From Eqs. (7) and (8), (15) and (16), EOI−
72 waste reuse and recycling is one of the 
main factors affecting the output performance 
EPI–31 non-conformance auditing report 
and EPI–32: auditing report of marginal 
cases with regression coefficients of 0.7597 
and 0.3422 respectively in Hong Kong 
and 0.7892 and 0.3839 respectively in 
Australia. Waste is considered to be a major 
pollution problem contributing to about 38% 
along with noise, air and water pollution 
(Hong Kong Government - Environmental 
Protection Department, 2006). Thus, if waste 
reuse and recycling is carried out effectively, 
then auditing performance can be improved.
 
From Eqs. (9) and (17), it is clear that EPI–
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41 is strongly affected by EOI−52: mitigate 
measure of noise pol lu t ion control wi th 
regression coef ficients of 12.3228 and 
12.4788 respectively. From the interview 
discussion with site managers, this relationship 
can be laterally viewed as effective control of 
noise level creating better working environment 
for workers on site and for the surroundings as 
less complaints from noise sensitive parties are 
filed, thus reducing waste generation. The use 
of more efficient machinery instead of old and 
less-efficient equipment can significantly lower 
noise level, also resulting in a lower waste 
level.
 
From Eqs. (10) and (18), it is clear that the 
accident rate is also dependent on EOI−52: 
mitigate measure of noise pollution control 
with the regression coefficients of 4.095 and 
4.1277 respectively. As explained earlier, 
the use of better equipment instead of old 
and insufficient equipment results in lower 
waste generation and an accident rate. It 
should also be noted that the EOI−21 energy 
consumption possesses an inverse effects to 
those of EOI−52: mitigate measure of noise 
pollution control, in which the effects of both 
indicators can cancel each other. Under this 
condition, the accident rate is dependent 
on EOI−72 waste reuse and recycling with 
the regression coefficients of 3.0415 and 
3.0625 respectively. The cancellation of 
EOI−21 energy consumption and EOI−52: 
mitigate measure of noise pollution control 
occurs when too-expensive equipment are 
used to minimise the noise level which is 
not unusual in the construction industry. This 
situation can be referred to as saturation in 
noise control, i.e. beyond certain standard 
in special circumstances; better equipment 
cannot be used to improve the noise level.
 
It is clear that the robust-fitting method provides 
satisfactory fitting to the data with the R2 factors 
of all equations are in the range of 0.97 and 
0.99, meaning that these equations can be 
effectively used to predict the results of output 

indicators. Individual coefficients can also 
be used to identify dominant input indicators 
with respect to a particular output indicator. 
From that, it is possible to reduce the number 
of input indicators, resulting in a simpler 
measurement process of analyzing input and 
output indicators.
 
The resul ts obtained in Hong Kong and 
Australia are similar which suggests that 
conditions in these two countries are similar.

Spectral Methods Using the 			 
Power Spectrum and Bispectrum

The spectral methods of using the power 
spectrum and bispectrum aim to estimate 
the energy contained in input and output 
ind ica to rs . F rom tha t , i t i s poss ib le to 
identify the most dominant indicator(s). To 
do that, the peak of the power spectrum 
of an indicator is located and all peaks of 
individual power spectra are compared. 
The largest spectral peak of an indicator's 
power spectrum is then identified as the most 
dominant indicator. If there are a number 
of peaks which similar magnitude or in the 
same range of magnitude, then it is difficult 
to identify the most dominant indicator. As 
a result, the first three largest peaks are 
considered as the most dominant indicators. 
The power spect ra of input and output 
indicators are separated for comparison 
purposes.
 
The bispectrum of all indicators is used to study 
coupling or correlation among indicators, 
i.e. internal relationships. The bispectrum is 
used to further validate findings obtained 
using the power spectra of indicators. The 
bispectrum of all indicators is given in Figure 
2 and its contour plot is given in Figure 3 in 
which strong coupling and correlation among 
the input indicators is present. This means 
that it is possible to reduce the number of 
input indicators without altering the results. 
Among the output indicators, their correlation 
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is weaker which means that these indicators 
are quite independent and it may not be 
possible to establish a strong mathematical link 
among them. More work towards this research 
direction is under progress.
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Conclusion

Construction and demolition activities can 
easi ly generate pol lut ion and af fect the 
environment. To manage these, Environmental 

Figure 2:  Bispectrum of all indicators 

Figure 3:  Contour plot of the bispectrum of all indicators 
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Managemen t Sy s t ems ( EMSs ) can be 
implemented. However, there is no evidence 
regarding the effectiveness of such systems. 
Envi ronmental per formance assessment 
(EPA) is then suggested to make regular 
assessment on sites at operational levels. EPA 
provides information about the achievement 
of the environmental policy so as to enable 
the organizat ions to direct resources to 
improve their environmental performance. 
To support the applications of EPA, a set 
of input (EOIs) and output (EPIs) indicators 
have been proposed to provide information 
on environmental operational performance. 
The proposed EOIs are: i) Environmental 
Site Planning; ii) Energy Consumption; iii) 
Maintenance of Equipment; iv) Air Pollution 
Control; v) Noise Pollution Control; vi) Water 
Pollution Control; vii) Waste Pollution Control; 
and viii) Ecological Control; and the EPIs 
are: i) Site Environmental; ii) Regulatory 
Compliance; iii) Auditing Activities; iv) Waste 
Generation; and v) Accident Rate.
 
By studying the correlations between the EOIs 
and EPIs, the effectiveness of these input and 
output factors were evaluated. It was found 
that linear regression and spectral methods 
are effective in establishing mathematical 
re la t ionsh ips among inpu t and ou tpu t 
indicators in environmental management 
and close relationships between input and 
output indicators in predicting environmental 
performance were also found.
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