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A B S T R A C T

Comprehensive and timely inspection of quality issues is critical for reducing rework and delays in infrastructure
projects. Enabling a real-time quality checking guidance system to be used in practice requires formal data
exchange methods and inspection process control. This, however, remains an on-going challenge, as information
is often expressed in different data representations and stored in disparate locations and formats. There have
been a limited number of studies that have examined the relationship among physical objects, schedule, and
quality management information related to the process of inspection as well as the difficulties associated with
enabling real-time monitoring and control of quality. In addressing this issue, a design science research approach
is used to develop and apply an Industrial Foundation Classes-based Inspection Process Model (IFC-IPM) to
enable information exchange requirements for quality-related information to occur in real-time during con-
struction. Within the IFC-IPM schema and extension that is developed, a physical, schedule, and quality man-
agement model exist. The IFC-IPM extension defines the dynamic property sets that form part of quality man-
agement system. The dynamic property set of the schedule can identify inspection codes, time, and its content.
This provides inspectors with the ability to undertake real-time quality monitoring and control. The IFC-IPM that
is developed is applied to a real-life subway infrastructure project. It is demonstrated that the developed IFC-IPM
provides an effective platform for data sharing and exchange of quality related information and other IFC-
compliant applications. The model can be used to streamline the quality management process as it reduces the
time to attend to undertake rework and increases the accuracy and timeliness of inspections and the acceptance
of activities and products.

1. Introduction

The inspection of quality in construction is typically undertaken
after an activity has been completed. The inspection of quality should,
however, be a continuous process and monitored in real time as ac-
tivities are being undertaken [1]. But, resource constraints often hinder
the ability to do so and therefore the time to identify non-conformance
(NCR), which exacerbates the adverse impact of rework that may be
required [2].

Inspectors are regularly confronted with the difficult task of iden-
tifying ‘what’ and ‘when’ activities/processes need to be examined
during the construction process [3]. The monitoring of products and
processes is an innate feature of quality control. The monitoring process
acts as a mechanism to identify potential NCRs, as it provides inspectors
with a procedure for checking quality and the ability to attend to any
rework that may be required in a timely manner [4,5]. The monitoring

process, however, has been traditionally based on using paper-based
systems, and more recently, Personal Digital Assistants (PDAs). Even
with the use of PDAs, however, decision-makers and inspectors are
unable to be provided with the information needed to instantaneously
respond to quality issues as they arise on-site. Several technology-en-
abled solutions for real-time quality control and monitoring have been
proposed to redress this issue [6,7]. For example, Leung et al. [8] de-
veloped a system to support real-time captured images and video to
provide the most updated status of construction sites for discussing and
making immediate decisions regarding the monitored results of quality
and progress by users. Similarly, Zhong et al. [9] proposed a real-time
quality control mechanism that utilized PDAs to provide direct feed-
back to the contractor so as to improve the effectiveness of their deci-
sion-making. However, a limitation with previous real-time quality
monitoring and control research is the inability to support data ex-
changes among physical objects, schedule and quality management
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data, particularly within a project that is being delivered within a
building information modeling (BIM) environment. In addition, in-
spection processes need to comply with national and international
standards [10–12].

The material for a cast-in-place pile, for example, must comply with
the Technical Code for Treatment of Building Foundations (JGJ 79-91),
and its shape and size are determined by the Technical Code for Testing
of Building Foundation Piles (JGJ 106-2003), and the Code for Acceptance
of Construction Quality of Building Foundation (GB 50202-2002). These
requirements lead to the need for simultaneous access to multiple de-
sign codes, and therefore hinder the quality control, as they are often in
conflict with one another.

To effectively retrieve and utilize information from different soft-
ware applications that are used to engender BIM, Industry Foundation
Classes (IFC), which is an international standard, can be used as a
format to share and exchange files [13–16]. However, IFC standards do
not currently accommodate entities to enable exchanges of quality-re-
lated information as well as relationships among physical objects and
schedule data within the existing IFC standards. With this in mind, this
paper proposes a novel IFC- Inspection Process Model (IFC-IPM) that
can be integrated with a building information model and IFC standards
to enable real-time monitoring and automatic inspection alerts to be
realized. The neutral interface based on the IFC standards also facil-
itates effective information sharing and exchange with a vast number of
software applications.

2. Quality detection and control

The implementation of an effective quality management program
can contribute to reducing rework in construction projects [17–21].
Rework has been defined as “the unnecessary effort of redoing a process
or activity that incorrectly implemented the first time”, and has been
considered to be synonymous and used interchangeably with terms
such as quality deviations, NCRs, defects, and quality failures [18,19].
A detailed review of the characteristics and impact of rework on project
and organizational performance, for example, can be found in Love
et al. [5]. While emphasis has been placed on the role of quality
management in reducing and containing rework, there has been a
paucity of research that has focused on ‘how’ technology can be used in
real-time to support its effective implementation to mitigate its adverse
consequences in a timely manner. The sooner an NCR is identified and
rectified, the less impact the required rework will have on other ac-
tivities and a project's cost and schedule.

Notwithstanding the aforementioned, the literature addressing
quality detection and control in construction is replete and diverse,
particularly the development of technological applications to determine
and reveal the existence of NCRs and failures. Such technological ap-
plications in include terrestrial laser scanners used to determine vertical
deflections in deforming beams [22], and coordinate loosely-coupled
work [23] and Radio Frequency Identification (RFID) [24]. Robots have
also been used inspect and measure cracks in concrete structures pro-
cess [25]. Research, however has tended to focus on the development of
technology that is restricted to simply identifying NCRs.

Being able to immediately access to a project's product and process
information can enable real-time quality detection and control and
therefore engender effective decision-making [7,10,26]. In striving to
attain this goal, Kimoto et al. [27] and Kim et al. [28] developed a
mobile computing system that utilized a PDA to collect defect data in
real time during construction. In a similar vein, Wang [24] developed
an RFID-based quality management platform to gather, filter, monitor
and share data. Taking advantage of the benefits that can be enabled by
the cloud, Kivimaki et al. [29] developed a central collaboration system
with 3D design surfaces that can be used to integrate data collected in
real-time by measurement devices for the purpose of quality control.
However, the inspection items and specifications were not aligned with
a project's schedule, which are an integral to the process of planning

[30]. As NCRs arise during construction, there is a need for a techno-
logical solution that integrates schedule and quality information so that
when inspection takes place, it is automatically linked and is able to
inform the programme of potential issues that may require rework
[11,31].

A plethora of studies have suggested that BIM based technology can
facilitate quality management, as it can provide people with the pro-
cedures to ensure their information requirements are being met and
conform to required standards [32–37]. A number of technologies have
been integrated with BIM to support this process, such as Light Detec-
tion and Ranging [7], Augmented Reality (AR) [33,34], image-
matching [35], web technology [36]. In particular, BIM and AR have
been integrated to develop a defect management system that uses
image-matching to identify defects on inspections [35]. Chin et al. [38],
for example, integrated the function of scheduling with the quality
management process model that was able to inspect and test, report
NCRs, and provide information needed to take corrective action con-
struction. However, the integration of quality information with other
forms of project-related data remains a challenge. This is because such
data often exists in different data representations and formats, which
result in interoperability issues occurring which requires the use of an
IFC to enable information to be exchanged.

Data representations contained in product and process models have
become an indispensable and constructive force in storing and ex-
changing information in construction [39]. Thus, this paper uses IFC
standards to represent process information. An IFC is a neutral data
format to describe, exchange and share information throughout an as-
set's life-cycle [40]. It is the international standard for open BIM and
with IFC4 an ISO standard (ISO 16739). Based on the IFC standards, all
information, including geometry, spatial relationships, attributes, and
quantity can be incorporated within a BIM environment, which renders
the ability to coordinate and integrate information about quality be-
tween different disciplines [41,42]. Research utilizing the current IFC
to support quality management activities has been limited [43,44].
Moreover, existing IFC standards are not yet aligned to those of quality
ISO9000 series. Against this contextual backdrop, this paper focuses on
building the relationship among physical objects, schedule, and quality
management information therefore enabling an integrated inspection
process model that can accommodated real-time monitoring to be de-
veloped.

3. Research approach

There are an array of information and communication technologies
that can be used to support the use of BIM to provide real-time mon-
itoring of quality, so that NCRs and subsequent rework can be reduced
and contained. A major problem, however, that inhibits the effective-
ness of sharing quality-related information in real-time is the inter-
operability that prevails [45]. In tackling this problem, a design science
research approach [46] is adopted to design and develop an IFC-IPM,
which extends the IFC standards for quality related entities and there-
fore addresses the issues associated with the interoperability of various
BIM-enabled software applications.

Design science focuses on describing, explaining and predicting the
current natural or social world, by not only understanding problems,
but also designing solutions to improve human performance [47]. In
doing so, design science can be used to develop the corresponding
knowledge and applications to design and implement a product that has
value to an organization [48,49]. The research process used to develop
the IFC-IPM for cast-in-place piles is presented in Fig. 1. Cast-in-place
piles are selected to demonstrate the IFC-IPM, as they are typically
prone to experiencing quality-related problems during construction.
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