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contributions or massive corrections. This could indicate that a great number of mistakes had been
made in previous time periods, or that the modeler was using auxiliary lines (detail lines) that were
subsequently deleted. Nevertheless, both can be considered bad practices in BIM modeling that should
be corrected. This designer’s share of necessary commands is balanced with that of contributory
commands, as well (~20-30%). The designer presents higher shares of non-geometrical modeling
in the initial sessions (~20%), when families were being defined, and a higher share of geometrical
modeling for the rest of the experiment (~30%), which are considered normal behaviors for this
specialist. In addition, it was expected that the structural designer would demonstrate a more constant
share of collaborative commands than he in fact did (~5%), since clashes are common between this and
the other disciplines” models.

Figure 7. Share of commands by sub-category and time period for each designer.
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The timeline for the mechanical designer shows at least three entire sessions without participation
(periods 1620 and 65-74), and several long pauses (periods 1-2, 9-10, 27-28, 35, 86, and 90).
This non-contributory behavior is to be expected at the initial stages of the project since MEP specialists
are waiting for the architect and structural engineer to provide the basic elements of the building
in order to model the installations. However, the initial stages should be dedicated to defining the
necessary families for the project, and in more advanced stages a better planning of workflows should
provide the various specialists with tasks that ensure constant contribution to the project. It can also be
observed that the necessary commands executed by the mechanical designer (~40%) approximately
doubled the amount of contributory commands (~20%), which could indicate that this specialist used
an excessive number of auxiliary commands, such as hiding elements or modifying visualization
options. This kind of modeling practices require a more detailed analysis of the command patterns
executed in order to increase the designer’s performance by providing personalized training.

The electrical specialist did not participate in two entire sessions (periods 11-20) and took several
long pauses throughout the experiment (periods 21, 26, 41-42, 56, 5960, and 76). A significant share of
backwards commands can be identified in the first half of the timeline (~20-40%), which decreases in
the second half (~5-15%). This may indicate an improvement in the modeling skills of this designer.
Again, his share of necessary commands (~40-50%) is virtually double that of contributory commands
(~20-25%), while a nearly constant share of collaborative commands is evident (~3%), through which
this specialist received updates from the rest of the designers.

Finally, the plumbing designer shows a large constant share of backwards commands (~20-40%),
but the lowest share of unnecessary commands (~10%). Additionally, a high proportion of necessary
commands with respect to contributory commands is apparent (~40-50% to ~20-25%), as well as a high
provision of non-geometrical information to the model (~10%) and a variable share of collaborative
commands (~5-30%).

According to this analysis, it would be advisable to train the architectural designer in order
to reduce the use of unnecessary ‘Cancels’, which apparently this specialist does while thinking.
The structural, mechanical and plumbing designers’ training should focus on reducing the number
of backwards commands, for which a deeper analysis of the specific causes should be performed
previously. This analysis should be based on detecting bad practices through the study of command
patterns. All the MEP designers should receive training in order to reduce the quantity of necessary
commands that they execute to produce a more effective modeling process, since necessary commands
do not really contribute to the model but are only auxiliary commands that sometimes can be avoided
through good modeling practices. While the plumbing specialist’'s command intensity and distribution
was more constant than that of the other MEP designers, the analysis indicates that this designer needs
further training in BIM modeling in order to avoid using that significant share of backwards commands.

When working individually, where only information is required and not delivered to others,
clashes between models are prone to occur. A greater emphasis on the delivery of information would
imply a lower rate of errors and avoid the emergence of problems during the project. During this
experiment, the flow of information from the MEP designers was not as regular with respect to other
specialties, which is contradictory since these are usually the specialties that generate more conflicts
during collaborative work. In general, this team of designers should receive training in a more
comprehensive plan of interaction regarding the sharing of information through the ‘Save to master”
command to ensure better and more frequent synchronization of the local models. This would avoid
unnecessary mistakes, and therefore some of the backwards commands executed, thus improving the
individual performance of each designer.

5. Discussion

The increased use of BIM worldwide has created an opportunity to study the log files generated
by the available software. The analysis of these files can be oriented towards analyzing the modelers’
performance and behavior in order to improve productivity, but requires a preliminary data cleaning
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and organization process to be able to identify problems, causes, and possible solutions. In this
research, a method for studying these log files was proposed in order to identify good and bad user
practices during the design phase of a building project that could subsequently be useful for elaborating
personalized training proposals and to increase both individual and collaborative performance of
designers. By analyzing the events occurred during the experiment’s timeline, specifically pauses in
the specialists” work, it was also possible to detect behaviors directly related to their roles in the project
development workflow.

BIM log mining has been used before to analyze the commands executed by a modeler.
Zhang et al. [33] presented an experience where the most repeated commands could have been
common to the five designers considered in the present study, including ‘Cancel’, ‘Disallow join’,
‘Temporary hide’, ‘Delete’, ‘Align’, “Undo’, and ‘Reference plane’. In their analysis they noticed that
some of the most used commands identified were somehow necessary or auxiliary. However, this
method also allowed detecting bad modeling practices, such as an excessive use of ‘Disallow join’,
which is not common and needs finding the cause for that behavior in order to correct it. The analysis
applied in the present study also made it possible to detect bad practices with a general classification
and overview of the executed commands. For example, it was noticed that the plumbing specialist
used a significant amount of backwards commands, which made this designer’s work less efficient.
In addition, a positive evolution in this aspect was detected for the electrical designer, who started
using more of these commands in the initial time periods, and then reduced them by the end of the
experiment. Nevertheless, a combination of both analysis methods would certainly allow generating
more personalized recommendations for further training.

In this study, the performance of BIM users participating in the experiment was measured through
their command execution intensities, which usually were within the range of 200 to 400 commands
per hour. Modeling performance has been measured before through BIM log mining. For example,
Yarmohammadi et al. [26] obtained the time it took different modelers to execute a certain command
pattern. Their method required finding for all the modelers a same pattern, which was obtained
from the analysis of log files from different workstations in an architecture firm. As occurred in their
study, finding command patterns common to the five specialties in the experiment here described
would require these to be based on basic commands, such as hiding, copying, and moving, rotating, or
aligning elements. However, most of the contributory work carried out by each specialist is based
on commands exclusively related to their discipline, as was shown in Table 3 and Tables A1-A4.
Nevertheless, the method used in the present study does not consider that some commands take more
time to complete than others. Therefore, a more complex analysis might be necessary to measure
modelers’ performance, since current methods do not capture these differences between disciplines
or commands.

Zhang et al. [23] also presented a command pattern discovery method based on BIM log mining,
which they used to measure and analyze productivity. Their study was oriented identify command
patterns associated to a certain task and to evaluate modelers’ performance executing those patterns
in order to better allocate resources to different design tasks in design projects. In the present study,
the main focus was put on studying the use that the various specialists showed regarding a set
of general categories of commands. Those categories were created according to the contribution
of commands to the design process, classifying them into geometrical modeling, non-geometrical
modeling, collaborative, necessary, unnecessary, and backwards. The study of the distributions of
these categories for each designer during the experiment allowed detecting bad modeling practices
and further training needs. By populating a timeline of the experiment with data specific for each
time period, it was possible to study the evolution of users’” behavior and performance regarding these
categories, which proved useful for better planning information workflows in future projects.

As mentioned before, workflows in the development of BIM projects are hybrid and not solely
BIM-based, making it necessary to use other platforms, such as sketches on paper or consulting
documents online [32]. These activities cannot be detected by studying BIM log files and therefore need
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a more thorough observation of the designers throughout the design process. From that observation,
qualitative data could arise that complements and validates the detection of certain events in the study
of short and long pauses in the log files, thus allowing to review collective behavior.

The experience and method described here has clear applications in architecture firms developing
BIM projects where coordinators and managers are willing to analyze behavioral patterns and
efficiency of their modelers and to identify further training needs and opportunities to increase their
performance. The collaborative work environment built for this experiment provided a singular means
that strengthened teamwork and allowed a constant flow of information between the participants,
who supported each other to find solutions to the issues that would arise during the design process.
This method is useful not only to analyze users’ performance in BIM modeling, but also to better
understand their behavior and identify improvement strategies. This analysis was carried out using
spreadsheets in a semi-manual process. However, given the large amount of data to be managed,
it would be advisable to implement the entire process in software to increase the automation of
the analysis.
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Appendix A. Most Used Commands by Each Designer

Table Al. Contributory commands most frequently used by the structural designer.

Command ID Description : bsolute Relative
requency Frequency
ID_OBJECTS_BEAM Create a beam 190 10.7%
ID_FILE_SAVE_TO_MASTER Save the active project to the central model again 181 20.8%
ID_OBJECTS_CURVE_LINE Create a line 132 28.2%
ID_FINISH_SKETCH Finish sketch 125 35.2%
ID_EDIT_MOVE Move selected objects or their copies 99 40.8%
ID_EDIT_MOVE_COPY Move copies of selected objects 87 45.6%
ID_OBJECTS_PROJECT_CURVE Create a straight line or an arc 84 50.3%
ID_VIEW_NEW_SCHEDULE Create a schedule 69 54.2%
ID_OBJECTS_CURVE_RECT Create a rectangle 52 57.1%
ID_TRUSS_WEB_CURVE Create a truss web 44 59.6%
ID_OBJECTS_LEVEL Create a level 42 61.9%
ID_FINISH_SWEEP Finish sweep 40 64.2%
ID_OBJECTS_FOOTING_SLAB Create a footing slab 37 66.3%
ID_END_INPLACE_FAMILY Finish the family 34 68.2%
ID_REVIT_FILE_SAVE Save the active project 33 70.0%
ID_LOAD_INTO_PROJECTS Load document into open projects 33 71.9%
ID_OBJECTS_TRUSS Create a truss beam 32 73.7%
ID_EDIT_MIRROR Mirror selected objects 31 75.4%
ID_EDIT_ROTATE Rotate selected objects 31 77 1%
ID_FINISH_SKETCH_PATH Finish a sketch of sweep path 29 78.8%
ID_SKETCH_2D_PATH Create or edit the path through a sketch in a plane 28 80.3%
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Table A2. Contributory commands most frequently used by the mechanical designer.

Absolute Relative

Command ID Description
Frequency Frequency
IDS_RBS_CREATE_PIPE Create pipe 467 36.1%
ID_FILE_SAVE_TO_MASTER Save the active project to the central model again 122 45.5%
ID_ALIGN Align references 118 54.6%
IDS_RBS_CREATE_DUCT Create duct 91 61.7%
ID_RBS_MECHANICAL_DIFFUSER Insert an air diffuser 51 65.6%
ID_RBS_MECHANICAL_EQUIPMENT  Create mechanical equipment 50 69.5%
IDS_RBS_CREATE_FLEX Create flexible duct 49 73.3%
ID_RBS_PIPE_PIPE Create pipes 43 76.6%
ID_EDIT_ROTATE Rotate selected elements 39 79.6%
ID_LOAD_INTO_PROJECTS Load document into open projects 23 81.4%

Table A3. Contributory commands most frequently used by the electrical designer.

Absolute Relative

Command ID Description F
requency Frequency
ID_OBJECTS_DETAIL_CURVES Create a detail line or arc 242 14.7%
ID_RBS_ELECTRICAL_DEVICE Add electrical devices 190 26.3%
ID_RBS_LIGHTING_FIXTURE Add lighting fixtures 170 36.6%
ID_FILE_SAVE_TO_MASTER Save the active project to the central model again 163 46.5%
IDS_RBS_CREATE_CONDUIT Create conduit 154 55.9%
ID_EDIT_ROTATE Rotate selected elements 130 63.8%
ID_EDIT_PASTE_NO_EVENT Paste element 106 70.2%
ID_RBS_ELECTRICAL_LIGHTING_DEVICE  Create a lighting device 46 73.0%
ID_VIEW_NEW_SCHEDULE Create a schedule 34 75.1%
ID_FAMILY_LOAD Load a family into the project 31 77.0%
ID_EDIT_COPY Copy the selection and keep it in the clipboard 24 78.4%
ID_RBS_ELECTRICAL_EQUIPMENT Add electrical equipment 22 79.8%
ID_RBS_PIPE_PIPE Create pipe 21 81.0%

Table A4. Contributory commands most frequently used by the plumbing designer.

Absolute Relative

Command ID Description
Frequency Frequency
ID_RBS_PIPE_PIPE Create pipes 408 23.7%
ID_RBS_PLUMBING_FIXTURE Insert a plumbing fixture 145 32.1%
IDS_RBS_CREATE_PIPE Create a pipe 108 38.4%
ID_FAMILY_TYPE Modify predefined types for this family 105 44.5%
ID_REVIT_FILE_SAVE Save the active project 62 48.1%
ID_EDIT_ROTATE Rotate selected elements 61 51.7%
ID_RBS_ADD_PIPE_CONNECTOR Add pipe connector to the family 59 55.1%
ID_LOAD_INTO_PROJECTS Load document into open projects 57 58.4%
ID_FILE_SAVE_TO_MASTER_SHORTCUT Save the active project to the central model again 53 61.5%
ID_EDIT_MOVE Move selected objects or their copies 52 64.5%
ID_VIEW_NEW_SCHEDULE Create a schedule 48 67.3%
ID_FILE_SAVE_TO_MASTER Save the active project to the central model again 47 70.0%
IDC_APPLY_MovePropsDialogBar Apply to an object the same properties from another object 41 72.4%
ID_ANNOTATIONS_DIMENSION_ALIGNED  Create aligned annotation 40 74.7%
ID_OBJECTS_LEVEL Create a level 36 76.8%
ID_OBJECTS_REFERENCE_CURVE Create a reference line 35 78.8%
ID_EDIT_MOVE_COPY Move copies of selected objects 32 80.7%
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Abstract: Small- and medium-sized enterprises (SMEs) are part of the building construction industry.
Although many effect analyses of applying building information modeling (BIM) to projects have been
conducted, analyses from the perspective of SMEs are lacking. We propose a BIM-based construction
of prefabricated steel framework from the perspective of SMEs. We derive the essential functions
of the system from the viewpoint of SMEs and verify the qualitative effect through a case analysis
of prefabricated steel frame construction that is based on BIM. The following system functions and
qualitative effects are analyzed according to project stages that are based on interviews of working
groups participating in system development and case projects. (1) Preconstruction stage: extraction
of fabrication drawing and review of shop drawing, (2) fabrication stage: prefabrication review, steel
member removal, and field loading review, and (3) construction phase: integrated management
of cost and schedule and quality management. The expected effects of applying the system are
qualitatively and quantitatively analyzed through expert group interviews and surveys. For the
quantitative analysis, an evaluation index is used for the end-user computing satisfaction survey.
Further analysis of the finishing and installation work is required. Future research should also analyze
the effect of system application on human resource management.

Keywords: SMEs; BIM; construction management system; steel frame construction

1. Introduction

Building information modeling (BIM) enables integrated design [1], and it can be applied to various
fields (e.g., design verification, quantity calculation, and prefabrication) throughout the construction
life cycle by utilizing the three-dimensional BIM model that is built for each construction type [2]. In the
preconstruction phase, performing collision detection and design review using BIM can help to reduce
the losses that occur in the construction phase by identifying the problems that can be solved beforehand
at the design phase (e.g., design errors) [3,4]. Doing so improves the design quality by reducing
design errors, design changes, and rework [5,6]. In the fabrication phase, the procurement process of
construction frame members through BIM-based prefabrication can be simplified, and the productivity
of workflow between the designers and constructors can be improved [7]. In addition, in terms of
production productivity, the workers that are involved in the production of frame members can utilize
the information inputted to BIM objects to support the manufacturing process; such information is
parametric and it is not provided in the existing two-dimensional (2D)-based production work [8].
In the construction phase, a four-dimensional (4D) simulation can be implemented by linking the
BIM model with the schedule [9]. A BIM-based 4D simulation combines information that is related
to the process, equipment, and space to identify various uncertainties that arise during the process,
and provides information that can be reviewed in advance (Moon et al., 2014). Thus, the effect of BIM
on each phase of a construction project becomes clear.
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However, previous studies on the effects of BIM on construction projects were conducted for
large-scale projects [10]. Previous studies analyzed the return on investment (ROI) that was attained
by general contractors for BIM-based construction projects [11-13]. Of course, many studies have
analyzed the effects of BIM application from the viewpoint of small- and medium-sized enterprises
(SMEs) [14-17]. However, studies on developing a BIM-based construction management system from
the viewpoint of SMEs are lacking [18]. Due to the nature of SMEs, the sales and profits are not as large
as those of large-scale enterprises, and many of them abandon the application of BIM, which involves
high initial costs [19,20]. Therefore, we begin this study by analyzing the difficulties of managing a
construction project from the viewpoint of SMEs. We propose a BIM-based construction management
system framework to support SMEs. We also conduct a case study to verify the major functions that
will be installed in the system for the potential SME users and their perceived performance.

2. Literature Review

2.1. Characteristics of SMEs in Construction Management

In 2016, 99.5% of the 5.5 million businesses in the United Kingdom (UK) were classified as
SMEs, accounting for 60% of all private sector employment in the UK and a huge proportion of
the 240,000 construction service providers that are operating within the UK [21]. The latest set of
government business population estimates shows that the number of construction companies with less
than 50 employees has increased to over 1,005,290, up from 972,475 in 2016. The data also indicate
that these small businesses are responsible for an approximate total turnover of over £185 Bn a year,
up from £172 Bn in 2016. The total turnover of all the businesses operating in the construction sector
reached £296.8 Bn in 2017, up from £271.9 Bn in 2016 [22]. The Department for Business, Enterprise,
and Regulatory Reform (BERR) [23] defines the size of a firm in terms of the number of employees
(see Table 1). The BERR defines

e  micro-sized companies as those having fewer than 10 employees,

e small-sized companies as those having fewer than 50 employees,

e medium-sized companies as those having between 50 and 249 employees, and
e large-sized companies as those having 250 employees or above.

A previous study outlined the characteristics of SMEs, as follows [24]. Many SMEs do not record
procedures in a clear format, unlike large-scale companies [25]. Thus, SMEs” management style is
flexible and informal. For example, one of the main methods for communicating information is
through informal interviews between individuals. Therefore, a fundamental limitation in identifying
human resources to be used in construction projects and undertaking construction management
based on quantitative information exists. Moreover, SMEs may face difficulties in raising funds and
maintaining adequate cash flow, which thus limits continued capital investment in employee education
and technology development [26]. As such, SMEs that participate in construction projects have
common limitations with regard to improving their business systems. However, owners/managers
of SMEs play a key role in the decision-making process [27,28]. Thus, if the outcomes of business
process reengineering (BPR) are clear, the SME may be more likely to change and in a more flexible
manner, when compared to their large-scale counterparts. Therefore, this study proposes a BIM-based
construction management system framework from the perspective of SMEs.

2.2. Limitations of BIM Adoption

Many previous studies have analyzed BIM application and its effects [1-9]. However, most of this
research is limited to case studies, such as loss prevention due to design errors for a single project [3,4].
Moreover, the studies focused on improving design quality, which is difficult to quantify [5,6].
Some works analyzed the effect of BIM application on interference checking and conducted a 4D
simulation for a specific task [9]. Ideally, BIM supports all of the project participants using data on
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the construction life cycle. However, it is difficult to improve the process and achieve the business
integration effect using BIM in large organizations [7].

Table 1. Functions and effects of building information modeling (BIM).

BIM Function Effect of BIM Phase

- Create object information through 3D modeling

3D BIM conversion design . . Design/Construction
- Improved drawing consistency
- Improved understanding of work scope and tasks
. N h hi icati . .
Visualization through improved communication Design/Construction

- Design suitability review and VE
enhancement function

- Automation of design changes
Linking through object base - Prevention of drawing errors and Design/Construction
notation omissions

- Enabling advance production of members through
accurate drawings

- Reduced field work and construction period and
increased productivity

Clash check Design/Construction

- Design, construction, and automatic extraction of
tender drawings

- Reduced field work and construction period and
increased productivity

2D drawing creation Design/Construction

- Quantity calculation and utilization depending on
the part type, construction type, and phase Design/Construction
-4D + Cost = 5D (Estimate analysis)

Quantity calculation
and estimation

- Creation of schedule, material, and allocation plans
4D simulation for personnel Design/Construction
- 3D + Time = 4D (Process analysis)

- Transfer of equipment, material transfer and
loading path, operator working path planning, and Construction
pre-work coordination with equipment operator(s)

Temporary work and
construction management

- Analysis of energy efficiency, structural analysis,
and Leadership in Energy and Environmental Design Design
(LEED) analysis

Combination with
various analyses

Moreover, it is difficult to manage the inputted manpower by only using BIM data for the building.
As a result, research on the application of the internet of things to manage workers by attaching
wireless sensors to helmets is also being conducted [29]. In addition, BIM does not immediately
reflect implementation via a virtual model. As a result, laser scan and image scan technologies have
been introduced as tools for creating and integrating real models. Additionally, the concept of digital
twin, which combines virtual models and real models to pre-simulate specific issues, may be used.
Indeed, recent studies have tended to integrate not only BIM, but also various other technologies
(e.g., three-dimensional (3D) laser scanning, augmented reality, mobile computing, wireless connection,
quick response codes) with building construction management [30].

Existing BIM-based construction management systems (e.g., a project management information
system; PMIS) should be accompanied by BPR, because the system is often constructed at the
enterprise level [31]. In addition, the scope of the system construction is very wide, because the
project characteristics of various business areas, rather than a single project, should be considered.
Each division of the company should devise the system to address all of the diverse functions that
are required. Some companies report issues that are caused by the presence of several project-related
databases and the fact that security concerns limit system accessibility for the users. In this paper,
we propose a BIM-based construction management system from the viewpoint of SMEs. In addition,
we qualitatively verify the functioning of the system through a case analysis.
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2.3. BIM for Prefabricated Steel Frame Construction

A general contractor manages the various specialty contractors that are involved in a construction
project. A steel frame construction is implemented through a specialty contractor. Steel frame
construction involves prefabricating materials at a factory that are based on a preconstruction
blueprint [32]. Generally, in the preconstruction phase, the design drawings and specifications
are reviewed, the construction companies are selected, and the construction plans and details are
prepared [33]. The factory processing of the steel frame members is conducted in the order of full-size
drawing, prototyping, deformation inspection, marking gauge, cutting and machining, drilling, joining,
riveting and welding, metal cutting, rustproofing, and loading at the site. When the steel frame
members are brought to the laydown area, they are then assembled by bolting or welding, depending
on the installation drawing. Lastly, a crane is used to lift the steel frame members, and the workers
complete the installation process [34,35].

However, if any design changes are made to the steel frame, the following problems may arise [33]:
(1) Increase in construction costs and a delay in construction period due to the need to place new orders
for materials and/or additional production, (2) surplus of preordered materials, and (3) duplicate
production of steel frame members. These costs and risks due to the delay can impact the profits of
the specialty contractors. It is necessary to introduce BIM and other recent technologies (e.g., laser
scanning) to solve these problems.

Table 1 lists the main functions and effects of BIM. A 3D BIM model with object information is
created from a 3D BIM conversion design based on the drawings that were generated at the design
stage, and the 3D BIM model is visualized for collaboration among experts in different fields [36].
In addition, the clash check function helps to improve the quality of the 2D design drawings by
examining the inter-member clash and reducing errors therein in terms of potential errors that may
occur at the preconstruction site [13]. Parametric modeling—a popular BIM technique—is used to
project and automatically change the information that is associated with each member when the design
is changed. Thus, the design process is more quickly and accurately completed. Table 1 lists the effects
of information utilization using BIM in the design and construction phases.

Table 2 lists the research highlights of previous studies that used BIM for modeling productivity,
shop drawing calculation, and process management in steel frame construction.

Table 2. Research highlights of previous studies that studied BIM for steel frame construction.

Category Researcher/s (Year) Research Content

Development of an automation module for modeling steel frame joints that

Fom and Shin [37] can be used in structural detail design and modeling stages

Development of an automatic design system for steel connections based on

Koetal. [38] set-based Design with structural building information modeling (S-BIM)

Design Development of an interface module that can exchange information
Eom and Shin [39] between structural analysis software supporting structural design work
and BIM software supporting detailed modeling and drawing work
. ) Description of a modeling system for steel structure joints based of BIM at
Li et al. [40] .
the design stage
Oti and Tizani [41] Introduction of a BIM-based structural sustainability appraisal system
Ryu and Kim [42] Development of a 4D S{mulatlon system prototype through
automatic-process production
Yun et al. [43] Development of a tracking method for lifting paths of a steel frame tower
T crane using global positioning system (GPS) in the BIM environment
. Development of a smart creation process for shop drawings depending on
Construction Shin and Yang [44] P P P 8 dep 8

drawing types

Application of real-time locating system (RTLS) technology for automating

Kim [45] spray-applied fire-resistive covering work

Using radio-frequency identification and real-time virtual reality simulation

Xie etal. [46] for optimization in steel construction

Liu et al. [47] Using BIM to improve the design and construction of bridge projects
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Previous studies focused on improving the productivity of the unit tasks of steel frame construction
(e.g., automatic modeling of joints and drawings) and managing the process. However, the SMEs
need to derive the effects of BIM for tasks that are related to the design, fabrication, and construction,
rather than applying the technology to the unit tasks. This study presents a case study on steel frame
construction to verify the main BIM-based construction management function to be installed in the
system for an SME.

2.4. Evaluation of Information System

Information systems (e.g., PMIS) that were used in existing enterprises possess different
characteristics depending on their purpose and support tasks. Information systems are classified
according to their purpose and functionalities that are based on the requirements of the company [48,49].
Other works have analyzed the characteristics of information systems according to their contribution
to efficiency improvement and relationship improvement in the internal and external aspects of the
company [50,51]. Research regarding the success of information systems is based on the work of
Shannon and Weaver and Mason [52,53], and the results suggest that the level of information can be
measured in terms of the technical, semantic, and effectiveness levels [54]. However, the usefulness of
such evaluations is limited for the following reasons. First, it is difficult to quantify the measurement
factors and objectively separate the effects of the information system from other aspects [55-57]. As a
result, attempts have been made to evaluate the information systems in terms of their use as well as the
end user’s satisfaction (i.e., considering the user’s cognitive aspect). However, Lucas [55] argued that,
while indicators pertaining to an actual information system (such as measured time) are somewhat
objective and easy to quantify, they are not a useful measure, because the use of the information
system may be compulsory. Thus, in many studies, end-user satisfaction, rather than evaluation of use,
is perceived as a key factor in measuring the success of an information system [58-62].

Several models have been proposed to measure the end-user satisfaction with information
systems [63,64]. The model of Doll and Torkzadeh [64] presented 12 evaluation indicators, which
consisted of five factors (content, accuracy, format, ease of use, and timeliness) that are based on
existing results (Table 3). Other researchers have consistently verified this model [65-67]. In this study,
we use these indicators to evaluate the system to be developed. In doing so, we intend to customize
the system for SMEs.

Table 3. Evaluation index for measuring End-User Computing Satisfaction (EUCS).

Category Evaluation Index Contents of Evaluation Index
C1 Does the system provide the precise information you need?
2 Does the information content meet your need?
Content

Does the system provide reports that seem to be just about

©3 exactly what you need?
C4 Does the system provide sufficient information?
Al Is the system accurate?
Accuracy
A2 Are you satisfied with the accuracy of the system?
F1 Do you think the output is presented in a useful format?
Format X .
F2 Is the information clear?
El Is the system user friendly?
Ease of Use
E2 Is the system easy to use?
T1 Do you get the information you need in time?
Timeliness - . .
T2 Does the system provide up-to-date information?
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3. Research Method

3.1. BIM-Based Construction Management System Framework

Figure 1 shows the proposed BIM-based construction management system framework from the
perspective of SMEs, based on the research problem and theoretical considerations.

Information Environment ; Function User

As-planned model ) /[ 3D Visualization | Client |
(e.g. Building Off-site :
Information Model) I :

] 2 : Cost planning ‘ General contractor ‘
As-built mode_l B Server On-site (Web)

| (e:g-laser scanning) | laser scanning) (Cloud) ‘ QTOo ‘ SC contractor ‘

Construction labor
(e.g. wireless sensor)

On-site (A
‘ (App) Clash Detection [ Fabricator ‘

Figure 1. Conceptual diagram of BIM-based construction.

The system framework has the following features. First, it should be able to input and output
various information (e.g., BIM model, wireless sensor data, laser scan, or image scan data). Even if
the system only needs to manage the construction of a single process (e.g., steel frame construction),
the as-planned model for the plan, the as-built model for the execution result, and the information
about the construction labor can differ. Information on buildings can be obtained from the BIM Model
and laser scan data, but that manpower needs to be collected using equipment, such as wireless sensors
(e.g., safety helmets, safety vests, and safety shoes) [29]. Construction management and human resource
management should be undertaken by utilizing this information. Second, from the viewpoint of SMEs,
the system should only be equipped with the functions (e.g., 3D visualization, cost planning, quantity
take-offs (QTOs), and clash detection) that are necessary for a BIM-based construction management
system. It is necessary to supervise the construction progress while using this information and to
establish accurate planning, input, and management of the workforce. Moreover, the system should be
realistic, usable, and compatible in various system operating environments (e.g., Off-site and Web- and
app-based on-site management environments). Third, the system must improve accessibility for all
users in various formats (e.g., html, pdf, image, dwfx, etc.), which are typically used for the Web and
apps. It should be possible to access the information that is necessary for construction management
with smart device operation technology rather than the BIM software, which is difficult to access
and operate.

3.2. Main Function Derivation for the System

We analyze a typical steel frame construction in order to derive the necessary functions for the
system [35]. Table 4 summarizes the main work phases and tasks, the authorities that are responsible for
each task, work location, and BIM usage in steel frame construction. For on-site and off-site steel frames
constructions, BIM authoring creates the 3D model, visualizes the quality review, produces a shop
drawing, conducts a 4D simulation for process management, and checks QTOs for cost management.

In the preconstruction phase, the drawings and specification reviews are used to check whether
the design requirements are reflected and whether the object information that is related to the material
and dimension of the steel frame is correctly entered. After reviewing the design information, a 2D
steel frame shop drawing is extracted from the BIM model for factory production.

In the prefabrication phase, accurate quantity calculation data are used when ordering the steel
material for frame member fabrication. In addition, the cutting work from the manufacturing process is
numerically managed using the BIM model. As a result, it is possible to find not only the gross weight
of the member, but also its net weight, excluding the cutting part. To minimize the loss of steel material,
the BIM model can be used to efficiently cut the members. During this process, the installation of the
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steel frame is reviewed to reduce the work, and the site conditions, such as fabrication, transportation,
lifting, and ease of installation, are considered. When the fabrication and inspection of the steel
members are completed, the prefabricated steel members are procured on-site.

Table 4. Main tasks involved in steel frame construction and BIM use mapping.

Phase Task Authority  Location BIM Use
- Drawing and specification review GC/sC* On-site -
. - Construction planning GC/sC On-site Visualization, 4D simulation
Preconstruction
- Shop drawing GC/sC On-site Creation of 2D shop drawings
- Cross check GC/sC On-site Visualization, clash check
- Br.mg!ng steel fram} ng members and GC/sC Off-site Quantity calculation
reviewing the quantity
- Steel frame cutting GC/sC Off-site Creation of 2D drawings (cutting plan)
- Steel frame mounting GC/sC Off-site -
Prefabrication - Steel frame assembly and welding GC/sC Off-site Quantity calculation
- Painting steel frame members GC/sC Off-site Quantity calculation
- Marking GC/sC Off-site 3D BIM authoring
- Precision inspection GC/sC Off-site Visualization (e.g., laser scanning)
- Carrying steel frame on and off the site GC/sC Off-site Quantity calculation
- Review of quantity brought to a laydown area GC/sC On-site Quantity calculation
- Building and installing steel frame columns GC/sC On-site Visualization, t.emporary works, and
construction management
. - Steel girder, beam lifting, and installation GC/sC On-site Tempor_ary works and
Construction construction management
- Vertical and horizontal inspection of the steel GC/sC On-site Visualization (e.g., laser scanning)
- Bolting and welding of the steel GC/sC On-site Quantity calculation
- Fireproof coating spray on steel GC/sC On-site Quantity calculation
- Steel frame installation finish (fastening) GC/sC On-site Quantity calculation

*: GC and SC denote general contractor and specialty contractor, respectively

In the construction phase, the steel frame members that were procured from the factories are laid
down when considering the order of installation. They are then temporarily assembled through steel
bolting and welding. Thereafter, the construction is sequentially done using the shop drawing and
4D simulation. The installation procedure involves installing the column, large beam, small beam,
and brace members.

3.3. Definition of System Database

3.3.1. Building Objects of Prefabricated Steel Frame

Figure 2 shows the objects that make up the BIM model of the prefabricated steel frame. The part
that constitutes the prefabricated steel frame as per the BIM model is divided into the main part and the
secondary part. Each part is automatically categorized with a number (double or int) or a string and
stored as a BIM object. In addition, the bolts that are connected to the steel frame members and welded
members are grouped, and the respective components are assembled. The number and dimensions of
the holes for cutting and bolting the steel frame members are included [68].

3.3.2. Connecting Building Objects to Create a Prefabricated Steel Frame

Table 5 lists the numerical data regarding the BIM model of the steel frame joints for the case
study project that is discussed in this paper. It shows the data structure of the connections of the steel
frame parts, namely the main part, secondary part, and bolts, as well as welding lengths. The materials
of the end plate and bolts and the hole types are stored as strings, whereas the size and dimension
of the bolts, tolerance distance, and notch length are stored as the numerical values. The strings and
numerical data can be utilized to numerically control the machines that are used to produce the steel
frame members [70]. In addition, the integration of the components of each steel member results in the
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complete BIM model for the steel frame construction. It includes most of the building components that
are used in the steel frame construction based on the attribute values of the steel members. The BIM
model constructed using such an object-oriented modeling can be quickly and accurately modified if
any changes to the design and/or information are made.

Building Object
(Building Information

Model)
|
\ | \ |

Part Bu(i:lzri‘:gecgzjgect ‘ Cutting Part Reinforcement

Main Part — Bolt embed
Secondary Part Bolt Group ‘ Grouting

— Weld Surface treatment
Reinforcement

splice

Figure 2. Building objects of the BIM model [69].

Table 5. Connecting building objects to create a prefabricated steel frame.

Figure Input Attribute Value Type
Material mat S275]R  string
End plate Thickness tpll 10 double
(a) Depth hpll 200 double
Width bpll 180 double
Diameter diameter 20 double
screw 7990 string
Ibd 60 string
Iwd 67.1 string
Iba 66 double
Bolt nb 3 int
(c) Grade nw 2 int
bl 40 double
b2 40 double
rwl 40 double
w2 40 double
e, - Part Ibtyp 1 int
L—I=Secondany;Fan Weld (b) w3_size 6 double
t_cut_length 82 double
t_cope_length 26 double
Notch (d) b_cut_length 82 double
b_cope_length 26 double
cope_fitting_type 3 int
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4. Effects of BIM-Based Construction Management System for SMEs
4.1. Case Study

4.1.1. Project Description

To analyze the effect of BIM on the prefabricated steel frame construction from an SME perspective,
the project, as summarized in Table 6, is chosen. The total construction cost was less than ¥1 Bn and
the total load acting on the prefabricated steel frame was 91.78 t. The design phase of this case study
project was based on a 2D Computer-Aided Design (CAD) drawing.

Table 6. Overview of the case study project.

Item Description
Project name Neighborhood residence facilities construction
. Gyeonggi-do Namyangju-si
Location Sampae-dong 153-7
Main structure Steel structure
Construction duration 04/12/2017-10/31/2017
Total Cost (W) 761,406,020
Quantity of prefabricated steel frame 91.78 t
Building coverage 294.00 m?

The project client majored in architectural engineering and has worked as a BIM manager. Thus,
the client is aware of the usefulness of the BIM model. However, the client does not have firsthand
experience of the effect of BIM on actual projects. After interviewing the client, we found that the
accuracy of the information regarding the quantity of prefabricated steel frame, which accounted for
a large portion of the total construction cost, significantly influenced the decision-making process.
Table 7 summarizes the total construction cost (of the three bidding projects), the prefabricated steel
frame construction, and whether BIM was applied.

Table 7. Comparative analysis for general contractor/ specialty contractor (GC/SC) who participated in
the case study project bidding.

GC/Specialty . .
Item of Comparison Contractor 1 GC/Specialty GC/Specialty
Contractor 2 Contractor 3
(Selected)
Total construction 761,406,020 818,840,000 1,017,514,000
cost (%) (VAT included) (VAT included) (VAT included)
Prefabricated steel frame 161,406,202 155,700,000 253,658,750
construction (¥)
. . - 105.13
Quantity of prefabricated 91.78 (No information (Lack of information on
steel frame (t) . . .
on quantity) the quantity calculation)
Material, labor, Constructed based Missing information Missine information
and overhead costs on steel billets Ssing miormatio ssing miormatio
Whether I.BIM Yes No No
was applied
BIM Software TEKLA - -

The specialty contractor (SC) used TEKLA to create a BIM model of the steel frame based on
the design drawings for the general contractor (GC). Accordingly, we calculated the quantity of the
major components required for the steel frame construction. Using this information, the GC calculated
the material, labor, and overhead costs required to estimate the total construction cost. As for the
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other companies, the total construction cost was higher, and no information on the cost of steel frame
construction, including material, labor, and overhead costs, was provided to the client. Therefore,
the client selected the contractor who presented the lowest total construction cost with the exact
quantities for steel construction.

The selected GC has 25 employees, with a capital of less than #1 Bn and a revenue of #14.6 Bn
as of 2016. The SC, who is responsible for the steel frame construction, is engaged in the construction
of steel frames and related structures, with a capital of W10 Mn and a revenue of ¥1,810.33 Mn as of
2015. The GC and SC are both SMEs.

4.1.2. Description of the BIM Model of a Prefabricated Steel Frame

Figure 3 shows the main and secondary parts of the BIM model based on the contents of the case
study that is shown in Figure 2. Figure 4 shows the BIM model, including the number of bolts, welding
length, cutting parts, grouting, and surface treatment related to the steel joints. Based on these data,
the standard, quantity, grade, area, weight, and unit weight of the steel members can be automatically
calculated, as shown in Figure 5.
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Figure 3. BIM model of a prefabricated steel frame.
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Figure 4. Detailed information regarding the joints of the steel frame members.
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2 st - O X
Report
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VICTOR BUYCK JOB No: 1 Page: 1

Title: TEKLA KOREA Date: 05.11.2017

BUILDING CODE :

Assembly Part No. Size Grade Length (mm) Area(m2) Weight (kg)

BO(?) 4  H250X125X6X9 55400 495 0.00 0.00

B128(?) 1 H450X200X9K14 38400 €75 39.96  2499.97
MB140(2) 1 H450X200X9X14 55400 €75 1.11 51.27
BP4(?) 1 PL25X450 35400 450 0.45 39.74
FE(2) 2 PL1SX170 35400 280 0.15 14.20
MB140 (2) 2 H450X200X9X14 35400 €75 2.23 102.54
MB148 (?) 3 H500X200X10X16 38400 734 3.85 197.40
MB152 (2) 3 H500X200X10X16 55400 722 3.79 194.21
MC10(?) 1 H350X350X12X19 35400 13195 26.52  1801.27
R24(2) 12 PL20X169 35400 312 1.46 55.34

B129(?) 1 H500X200X10X16 38400 €75 45.04  2651.00
MB147 (2) 1 HS00X200X10X16 35400 €75 1.18 €0.48
BP4(2) 1 PL25X450 35400 450 0.45 39.74
C-CHAN11(? 1 [100X50X5X7.5 39400 15020 5.56 140.55
FE(2) 2 PL19X170 35400 280 0.15 14.20
MB147 (2) 2 H500X200X10X16 38400 €75 2.36 120.96
MB164 (2) 2  H48BX300X11X18 55400 576 2.43 147.92
MB188 (2) 1 H4B88X300X11X18 35400 567 1.20 72.72
MC10(2) 1 H350X350X12x%15 35400 13195 26.52  1801.27
MG40 (2) 3 H450X200X9x14 35400 €75 3.34 153.82

Figure 5. Information regarding the quantities of the steel frame members.

4.2. Effects of BIM-Based Construction Management System for SMEs in the Preconstruction Phase

4.2.1. Extraction of Fabrication Drawing

The BIM model of the prefabricated steel frame, which was developed before the construction,
is used to create various shop drawings for factory construction. As listed in Table 7, the types of
drawings are general arrangement (GA) drawings, which show information regarding the planes,
elevations, and cross-sections; a single part drawing, which shows a single part without the welded
parts, such as anchor bolts and plates; an assembly drawing, which contains information regarding
the steel frame members; and, a cast unit drawing, which is used for the foundation and steel frame
plinth. The design changes are automatically reflected in the shop drawings as the BIM model and
shop drawings are created based on the objects, and they are linked by parameters. For this case study,
a total of 107 detailed drawings were generated to construct the prefabricated steel frame from the BIM
model (Table 8).

Table 8. Drawing list.

Drawing Name (82;11:2’)
Block plan drawing, ground plan
General arrangement drawings drawing, ele':vahon draw e 24
cross-sectional drawing,

and window and door drawing
General arrangement drawing 13
Single part drawin 20

Shop drawing gep &

Assembly drawing 71
Others (anchor detail and 3D) 3
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4.2.2. Review of Shop Drawing

In the final phase, the BIM model was used to conduct a clash check before fabricating the
members using the shop drawings. As a result, a total of 39 clashes occurred, which was similar to the
ones shown in Figure 6. The clashes mainly occurred

e  when steel frame members were crossed or penetrated,
e between the bolts and bolted plates, and
e  between a steel part member and a steel plate member.

a @

Lo
v

L % L X
(a) (b) (9

Figure 6. Clash check step applied to the BIM model: (a) Steel part members and bolts; (b) Steel part
members and steel plate members; and, (c) Steel part members and stairs.

The members that were included in the clash check result can be classified into type, object ID,
assembly ID, and object name. The members were modified prior to fabricating at the factory based on
this information.

4.3. Effects of BIM-Based Construction Management System for SMEs in the Fabrication Phase

4.3.1. Prefabrication Review

In the fabrication phase, the necessary steel frame members should be accurately produced.
Therefore, a fabrication review should be performed based on the information extracted from the BIM
model. The following considerations are important in the manufacture of steel members:

e  confirm whether it is easy to fabricate, transfer, lift, and field-install;

e confirm whether it contains additional steel frames for building the steel frames;
e check the welding position, welding method, and dimensions; and,

e check the size and shape of the steel frames.

The visual and quantity-related information regarding the unit steel frame members, including
mark (Mark), specification (Description), quantity (Quantity), length (Length), material (Remark),
and number of bolts, were extracted from the BIM model. Thus, the review could be performed
smoothly. Table 9 lists the information required for steel frame fabrication.

4.3.2. Carrying Steel Frame Members from Off-Site to On-Site

The length, width, volume restriction of vehicles, and entrance road conditions around the site
should be considered based on the surrounding traffic situation when carrying the steel frame members
to the site from the factory in the order of construction. Furthermore, the order in which the steel frame
members are to be unloaded and their exact arrival times should be known to the site supervisors.
With the BIM model, it is possible to simulate the position of the laydown area in advance, as shown in
Figure 7, and to estimate the quantity, depending on the construction progress.
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Table 9. Prefabrication review of beams.

Girder Detail (2-Girders G24)

93

81

60=180, 90 $060=180 8 60=1 60=1
I PN ae
o ESSCE028] EESCiasest e
NS5
2600
610 HR5041254649 x 1580 610
193 781
0,1 450
678 (F/9) [
LAURRS i D>
:3% 7 = 3
2 B
g ® B
2t s 3
SF15 (4/5) Wb 5005
Bill of Material
Mark Description Quantity Length Remark
MG19 H250 x 125 x 6 X 9 2 1580 55400
250A2 PL16 x 121 8 530 55400
250C2 PL6 x 170 8 200 55400
GP8 PLI x 149.5 2 232 55400
SF15 PL9 x 59.5 2 232 55400
Field Bolts Grid Location
24-M16 T.S.B x 45, F10T G23 x4-x5/y3, EL+17.566
128-M16 T.S.B x 50, F10T G23 x4-x5/y3-y4, EL+17.566

Figure 7. Preliminary review of building and member laydown area.

The BIM model helps construction companies and professional construction enterprises to
efficiently lay the steel frame members by considering the type of construction. In addition, it is
possible to minimize errors that may occur during the construction by accurately estimating the
information regarding the steel frame members. Thus, the BIM model helps to save time and money,
given that it optimizes the number of workers that are required in the field. In this project, the total
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weight of the steel frame members was approximately 92 t. It took two days (August 4th and 6th) to
carry the steel frame members to the laydown area, as shown in Figure 8.

Figure 8. Transportation of the steel frame members to the laydown area.

4.4. Effects of BIM-Based Construction Management System for SMEs in the Construction Phase

4.4.1. Integrated Management of Cost and Schedule

After the steel members are carried to the laydown area, the installation work begins by referring
to the shop drawings. To manage the cost and schedule associated with the prefabricated steel frames,
these aspects of the BIM model are integrated, as seen in Table 10. Given that the project was small-scale,
the construction that was carried out during the period of August 4th, 2017 to August 9th, 2017 was
selected for the study. On August 4th, 2017, the steel frame members were carried to the laydown
area, and the anchor bolts were installed. Based on the information that was provided in the BIM
model and shop drawings, the materials were carried in, and the next phase of the work was prepared.
Regarding the equipment, one crane was used for the member laydown, with five people working
on-site. On August 5th, the main processes comprised building the steel columns and non-shrink
grouting, and the total weight of the installed steel frame was 31.46 t. On August 6th, the welded
plates and the steel frame beam members were carried to the area, and the total weight of the installed
frame was 15.36 t. A total of 91.78 t of steel frame members were installed by August 9th.

4.4.2. Quality Management Using BIM and Laser Scanning

The construction errors in this case study project were considerably low, because the construction
was small-scale, and the pre- and post-processes had little effect on the prefabricated steel frame
construction. The construction errors can be measured by comparing the BIM model, which is an
as-planned and already constructed model, with a laser scanning equipment, which is an as-built
model that is created by a construction company and a professional construction enterprise. Figure 9
shows the construction errors that were identified in the case study project using the BIM model and
laser scanning equipment. The errors ranged from 16 to 70 mm in the web or flange direction of the
steel frame member.

Although not found in this case study project, a large risk may arise if there is a significant error
in the pre-installed steel frame members. If the reference steel frame member, which is assembled
with many members, is twisted or severely tilted toward a specific direction, the construction of the
steel frame materials, which need to be installed through subsequent works, can be considerably
affected. The damages can be significant due to the increase in the construction cost and any delay in
the construction from new member orders or additional fabrications, disposing of pre-order members,
and duplicated fabrication of steel frame members. Therefore, an as-built model for the pre-process
should be created while using the laser scanning technology, the BIM model should be reviewed,
and the prefabrication should be implemented by reflecting the actual conditions of the site.
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Table 10. Four-/five-dimensional (4D/5D) model in terms of construction schedule.

Installation of plates on the first and
second floors, and installation of steel
beams on the first floor.

Main
progress

Main
progress

Building steel frame columns and
non-shrink grouting

Daily
Date 8/5/2017 Quantity 314t Date 8/6/2017 construction 1536 t
quantity
Rate of Rate of
Manpower 5 people daily 34.19% Manpower 5 people daily 50.89%
progress progress
Payment Payment
Equipment Crgge ! of daily ~ ¥35340,239 Equipment Crgge ! of daily ~ ¥22,999,953
progress progress
Carrying steel frame members to the
Main laydown area, installation of stegl Main Installation of steel beams on the
beams on the first, second, and third R
progress progress second and third floors

floors, and installation of plates on the
third floor

Daily Daily
Date 8/7/2017 construction 19.48 t Date 8/8/2017 construction  20.12 t
quantity quantity
Rate of Rate of
Manpower 5 people daily 72.06% Manpower 5 people daily 93.93%
progress progress
Payment Payment
Equipment Crg*: ! of daily ~ W?24,196,437 Equipment Crgge ! of daily  W24,713,486
progress progress
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2f- C1 C 2f- C2
1:25 1:25
Figure 9. Column construction deviation.

5. Discussion

The features of the system framework described above are as follows: (1) capability to input and
output various types of information, (2) the inclusion of only the necessary functions from the viewpoint
of SMEs, and (3) improved accessibility, such that anyone may use the system online or with an app
(Figure 10). Construction managers require access to detailed information on buildings, and clients
need an environment that can utilize various types of reliable information to support decision-making.

Figure 10. Web and app-based operational samples using the proposed system.
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In order to verify the effectiveness of the BIM-based construction management system framework
that is proposed in this study, we interviewed three researchers (e.g., M-design, Hanyang University,
Seoul National University of Science & Technology) who participated in the system development,
and four participants (e.g., Client, GC, and SC) who implemented the case project. Table 11 shows
the expected effects of applying the system according to the information that was provided during
the interviews.

Table 11. Expected effects of application of the BIM-based construction management system.

Perspective BIM Effects
. Decision-making based on quantitative cost data
X . Communication through visualization
Client Execution of the built structures based on construction progress

. Confirmation of construction quality via surveying

. Deciding construction orders by presenting quantitative construction
estimate data

. Placing orders for steel frame members using shop drawings extracted from

GC (SME) the BIM model

. Conducting simulations to carry the steel members to the site and confirm
the location of the laydown area

. Executing volume management based on daily construction progress

e Ensuring quality of shop drawings through clash detection review of
members before preconstruction

Implementing fabrication and processing of steel frame members using
shop drawings

. Implementing construction using shop drawings and the BIM model

SC (SME)

It is difficult to ensure the reliability of results that are only based on data from interviews with
research groups and project groups participating in small-scale projects. Therefore, we also conducted
an end-user computing satisfaction (EUCS) survey. The evaluation of the information system under
development was based on five factors (Content, Accuracy, Format, Ease of Use, and Timeliness) and
12 indicators (Table 3). The survey covered the potential users of the system under development,
namely 40 BIM experts, including architects, construction, construction, and the BIM consultant, all of
whom have more than three years of experience in using BIM. The questionnaire was completed by
26 people. Table 12 shows the results of the survey.

Table 12. Results of the end-user computing satisfaction (EUCS) survey.

Category Content Accuracy Format Ease of Use Timeliness
Mean 3.81 3.79 3.58 3.00 3.37
Index c1 C2 C3 4 Al A2 F1 F2 E1l E2 T1 T2
Mean 369 377 392 385 381 377 373 342 265  3.35 338 335

The results of the analysis indicate that the satisfaction levels with regard to the content and
accuracy categories were relatively high. This is because the system under development is based on
the database (DB) of commercial BIM software (SW). Since the information that is needed for the task
is extracted from the BIM model, the reliability of the information content and accuracy is ensured.
On the other hand, the satisfaction levels for the ease of use and timeliness categories were relatively
low. These results suggest that the pre-service training of the system to be developed is necessary from
the perspective of SMEs. In addition, additional expert assistance is needed for tasks that involve
a high degree of difficulty. We need to carefully consider user experience and user interface when
considering the fact that the system should be usable on the Web and via an app. Finally, the survey
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results indicated that the format of the system should be improved in conjunction with ease of use and
timeliness. The proposed BIM-based construction management system framework can then effectively
contribute to improving the work productivity, as well as the cost effectiveness of the project unit from
the viewpoint of SMEs. In order to avoid construction risks, such as rising labor costs in Korea, SMEs
can utilize this system framework as a technology strategy to combat the rising trend of relatively low
wages paid to overseas construction laborers (e.g., those from Vietnam).

6. Conclusions

In this paper, we analyzed the BIM-based construction effect from the perspective of SMEs.
The main research results of the study are summarized, as follows. First, the BIM-based Construction
Management System Framework was conceptually proposed from the viewpoint of SMEs to improve
the reliability of analysis. Second, detailed work analysis of the steel frame construction was conducted
to derive the main functions of the system. Through this, we derived the application areas of BIM
that can be used step-by-step. Third, we analyzed the BIM-based construction effect through the case
project of SMEs. We analyzed the effects of BIM on SMEs stakeholders and system development
researchers. The case study analyzed the effects of BIM application on the preconstruction, fabrication,
and construction phases. The fabrication documents were extracted from the BIM model, and a
clash detection review process in the preconstruction phase reviews the quality of the fabrication
documents. In the fabrication phase, the information in the fabrication documents was checked before
the prefabrication. Furthermore, the process of carrying the steel frame members to the site was
reviewed by considering the surrounding buildings and the available space, and the approximate
location of the laydown area was confirmed. In the construction phase, the cost and schedule were
linked based on the BIM model, such that the construction of the building could be requested by
the building owner based on quantitative data depending on the construction progress. After the
construction was completed, comparing the BIM model with the measurements that were performed
with laser scanning equipment could control the quality. Most SMEs working on construction projects
obtain qualitative results when the BIM is applied to a specific work process in the preconstruction,
fabrication, and construction phases. Fourth, the end user’s satisfaction with the system function
was investigated to supplement the qualitative analysis result. In order to overcome the limitations
of the single case analysis that was performed in this study, a EUCS survey was conducted among
potential system users. The results of the analysis confirmed the direction for system development and
improvement. In the future, we plan to analyze the effect of BIM application on structures other than
steel frames (e.g., mechanical, electrical, and plumbing engineering) from the perspective of SMEs.
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Abstract: The Singaporean government has made building information modeling (BIM)
implementation mandatory in new building projects with gross floor areas over 5000 m?, but
the implementation is still plagued with hindrances such as lacking project-wide collaboration. The
purposes of this study are to identify critical factors hindering BIM implementation in Singapore’s
construction industry, analyze their interrelationships, and identify strategies for reducing these
hindrances. The results from a survey of 87 experts and five post-survey interviews in the Singaporean
construction industry identified 21 critical hindrances, among which “need for all key stakeholders to
be on board to exchange information” was ranked top. These hindrances were categorized into lack of
collaboration and model integration (LCMI), lack of continuous involvement and capabilities (LCIC),
and lack of executive vision and training (LEVT). LEVT and LCIC contributed to LCMI; LEVT caused
LCIC. The proposed framework implying the key hindrances and their corresponding managerial
strategies can help practitioners identify specific adjustments to their BIM implementation activities,
which enables to efficiently achieve enhanced BIM implementation. The hindrances identified in this
study facilitate overseas BIM implementers to customize their own lists of hindrances.

Keywords: building information modeling (BIM); building project; hindrance; factor analysis;
structural equation modeling (SEM); managerial strategies; Singapore

1. Introduction

Building information modeling (BIM) refers to the integration of technological and organizational
solutions. The solutions can not only enhance inter-organizational and multidisciplinary collaboration,
but also improve the efficiency and quality of the planning, design, construction, and management of
buildings [1-5]. Although the value of BIM is now widely recognized compared with the traditional
drafting practices, it is not possible to reap the full benefits without awareness, commitment, and
capabilities of implementing BIM as well as a realistic view of the adoption status. For example,
Chelson [6] found that BIM operators may be typically young and lack enough field knowledge to
incorporate new work processes into the project workflow. Khosrowshahi and Arayici [7] revealed that
designers and contractors may psychologically contradict the new processes. Forsythe et al. [8] found
that firms would start to implement BIM if policymakers already required, specified, or mandated
them to do that. Otherwise, it would need many years before BIM is more often used. Juan et al. [9]
reported that most firms would use BIM to maintain competitiveness in the market where other firms
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had already implemented BIM in an earlier time. Thus, both opportunities and risks appeal to exist in
BIM implementation.

In the Singapore context, a top-down approach has been used in driving BIM implementation.
The Building and Construction Authority (BCA) has been playing a dominant role and made much
effort to promote BIM. Among which, the most important regulation was a five-year BIM adoption
roadmap. Specifically, all new building projects (both private and public) that have gross floor areas
(GFAs) of greater than 20,000 m? must submit their architectural plans in BIM format for regulatory
approvals since July 2013 and submit their structural and mechanical, electrical, and plumbing (MEP)
plans in BIM format since July 2014. Eventually, all new building projects with GFAs of 5000 m?
and above are mandated to submit their building plans in BIM format, which came into force in
July 2015 [10]. In the meantime, the local construction value chain has been encouraged to work
collaboratively, with part of implementation cost being subsidized [11]. The local government has
also drafted the BIM Particular Conditions to guide the local construction industry to address the
procedures of digital data processing, roles and responsibilities, intellectual property rights, each
party’ extent of reliance on three-dimensional (3D) models, and contractual privity. Consequently,
the overall BIM adoption rate had improved from 20% in 2009 to 65% in 2014; such implementation,
however, tended to be fragmented BIM uses in individual parties, rather than based on project-wide
collaboration [12]. In addition, the building contracts in Singapore are still developed on the basis of
the traditional contractual framework that prohibits collective benefits and encourages individualism.
When problems occur, such a contractual structure would easily thrust project participants into
adversarial positions [13,14]. Overall, most practitioners are conservative to change.

The specific purposes of this study are to (1) identify critical hindrances to BIM implementation
in the Singapore construction industry, (2) investigate interrelationships among the hindrances, and
(3) identify managerial strategies for reducing these hindrances. Given that the BIM submissions
policy in new building projects in Singapore is mandatory, the local practitioners have to be ready
for moving towards full BIM implementation and gain an in-depth understanding of what really
hinders their BIM implementation and how to reduce such hindrances. Although many studies have
investigated BIM implementation in the global construction industry, no studies have been done so far
to comprehensively study the hindrances to BIM implementation in Singapore as the present study
does. Also, few studies have attempted to investigate the relationships among the critical hindrances
and accordingly build a conceptual framework.

The Economic Strategies Committee (ESC) of Singapore has advocated that the local economy,
especially labor-intensive industries, should improve work efficiency to maintain competitiveness [15].
Thus, the planning, design, construction, and management of building projects have a critical
implication. The managerial strategies identified in this study can help the local industry players
eliminate the critical hindrances” negative influence to enhance BIM implementation. Although
this study focuses on building projects in Singapore, overseas practitioners may use the identified
hindrances to prepare their own hindrances and follow the research method to formulate their strategies.
Thus, this study may contribute to the existing literature related to BIM implementation.

2. Literature Review

Through the literature review analyzing 26 previous global studies on BIM implementation, this
study has identified 47 hindrances, as shown in Table 1. It should be noted that in the Singapore
context, the BCA drives the whole value chain to optimize building designs for off-site manufacture
(OSM) which are encouraged in full BIM implementation [11], and intends to develop a BIM guide
for Design for Manufacturing and Assembly [12]. Prefabricators can use the precision of geometric
data contained in building information models to aid the manufacturing process and assembly of
building components on site. Thus, in this study, hindrances related to the integration of BIM and
OSM were also identified. Faced with these 47 hindrances, project teams may not implement BIM
openly and collaboratively. Lam [12] reported that only 20% of building projects in Singapore had
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implemented BIM with a relatively high collaboration level. Thus, the local construction industry has
been facing many issues: owners cannot see beyond initial cost; designers tend to over-emphasize
the BIM e-submissions and lack time to perform design coordination; main contractors can rarely use
the designers” models because in most cases such models were not developed in the same way the
contractors intend to build the buildings; subcontractors, especially those small- and medium-sized
enterprises (SMEs), lack investment for hardware, software, and training; and facility managers are
rarely involved upfront and lack BIM uses [12]. Consequently, the contractors may need to re-build
the models, taking much time, which in turn hinders the collaboration with the designers.
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However, instead of studying all the 47 hindrances holistically, each of the 26 previous studies
tended to only explore part of the hindrances. More importantly, little is known about how the
hindrances may influence BIM implementation in the Singapore context. For example, Khosrowshahi
and Arayici [7] identified the hindrances to BIM implementation at high maturity levels for the
contractors in the United Kingdom, but failed to investigate the factors for other roles in the construction
value chain. Zahrizan et al. [37] identified the factors hindering BIM diffusion in the Malaysian
construction industry with respects to culture, people, technology, and government’s recognition,
but rarely studied BIM work processes and the key role of the local government regarding its active
participation to specify BIM use and its financial support such as defraying a proportion of training and
consultancy costs. Juan et al. [9] explored the hindrances affecting the Taiwan construction industry
to be ready to adopt BIM, but was limited to the architectural firms. Although Oo [38] investigated
some hindrances to move towards the new work processes in Singapore, its main focus was on the
architectural discipline and the identification of driving factors rather than the hindrances. This
present study would fill this gap by identifying the critical hindrances that significantly influenced
BIM implementation in Singapore and analyzing the influence mechanisms among these hindrances,
extending the relevant literature.

3. Method and Data Presentation

Figure 1 presents the research methodology. The literature search indicated that the use of
questionnaire survey technique was appropriate in collecting professional views on critical factors in
previous construction management studies [39,40]. Thus, a questionnaire survey was performed to
investigate the 47 hindrances’ influence on BIM implementation in the Singapore construction industry.
The questionnaire was designed on the basis of the above literature review and refined according to the
comments from five BIM experts who were interviewed face-to-face in a pilot study. All the experts,
who were working for large firms and possessed at least three years’ experience in implementing
BIM in Singapore, were selected to pretest the questionnaire. The final questionnaire collected
general information of respondents, and requested them to rate each hindrance’s influence on BIM
implementation. The ratings should be made regarding one of their ongoing or recently-completed
building projects. A five-point Likert scale (1 = very insignificant; 2 = insignificant; 3 = neutral;
4 = significant; 5 = very significant) was used. Miller [41] found that a human usually can hold “seven
plus or minus two” objects in working memory. In a one-dimensional absolute-judgment task, a person
is presented with a number of stimuli and responds to each stimulus with a corresponding response.
Performance is nearly perfect up to five or six stimuli but declines as the number is increased. Thus, to
make it convenient for the respondents to judge, the five-point scale was adopted in this paper, which
has been widely used in previous studies related to construction management [42—45].

(Hindrances to BIM implementation) Literature
review
T - - Pilot stud, p - A -
( Preliminary survey questionnaire Y »(" Final questionnaire: influence of the hindrances ) Survey
Ranking + normalization i Post-survey interviews
(Critical hindrance groupings )« - Critical hindrances to BIM implememation) Data
Exploratory factor analysis analysis
Proposed conceptual framework to reduce\ Interrelationships among Hypothese
critical hindrances for BIM implementation / \_ the hindrance groupings ypotheses
Partial least-squares
Managerial strategies for reducing \‘ structural equation modeling Validation
critical hindrances for implementing BIMJ (Confirmatory factor analysis + path analysis)

Figure 1. Research methodology.
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The population was comprised of all the organizations that were operating in the Singapore
construction industry. The sampling frame consisted of the BCA, the Urban Redevelopment Authority,
the Housing and Development Board (HDB), the building developers registered with the Real Estate
Developers’ Association of Singapore, the architectural consultancy firms registered with the Singapore
Institute of Architects, the structural and MEP consultancy firms registered with the Association of
Consulting Engineers Singapore, the contractors registered with the BCA, and the facility management
firms registered with the Association of Property and Facility Managers. Among the contractors, it
was considered logical to select only the large ones because they tend to have adequate resources for
BIM implementation. Since there was a sampling frame, a probability sample should be adopted.
Simple random sampling was used in the data collection because each organization was as likely to be
drawn as the others. Finally, the questionnaires were sent to 692 organizations via emails or handed
to them personally. It was considered appropriate that 87 completed questionnaires were received
based on willingness to participate in this study [46]. The response rate of 12.57% was acceptable
because it fell within the general response rate of 10-15% for Singapore surveys [39]. The profile of the
87 respondents is shown in Table 2. The 14 organizations in the “others” category included the BCA,
the HDB, developers, precasters, and other consultancy firms such as multidisciplinary consultancy
firms and a BIM consultancy firm. Thus, the responding organizations could represent major BIM
implementers in the local construction value chain. Moreover, because BIM implementation had been
mandated in Singapore since July 2015, it was reasonable that under half (42.53%) had over three years’
BIM implementation experience.

Table 2. Profile of respondents and their organizations.

Characteristics Categorization N % Characteristics Categorization N %
Respondents Organizations

Government agent 2 2.3 Architectural firm 18 207

Developer 5 5.7 Structural engineering firm 6 6.9

Architect 21 241 MEP engineering firm 13 149

Structural designer 9 10.3 General construction firm 30 345

Discipline MEP designer 9 103 Mainbusiness Trade construction firm 3 34

General contractor 28 322 Facility management firm 3 34

Subcontractor 6 6.9 Others 14 161

Supplier/Manufacturer 2 23

Facility manager 5 5.7
5-10 years 39 448 0 9 103
Work 11-15 years 10 115 Years of BIM 1-3 41 471
experience 16-20 years 8 92  implementation 45 22 253
21-25 years 9 10.3 6-10 13 149
>25 years 21 241 >10 2 23

In addition, after the survey was performed, five BIM experts who had participated in the survey
and were experienced in BIM implementation in the Singapore construction industry were contacted
for personal interviews. During which, they were presented with the results obtained from the survey.
They commented that the findings were in agreement with what they expected. These professionals
were also invited to explain the results which would be discussed in the following sections.
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4. Results and Discussion

4.1. Ranking of Hindrances to BIM Implementation

The Cronbach’s alpha coefficient was 0.974, much higher than the threshold of 0.70 [47]. Thus, the
data collected in this study had high reliability. The ranking of the 47 hindrances to BIM implementation
in the Singapore construction industry was shown in Table 3. A few methods were adopted to identify
the critical factors when Likert scale data were collected in previous studies, but none of them was
established as a standardized method. The threshold value was also not determined. Magal et al. [48]
recognized all the factors that were deemed critical in previous studies. No cutoff point was established
in this said study. Shen and Liu [49] set a cutoff value of 4 because it represented “significant” in the
five-point scale in this study. Nitithamyong and Skibniewski [50] used the middle value of the Likert
scale as the threshold. Xu et al. [51] and Zhao et al. [43] chose the factors with normalized values of
0.50 and above as the critical factors. Won et al. [52] selected the factors with mean values exceeding
the total mean value of the data as the critical factors.

Table 3. Ranking of hindrances to BIM implementation.

Code Mean Rank Normalization* Code Mean Rank Normalization* Code Mean Rank Normalization *

HO1 3.644 8 0.782 H17 3.161 46 0.018 H33 3.540 13 0.618
Ho02 3.494 20 0.545 H18 3.184 45 0.055 H34 3.529 14 0.600
HO03 3.241 41 0.145 H19 3.414 26 0.418 H35 3.506 19 0.564
HO04 3.690 3 0.855 H20 3.264 40 0.182 H36 3.494 20 0.545
HO05 3.678 5 0.836 H21 3.345 34 0.309 H37 3.448 22 0.473
Ho6 3.414 26 0.418 H22 3.333 35 0.291 H38 3.402 30 0.400
Ho7 3.690 3 0.855 H23 3.402 30 0.400 H39 3.241 41 0.145
HO08 3.368 33 0.345 H24 3.241 41 0.145 H40 3.391 32 0.382
H09 3.529 14 0.600 H25 3.149 47 0.000 H41 3.218 44 0.109
H10 3.310 37 0.255 H26 3414 26 0.418 H42 3.667 6 0.818
HI11 3.414 26 0.418 H27 3.713 2 0.891 H43 3.517 17 0.582
Hi12 3.782 1 1.000 H28 3.655 7 0.800 H44 3.425 23 0.436
H13 3.310 37 0.255 H29 3.425 23 0.436 H45 3.529 14 0.600
H14 3.621 10 0.745 H30 3.299 39 0.236 H46 3.644 8 0.782
Hi15 3.425 23 0.436 H31 3.621 10 0.745 H47 3.563 12 0.655
Hile 3.322 36 0.273 H32 3.517 17 0.582 - - - -

Note: Total mean value = 3.451. * Normalized value = (mean — minimum mean)/(maximum mean — minimum
mean). Hindrances with normalized values less than 0.50 would not be considered as critical hindrances.

In this study, the mean scores of the 47 hindrances to BIM implementation in Singapore were
normalized, as shown in Table 3. The hindrances that obtained normalized values of 0.50 or above
were recognized as critical ones. The results implied that out of the 47 factors, 21 were critical in
hindering BIM implementation in building projects in Singapore. Besides, all the mean scores (3.494
and above) of the 21 critical hindrances exceeded 3.451 which was the total mean value of all the
47 hindrances. However, the 22nd hindrance (H37) obtained a mean score (3.448) below this total
mean value. Thus, the results of applying the “comparing mean scores with the total mean value”
method supported the normalization method which was adopted in this study. Among the critical
hindrances, “need for all key stakeholders to be on board to exchange information” (H12) was ranked
top. This result echoed El Asmar et al. [53], which found that early involvement of the contractors to
share expertise and information upfront is key to creating optimal design models early in a building
project. In the post-survey interviews, the experts mentioned that in Singapore downstream parties
were generally not involved upfront, and also suggested that BIM implementation would be efficient
if the entire team (the owner, the designers, the contractors, and the facility manager) could actively
participate from the beginning of the design stage. Indeed, lots of details need to be developed by
specialist contractors who, however, usually used the traditional approach in design detailing. Based
on the ranking of the critical hindrances in Table 3, the practitioners would have a clear knowledge
of the areas of activities of BIM implementation deserving more attention, and establish resources
allocation priorities accordingly.
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4.2. Underlying Hindrance Groupings

In this study, exploratory factor analysis (EFA) was conducted to obtain a manageable set
of hindrance groupings. Such groupings should well represent the 21 critical hindrances to BIM
implementation. The appropriateness of performing EFA with the data collected in this study was
assessed. The Kaiser-Meyer-Olkin value was 0.911, suggesting that the critical hindrances had a high
common variance. The value of the test statistic (chi-square) for Bartlett’s sphericity was 1265.756,
with a p-value of 0.000, indicating that sufficient correlations existed among the hindrances to proceed
with EFA. Thus, the data were appropriate for EFA. The EFA process was terminated after meeting
its widely-used threshold values: (1) 0.60 for cumulative percentage of variance (CPV), indicating
that all the extracted hindrance groupings together should explain at least 60% of the variance of
all the critical hindrances; (2) 0.50 for communalities of all the critical hindrances; and (3) +0.40 for
factor loadings of all the hindrances to be significant [54,55]. The communality of a critical hindrance
presents the total amount of variance that this critical hindrance shares with the rest critical hindrances,
and the factor loadings of a critical hindrance refer to the correlation between this hindrance and the
hindrance groupings.

EFA was conducted using the software IBM SPSS Statistics 20 and the results indicated a
well-defined three-factor structure, as shown in Table 4. The CPV explained from the three extracted
groupings was 64.070%. Additionally, all the factor loadings of the hindrances were above 0.40 and the
communalities above 0.50, indicating a robust EFA. The hindrance groupings were named as “lack of
collaboration and model integration”, “lack of continuous involvement and capabilities”, and “lack of
executive vision and training”, respectively.

Table 4. Results of exploratory factor analysis (EFA) on critical hindrances to BIM implementation.

Hindrance Grouping

Code Hindrances to BIM Implementation Communality
1 2 3
Grouping 1: Lack of Collaboration and Model Integration (LCMI)
H34 BIM model issues (such as ownership and management) 0.757 0.948 — —
HO09 Lack of sufficient evidence to warrant BIM use 0.515 0.707 — —
H36 OSM requires design to be fixed early using BIM 0.701 0.707 — —
H45 Difficulty in multi-discipline and construction-level integration 0.512 0.657 — —
H35 Poor understanding of OSM process and its associated costs 0.712 0.646 — —
H46 Technical needs for multlLilser m()flel access in multi-discipline 0587 0545 o .
integration
H33 Lack of standarq contracts to deal with resPonmblhty/rlsk 0.727 0524 o o
assignment and BIM ownership
H27 Contractual relationships among stakeholders and need for new 0.649 0516 . _
frameworks
28 Traditional contracts protecf 1nd1Yldgallsm rather than 0574 0463 o o
best-for-project thinking
H43 Interoperability issues such as software selection and insufficient 0594 0431 - o
standards
Grouping 2: Lack of Continuous Involvement and Capabilities (LCIC)
Hi2 Need for all key stakeholders t(? be on board to exchange 0.673 o 0.780 o
information
H07 Entrenchment in 2D drafting and unfamiliarity to use BIM 0.712 — 0.760 —
H14 BIM operators lacking field knowledge 0.676 — 0.739 —
H42 Costly investment in BIM hardware and software solutions 0.630 — 0.652 —
H32 Assignment of reSpOnSlbll.lfy/I”lSk t(') constant updating for broadly 0568 o 0.600 _
accessible BIM information
H31 Firms’ unwillingness to invest in training due to initial cost and 0555 . 0557 o

productivity loss
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Table 4. Cont.

Hindrance Grouping

Code Hindrances to BIM Implementation Communality
1 2 3
Groping 3: Lack of Executive Vision and Training (LEVT)
Ho1 Executives failing to recognize fche va¥u§ of BIM-based processes 0.758 o . 0.814
and needing training
Ho4 Lack of skilled employees and need for training them on BIM and 0725 o _ 0.770
OSM
Ho2 Concerns over or uninterested in sharing liabilities and financial 0537 _ _ 0.654
rewards
HO5 Industry’s conservativeness, fear of the unkr}own, and resistance to 0.699 . o 0.620
change comfortable routines

H47 Firms cannot make most use of IFC and use proprietary formats 0.596 — — 0.554
Eigenvalue 11.142  1.256 1.057
Variance (%) 53.059 5979 5.033
CPV (%) 53.059 59.038  64.070

4.2.1. Lack of Collaboration and Model Integration

This critical hindrance grouping accounted for about 53% of the total variance of the 21 critical
hindrances and included 10 hindrances. All the 10 hindrances could be related to the collaboration
and model integration of BIM implementation in the building project. The widely-accepted definition
of BIM proposed by the National Institute of Building Sciences (NIBS) stated that “a basic premise
of BIM is collaboration by different stakeholders at different phases of the life cycle of a facility to
insert, extract, update or modify information in the BIM to support and reflect the roles of that
stakeholder” [56]. The hindrance with the highest factor loading was “BIM model issues (such as
ownership and management)” (H34). Even BIM technology has been used by the designers and
possibly the contractors, the technological process has been suffering from physical and information
fragmentation in different stages of the project. The creation, integration, and use of digital design
models would potentially raise many liability issues because little collaboration was built within the
typical project team [12], such as the anxiety about providing wrong information by the designers [26]
and about offering advice by the contractors. The professionals involved in the post-survey interviews
observed that due to potential liabilities, the team members do not fully exchange data. For instance,
as the principal role in the Singapore context, the architect may change the design frequently without
informing other designers and the contractors, hindering the creation of a composite design and
construction model, whereby, all the parties can work on it. Such issues urged the roles and
responsibilities in the model management process to be established in standard contracts. Even so,
the liabilities may not be solved without trust-based collaboration and proper risk sharing among
the key stakeholders. As mentioned earlier, the building contracts in Singapore are still developed
on the basis of the adversarial contractual system, leading to individualism and isolated working
environment. Thus, three critical hindrances (H27, H28, and H33) that described the fragmented
contractual relationships were related to the trust-based collaboration needed for BIM implementation
among the team.

“Lack of sufficient evidence to warrant BIM use” (H09) obtained the second highest loading.
The post-survey interviewees highlighted that due to the lack of project-wide collaboration, BIM
implementation appeared to remain in an early stage in Singapore; it is unrealistic to expect that in the
short term, the project team can fully reap the benefits that BIM implementation brings. The lonely
BIM adoption among the major stakeholders could also be attributed to the poor understanding of
collaboration and data integration. Thus, “poor understanding of off-site manufacture (OSM) process
and its associated costs” (H35) was also included in this grouping.
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To implement BIM along with OSM, the digital models should be fixed early and fit for off-site
fabrication and on-site assembly (H36), because any changes would be costly after the fabrication
commences [25]. However, design environments were difficult for multi-disciplinary integration at the
construction level (H45) [7] due to “interoperability issues such as software selection and insufficient
standards” (H43) [37]. In addition, the multi-discipline model integration also requires “technical
expertise, protocols, and infrastructure for multiuser model access” (H46) [9,22]. The post-survey
interviewees also suggested that in Singapore different parties tended to use various software or
software versions, creating a difficulty in integrating digital models across disciplines.

4.2.2. Lack of Continuous Involvement and Capabilities

This grouping explained about 6% of the total information of the 21 critical hindrances and
included six of them. Among these, two significant hindrances (H12 and H32) were closely related
to the continuous involvement of the major stakeholders. “Need for all key stakeholders to be on
board to exchange information” (H12) obtained the highest factor loading. The early and continuous
involvement of the owner and the key designers and contractors from early design through project
completion has been advocated for BIM implementation [53]. This would pave the way for the
project-wide collaboration in the subsequent stages of the project. Another high-loading hindrance
was “assignment of responsibility/risk to constant updating for broadly accessible BIM information”
(H32). In the collaborative project team, the processes of creating digital models in the design stage
and using, updating, and managing the models in the construction and operations and maintenance
stages would assign liabilities to different participants as the project proceeds.

Four significant hindrances (H07, H14, H31, and H42) were associated with relevant capabilities
that are necessary for successful implementation of BIM. As recommended by the BIM Project Execution
Planning Guide, the capabilities of each party can be defined as resources (personnel, tools and their
training, and information technology support), competencies, and experience [57]. The second highest
factor loading hindrance “entrenchment in two-dimensional (2D) drafting and unfamiliarity to use
BIM” (HO7) revealed that in Singapore many firms lacked competencies and experience to use BIM [32].
For example, the upfront BIM operators tend to lack enough field knowledge to know what they are
modeling and its constraint in the actual construction (H14); consequently, the digital models may not
be developed correctly. In addition, capital investment should also be included in the resources [42].
Thus, “firms” unwillingness to invest in training” (H31) and “costly investment in BIM hardware
and software solutions” (H42) could also be related to the capabilities of the participants. Compared
with the biggest firms in Singapore that can make most use of BIM, a huge number of SMEs face
adoption challenges such as lacking the capital investment to build up BIM competencies [8]. The
experts involved in the post-survey interviews also stressed the importance of the BIM implementers’
financial capabilities, especially for the SMEs and foreign firms based in Singapore.

4.2.3. Lack of Executive Vision and Training

This hindrance grouping represented about 5% of the total variance and included five hindrances.
“Executives failing to recognize the value of BIM-based processes and needing training” (HO01),
“concerns over or uninterested in sharing liabilities and financial rewards” (H02), and “industry’s
conservativeness, fear of the unknown, and resistance to change comfortable routines” (H05) were
associated with the lack of executive vision among firms, resulting in negative mindsets and behaviors.
In particular, HO1 achieved the highest factor loading, which described that the executives may
not commit on the new working method. In the Singapore context, they tended not to see BIM
implementation as mainstream activity but as additional workload. This value proposition established
the conservative and unsupportive culture of most firms (HO05), hindering BIM implementation in
Singapore. This finding was consistent with Khosrowshahi and Arayici [7] which found inadequate
marginal utility to be realized by using BIM. Another high-loading hindrance was H02. It was
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unrealistic to expect the major stakeholders to be willing to share both liabilities and rewards, although
such sharing would help build transparency, trust, and collaboration within the team.

In addition to the need for training the executives (HO1), “lack of skilled employees and need
for training them on BIM and OSM” (H04) was also related to training. Very often the employees
tended to be reluctant to adopt the new technology and participate in the new workflow [37], while
the post-survey interviewees highlighted the concern about the executives’” willingness to train their
employees in Singapore. One example of such reluctance is that many firms could not take advantage of
the commonly-used data exchange format (Industrial Foundation Classes, IFC), and still use proprietary
formats (H47) which would not enable smooth data exchange with other parties.

4.3. Conceptual Framework and Validation

The conceptual framework was constructed to depict the critical hindrances to BIM implementation
and the hypothetical influence paths among the hindrances groupings (Figure 2). Three hypotheses
were involved in the framework:

Hypothesis 1. Lack of executive vision and training positively contributes to lack of continuous involvement
and capabilities.

Hypothesis 2. Lack of continuous involvement and capabilities positively contributes to lack of collaboration
and model integration; and

Hypothesis 3. Lack of executive vision and training positively contributes to lack of collaboration and model
integration.

Structural equation model
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Figure 2. Conceptual framework to reduce critical hindrances for BIM implementation.

Structural equation modeling (SEM) has been recognized as a good technique in terms of
relationship analysis among variables [42,58]. A SEM model includes structural and measurement
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models. The measurement model presents the relationships between measured variables (the critical
hindrances) and latent variables or constructs (the hindrance groupings), and the structural one
specifies the relationships among the three hindrance groupings. Two types of SEM are commonly-used:
covariance-based SEM (CB-SEM) and partial least-squares structural equation modeling (PLS-SEM).
Compared with CB-SEM, PLS-SEM: (1) ensures a good statistical power when the sample size is
small [59]; (2) can deal with non-normal data sets [60,61]; and (3) can identify key driving constructs [62].
In this study, PLS-SEM was used as the sample size (87) tended to be inadequate for CB-SEM, and this
study primarily aimed to investigate the intergroup relationships and driving hindrance groupings.
In addition, this approach was widely used in project management research conducted both in
Singapore [42,58] and globally [63,64].

SEM can efficiently fit the data and the SEM model. This was because confirmatory factor analysis
(CFA) and path modeling analysis were simultaneously conducted. CFA was performed to test whether
the 21 critical hindrances could represent well the three hindrance groupings. Furthermore, to check
whether the path coefficients (related to hypotheses) were statistically significant, the bootstrapping
technique [65] was applied in this study. Hair et al. [62] suggested that 5000 bootstrap subsamples
should be used, which were randomly drawn from the 87 data sets.

The PLS-SEM analysis results required the following interpretations: (1) reliability and validity
testing; and (2) relationships assessment according to the path coefficients obtained from the analysis.
The reliability and validity of the measurement model should be assessed using the indicators and
their thresholds: (1) 0.70 for the Cronbach’s alpha coefficients [47]; (2) 0.55 for the factor loadings
of the measured variables [66]; (3) 0.50 for the average variances extracted (AVEs) of the latent
variables [67]; and (4) 0.70 for composite reliability (CR) scores [62]. In addition, discriminant validity
should be assessed to test a construct’s distinction from others. Two traditional methods were widely
used in previous studies: (1) the Fornell-Larcker criterion that the square root of the AVE of each
construct should exceed the correlation between this construct and any other constructs [67]; and
(2) the cross-loading assessment that a measured variable’s factor loading on its respective construct
should be greater than its cross-loadings [68].

However, Henseler et al. [69] found that the two traditional assessment methods are not reliable in
terms of detecting the lack of discriminant validity in PLS-SEM. This is because such methods would
result in an unacceptably low sensitivity, especially in the situation that the AVE is low. Instead, this
said study proposed that heterotrait-monotrait ratio of correlations (HTMT) should be a new approach.
The HTMT is the average of the heterotrait-heteromethod correlations (the correlations of the measured
variables across the constructs that measure different phenomena). The HTMT can be used in two
ways: (1) being a criterion; or (2) being a statistical test. If the value of the HTMT is higher than a
predefined cutoff point (0.85 or 0.90), this suggests that the SEM model lacks discriminant validity.
Henseler et al. [69] suggested that 0.90 is more suitable (referred to HTMT( 9p) when the sample size is
around 100 and the AVE values are not high. Alternatively, the HTMT can form the foundation of a
statistical discriminant validity test. The bootstrapping procedure allows that confidence intervals for
the HTMT can be constructed to test the null hypothesis (HO: HTMT > 1.0) against the alternative
hypothesis (H1: HTMT < 1.0). If 1.0 (held in the HO) falls within a confidence interval, it can be
concluded that the SEM model lacks sufficient discriminant validity; conversely, if 1.0 does not fall
within the range of the interval, one may conclude that two constructs are empirically distinct.

Tables 5 and 6 show the results of CFA which was conducted using the software SmartPLS 3. As
indicated in Table 5, all the factor loadings were greater than 0.55, which were significant at the 0.05
level (critical t-value = 1.96). Besides, all the values of the Cronbach’s alpha, AVE, and CR exceeded
their respective cutoff values. Meanwhile, it could be seen from Table 6 that the p-values for the HTMT
tests among the three hindrance groupings were below 0.05, and that the HTMT values were smaller
than 0.90. Therefore, both the HTMT test and the HTMT) g criterion indicated that the SEM model
met the requirements of the discriminant validity. Thus, the measurement model was reliable and
valid for the structural path modeling. In addition, the absolute model fit statistics that were available
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in the PLS-SEM outputs were acceptable. Standardized root mean residual was 0.066, below 0.10
which, as recommended by Hair et al. [55], was the cutoff point, and the Chi-Square value (320.029)
was large. Furthermore, the bootstrapping results in Figure 2 suggested that all the path coefficients
(0.719, 0.449, and 0.414, respectively) for the three hypotheses were positive, with the p-values of
0.000. The coefficients of determination (R?) for lack of collaboration and model integration and lack of
continuous involvement and capabilities were 0.712 (with t-value at 11.662 and p-value at 0.000) and
0.512 (with t-value at 4.671 and p-value at 0.000), respectively. Hence, these statistics validated the
conceptual framework (Figure 2). The subsequent sections will discuss this framework’s rationale.

Table 5. Validity and reliability evaluation of measurement model.

Grouping Hindrance Code  Factor Loading p-Value AVE Cronbach’s Alpha  CR

H34 0.813 0.000 *
HO09 0.680 0.000 *
H36 0.848 0.000 *
H45 0.706 0.000 *
H35 0.849 0.000 *
LCMI H46 0.766 0.000 * 0.618 0.931 0.942
H33 0.850 0.000 *
H27 0.798 0.000 *
H28 0.770 0.000 *
H43 0.762 0.000 *
Hi12 0.798 0.000 *
H07 0.825 0.000 *
H14 0.833 0.000 *
LCIC H42 0.803 0.000 * 0.622 0.878 0.908
H32 0.711 0.000 *
H31 0.757 0.000 *
HO1 0.866 0.000 *
HO04 0.847 0.000 *
LEVT HO02 0.756 0.000 * 0.624 0.848 0.892
HO05 0.732 0.000 *
H47 0.739 0.000 *

Note: LCMI = Lack of collaboration and model integration; LCIC = Lack of continuous involvement and capabilities;
LEVT = Lack of executive vision and training. * The loading was significant at the 0.05 level (two-tailed).

Table 6. Discriminant validity of hindrance groupings.

HTMT Original Sample Sample Mean  t-Value  p-Value
LEVT-LCIC 0.829 0.831 9.797 0.000
LCIC—LCMI 0.879 0.880 10.937 0.000
LEVT—LCMI 0.866 0.866 19.653 0.000

Note: LCMI = Lack of collaboration and model integration; LCIC = Lack of continuous involvement and capabilities;
LEVT = Lack of executive vision and training.

4.3.1. Hypothesis 1

This hypothesis that the lack of executive vision and training positively contributes to the lack
of continuous involvement and capabilities was supported by the PLS-SEM analysis results. BIM
implementation requires not only sufficient resources such as costly infrastructure, but also competent
and experienced personnel that can be trained or engaged from the market [57]. Insufficiency of any
kind of the capabilities would hinder BIM implementation. This tallies with the post-survey interviews
that in practice the practitioners in Singapore should be provided with training and education programs
as well as technical support for BIM adoption. This is because they may not be knowledgeable and
experienced about a higher level of BIM implementation. In most cases, the executives can determine
the allocation of the capital investment to purchase and upgrade the infrastructure, and the sponsorship
of training programs [42]. However, the post-survey interviewees also reported that the management
of many firms in Singapore tend to keep things under control as they previously did, because compared
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with the relatively straightforward implementation cost, the benefits of BIM implementation tend not
to be so concrete. Thus, without the executive support (HO1), training sessions could not be arranged
(HO04 and H47), and a higher resource allocation priority could not be obtained, leading to the lack of
the capabilities among the major stakeholders (H07, H14, H31, and H42).

In addition, the continuous involvement of the major stakeholders is crucial to BIM
implementation [53]. Nonetheless, the professionals involved in the post-survey interviews pointed
out that in the Singapore context, the downstream parties are often vary of providing professional
advice in the design modeling due to potential liabilities, and the upfront parties are cautious about
providing design information in the later stages. The stakeholders are unaware of or unwilling to
internally waive the liabilities in the project team (H02), and tend to be reluctant to change their
customized ways of working and blaming (H05). Nothing is more critical to BIM implementation than
a supportive project culture, which depends largely on the project leadership team. Thus, the lack of
executive vision and mission would hinder the continuous involvement of the key stakeholders (H12)
and the constant model updates (H32).

4.3.2. Hypothesis 2

The hypothesis that the lack of continuous involvement and capabilities positively contributes to
the lack of collaboration and model integration was supported. Collaboration is the precondition to
BIM implementation because the major stakeholders need to communicate and exchange information
with others to complete their scopes of work. The early and active involvement of the downstream
stakeholders is critical to building trust and sharing knowledge with others, which facilitates the
project-wide collaboration needed for multidisciplinary model integration [53]. Thus, the lack of
continuous stakeholder participation (H12) prevents the team from working collaboratively (H27).
On the other hand, the collaboration between the design team and the construction team will not
intrinsically lead to a blending of disciplines [16]. In the Singapore context, even in the construction
phase, there was generally insufficient collaboration between the design consultants and the contractors.
The communication between the designers and site managers was weak. Under the current contractual
framework of Singapore, the relationships tend to be adversarial. The constant updating and
management of broadly accessible digital information would potentially subject the designers and
the contractors to increased liabilities as the project proceeds [26]. Therefore, the lack of proper
assignment of responsibilities and allocation of risks (H32) would point to the need for collective
risk management and model management (H28, H33, and H34). In addition, plenty of resources
upfront are also needed to create and fix the model early (H36). Thus, the lack of capital resources
(H31 and H42) creates a difficulty in the model integration (H43, H45, and H46). Moreover, the
staff may unconsciously evaluate whether their knowledge, skills, and experience are good enough
to enable them to be involved in the BIM-based work practices. If they regard themselves as less
competent and experienced individuals in working with BIM (H07 and H14) or have not yet learnt
about similar success stories, they would not actively use BIM (H09). Because of human nature, the
negative mindset and passive behavior may in turn keep their inertia to continuously learn about
relevant processes (H35). This would result in fragmented or discipline-specific BIM implementation,
rather than project-wide collaboration and multidisciplinary design modeling and integration. In
the post-survey interviews, the experts also emphasized the importance of building a high level of
capabilities in the project team, as experienced and skilled personnel that can lead BIM modeling teams
are still lacking in the current market in Singapore.

4.3.3. Hypothesis 3

This hypothesis that the lack of the executive vision and training positively contributes to the lack
of collaboration and model integration was also supported. It is worth noting that when faced with
change, people would possibly react in their accustomed and comfortable ways as well as be biased
against the reality [70]. The executives may be unwilling to change (H01) when they have long been
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psychologically entrenched in the traditional drafting practices [7] and cannot see the value of BIM in
increasing inter-organizational collaboration and improving work efficiency [1]. It has been verified
in numerical studies and projects that BIM implementation can facilitate information integration
across the lifecycle, and close collaboration among the participants [71,72]. People may still bias or
ignore the reality (H09) and be reluctant to learn the new working method (H35). The post-survey
interviewees also highlighted that although the executives of many firms in Singapore change to use
3D tools, the leadership style appeals to continue to keep a 2D mindset (H05). Additionally, without
the pre-agreed liabilities and rewards sharing arrangements (H02), the downstream parties, if involved
upfront, would work financially at risk (H28 and H33) and lack motivation and enthusiasm to work
collaboratively with others (H27). Some stakeholders may take advantage of information asymmetry
at the cost of other stakeholders. They think that the efforts spent in collaborating with others toward a
“win-win situation” would discourage them from optimizing the benefits they could have obtained [8].
Consequently, the project-wide transparency and collaboration cannot be built; the construction and
operations expertise cannot be incorporated into the upfront design modeling and multi-disciplinary
coordination (H36), and potential liability issues would inevitably be raised in the dynamic model
management in different phases (H34). Furthermore, if the IFC data exchange format is not used by all
the parties (H47), the cross-enterprise design integration would be difficult (H43 and H45). Besides the
interoperability standards and guidelines, local experimentation and continuous learning play a central
role in BIM implementation [1]. Thus, the lack of training programs (H04) hinders the continuous
improvement of the skill sets (H46) required by the model integration and management throughout
the project.

4.4. Managerial Strategies

To reduce the 21 critical hindrances to BIM implementation, six managerial strategies (Figure 2)
have been proposed based on the data analysis results. These strategies can not only help the leadership
teams of building projects in Singapore to reduce possible hindrances in their BIM implementation
practices, but also provide insights for the local government to refer to when rolling out new regulations
related to BIM implementation.

Executive commitment (MS1). The planning, design, construction, and operations and maintenance
processes have been increasingly relying on the information models [26]. The executives of the primary
project participants should recognize the inevitable change to adapt to the information-oriented project
delivery and continually commit on BIM diffusion which will probably be stunted if the participants
cannot implement their part of BIM (HO01 and H09). With the tone of changing at the top, the employees
who carry out day-to-day work on the shop floor must change their passive mindsets and behaviors
(HO05). Moreover, the willingness of implementing BIM is also affected by the Singapore government’s
policies, competitor motivation, financial incentives, and technical support [9]. The post-survey
interviewees recommended that in addition to the existing government mandate and support in
Singapore, incentives such as additional GFA for the owner and a series of objective performance
milestones for the designers and contractors need to be formulated.

Involvement and integration (MS2). The participants should be early involved and physically
collocated to build trust and collaboration as the BIM adoption in Singapore tended to be firm-based.
Specifically, the key contractors, manufacturers, and facility management team downstream can
contribute their knowledge and experience in the digital design modeling upfront (H12), which enables
to fix the design early and build constructability in the design (H36). Otherwise, problems may occur
in the subsequent stages where design changes would be costly. The close collaboration and frequent
communication upfront may help address the interoperability issues such as by using predetermined
software or software versions and interoperability standards (H43). This can align fragmented BIM
adoptions in different participants by integrating their discipline-specific models. Furthermore, these
preparatory work would also serve as the basis of collaboratively managing the digital model in the
later stages (H34).
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Standard contract (MS3). An updated version of the BIM Particular Conditions in Singapore
should be developed as the standard contract (H33) to incorporate the BIM work processes into the
local contractual framework because the current version was partly completed [73]. As mentioned
earlier, currently, the design processes may not be collaborative because the design team and the
construction team in Singapore tend to individually create different models. The new multi-party
contract should be set by the local government and incentivize the participants to openly share data,
which helps improve the contractual relationships (H27) among these primary participants because
they can act as a collaborative team (H28). Besides, the flow of information can also be ensured in
the model management. In addition, the owner should set relevant contractual requirements on BIM
when building the project team. Otherwise, the service providers” motivation and willingness of
implementing BIM in practice would be affected [33].

Aligning business interests (MS4). Sharing business interests should be agreed on by all the
key stakeholders (H02) in the contract. This will build the necessary trust and the continuous
collaboration among the participants [53]. All the participants should have a clear understanding of
the opportunities, risks, and responsibilities when incorporating BIM work practices into the project
workflow in Singapore. Sharing risks (H32) forces them to be responsible for the project rather than
shifting risks or blaming their partners, whereas sharing rewards drives the team to think and behave
in a best-for-project manner. These avoid the downstream parties from working at risk upfront.
Furthermore, the individual corporate goals are bound with the project outcomes. It is worth noting
that individual parties can leverage BIM only when it is successfully implemented in the project.

Sufficient resources (MS5). The management should allocate sufficient resources which are not
limited to the skilled personnel, tools (H45 and H46), and information technology support, but also
the capital investment (H31 and H42). For example, BIM software have been constantly improving
to enable the cross-discipline integration at the construction level. The post-survey interviewees,
however, reported that the hardware in many firms in Singapore cannot support the advanced software
applications efficiently. In addition to the local government’s subsidies, the primary participants
should also invest in improving their infrastructure. It should be noted that BIM implementation may
span many years; those who achieve enhanced BIM implementation will gain a competitive advantage
when bidding for building projects in future, which in turn helps convince them to guarantee the
sufficiency of the resources [74].

Training for competencies (MS6). Apart from the awareness and willingness to implement BIM,
technical knowledge and ability is also needed [8]. Training programs should be provided to build
the staff’s competencies (H04, H07, H14, H35, and H47) and thus reduce their anxieties about their
qualifications for being involved in the new project workflow in Singapore. Once the project team is
built, the owner may provide trainings to the service providers on how to use new software applications,
reinvent workflow, assign responsibilities, and collaborate with others using interoperability tools
like IFC. For instance, it is imperative in practice to maintain integrity across design models, because
changes are made to the different models by their respective disciplines. Both manual updates using
IFC and smart automated transactions in BIM servers require specialized expertise. In addition, the
major stakeholders should also arrange constant in-house training and education programs to help
their staff adapt to new policies and work rules and procedures.

5. Conclusions and Recommendations

This study has examined the hindrances to BIM implementation in building projects in Singapore
and explored the interrelationships among these hindrances. The analysis results from the questionnaire
survey and the post-survey interviews implied that 21 out of the 47 hindrances were deemed critical.
If everything is important, nothing is manageable. The top-ranked hindrances represented the most
important areas of activities of BIM implementation. Since resources are usually limited in a project,
the project leadership team should allocate resources for such areas rather than all the key areas.
Additionally, the 21 critical factors hindering BIM implementation were grouped into three categories:
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lack of collaboration and model integration, lack of continuous involvement and capabilities, and
lack of executive vision and training, which were confirmed by CFA. Furthermore, these hindrance
groupings and the intergroup relationships formed a conceptual framework. This framework could
depict the key hindrances of BIM implementation in the Singapore construction industry. According to
the path modeling analysis results, the lack of executive vision and training and the lack of continuous
involvement and capabilities contribute to the lack of collaboration and model integration, and that
the lack of executive vision and training results in the lack of continuous involvement and capabilities.
Thus, the key areas described by the hindrances in the driving hindrance grouping “lack of executive
vision and training” should also have top management priority. According to the ranking of and the
relationships among the critical hindrances, six managerial strategies are proposed for project teams to
overcome these hindrances.

There are limitations to the conclusions. First, the critical factors hindering BIM implementation
might not be exhaustive. These factors might not be continuously true as time passes. Second, the data
analyzed in this study were collected from the BIM implementers in Singapore, which may restrict the
interpretation and generalization of the analysis results.

Nonetheless, the managerial strategies proposed in this study are not only applicable in the
project teams in Singapore, but also hold true in overseas building project teams. This is because: (1)
overseas project teams may also use the hindrances to BIM implementation identified in this study
and follow the methodology used in this study to customize their own lists of hindrances, with minor
adjustments. Similar to Singapore, other countries are also encouraging, specifying, or mandating
BIM uses in publicly-funded building and construction projects by issuing a variety of BIM policies
and standards [75,76]. Other countries such as the United States, the United Kingdom, and Australia
also only have gone a step further to include elements of relational contracting which stress on shared
rewards and responsibilities to break out of the conservative industry culture; (2) the governments
that have not made much effort to incentivize BIM implementation can refer to these managerial
strategies to purposefully and efficiently formulate and roll out their plans and policies. They may
conditionally mandate BIM uses in their construction and building projects, establish national data
exchange standards for enhanced multidisciplinary model integration, and provide technical support
such as by defraying a proportion of the capital investments in software purchase, subscription,
updating, and training; and (3) the proposed conceptual framework indicating the groupings of
the critical hindrances as well as the intergroup cause-effect relationships is novel and can help the
BIM implementers identify specific adjustments to their BIM implementation activities for efficiently
enhancing BIM implementation. Thus, the main findings of this study contribute to the scholarship in
terms of BIM implementation.

Reducing the critical hindrances to BIM implementation requires the project team, including the
executives and employees of the major stakeholders, to change the accustomed work practices. Thus,
with support from the conceptual framework constituted and validated in this study, future publications
would propose an extended change framework for the project organization to systematically guide the
primary participants and their staff to change.
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Abstract: Mobile Building Information Modeling (BIM) is noted for tools that enable the systematic
interchange of information and contribute to enhancing collaborative performance through BIM.
BIM programs, which are continuously available in the mobile environment, have been developed.
Moreover, in some sites, mobile BIM is applied to generate benefits in projects. Various efforts are
being made to use mobile BIM; however, its utilization is low. Also, mobile BIM has lacked an
analysis of the factors that affect actual users” acceptance of mobile BIM. Therefore, this study analyzes
the factors that affect the acceptance of mobile BIM by construction practitioners and presents the
association of factors as a model to activate mobile BIM use. To this end, this study analyzed a
literature review for suggesting the factors that were expected to affect mobile BIM acceptance. The
assessment items were decided based on the analysis result. Second, 111 copies were received by
surveying the construction practitioners. Third, it identified factors that significantly affected the
acceptance of mobile BIM and proposed models through factor analysis and structural equation
models. Finally, based on the analysis, it presented the findings. This study expects to contribute to
enhanced acceptance of mobile BIM technology by managing the significant factors properly. Also, it
is expected that the result can be used to develop a variety of mobile BIM that is more easily acceptable
to them. This study presented a model for accepting mobile BIM based on the survey results of
Korean practitioners; therefore, it is necessary to explore ways to generalize the model in the future.

Keywords: BIM; open BIM; mobile BIM; mobile application; technology acceptance model (TAM)

1. Introduction

1.1. Research Background

Since the 2000s, building information management (BIM) has been used in construction projects
for various purposes, and the devices used for BIM have become more diverse. Initially, BIM was
implemented on an office environment; however, BIM in the office environment is difficult to share, so
real-time communication with the construction site was challenging. As a result, various technologies
that enable real-time information use were applied, such as web-based cloud applications [1,2], virtual
reality, and augmented reality [3,4]. Further, handheld devices, such as mobile phones, have enabled
real-time information use [5].

The use of mobile devices in the construction field for information utilization is changing. Further,
the way the project stakeholders operate is also changing. Mobile phones allow portability, thus enabling
real-time communication between the system and the project stakeholders [6]. Mobile-based BIM can
enhance the collaborative performance of BIM, thus enabling the linked exchange of information [7].
Mobile programs in construction are used for viewing and managing drawings and documents, safety
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management, and communication. According to a survey by the Architectural Urban Research and
Information Center (AURIC), approximately 40% of the respondents said they used mobile programs,
and they used functions for managing drawings and documents, checking construction codes, checking
drawings on the site, checking modifications in the construction situation, and so on [8].

With the development of various mobile programs for utilizing BIM, it is possible to quickly check
and modify 3D information in real time. Since 2011, many companies have launched BIM programs
that can be supported in mobile environments [8]. Most existing BIM tools were based on an office
environment such as Revit and ArchiCAD; however, the use of mobile programs in the BIM field is
increasing due to the development of tools based on mobile environments such as A360, BIMx, and
Formit. Over time, it was observed that certain mobile BIM users reaped benefits in their projects, such
as cost reduction and reduction of the rework rate [9]; therefore, there are efforts to improve mobile
BIM usage even though the current utilization is low.

The reasons for this lack of mobile BIM usage in Korea were investigated, and it was noted
that factors such as the age of the expected users [8] and inconsistencies between the actual working
processes and BIM processes [10] were primarily responsible. However, another study reported that
experience and age did not significantly affect the use of mobile BIM use [11]. Therefore, there is
no overarching reason that can explain why mobile BIM as a technology has not been accepted by
real users.

The technology acceptance model (TAM) defines external factors that affect the behaviors of users
who accept a technology. Acceptance is defined as a psychological and technological state in which an
individual or organization is prepared to use the technology smoothly. The TAM enables a definition of
a significant factor that affects user accommodation of technology. TAMs are currently used in various
fields, such as travel [12], sports [13], and shopping [14], among others, and are also used in the BIM
field to analyze general BIM acceptance [15] and BIM acceptance in organizations [16,17]. If mobile
BIM systems can also utilize the TAM, it is expected that an effective user-based technology acceptance
analysis will be possible.

Therefore, this study aims to present significant findings on the activation of mobile BIM usage
through a mobile BIM acceptance model through analyzing surveys of construction practitioners. First,
we analyzed existing literature on mobile applications of the TAM and BIM TAM to find the external
and internal variables that affect mobile BIM acceptance. Second, the hypothesis for the relationships
between the variables was established based on the TAM2 and Information System (IS) models. Third,
a survey was conducted based on the analysis results and hypothesis. Fourth, the results of the survey
were analyzed using a structural equation, and the significant external variables for a mobile BIM TAM
were suggested. Therefore, this study is expected to contribute toward basic research on the active
adoption of mobile BIM technologies.

1.2. Research Methodology

As part of the efforts to improve the use of mobile BIM, this work analyzes the relationships
among factors affecting acceptance of mobile BIM by construction practitioners and presents a mobile
BIM TAM. The research processes followed are classified thusly.

(1) Define the mobile BIM characteristics based on a literature review: The characteristics of mobile
applications and BIM were defined through a literature review to suggest TAMs. The analysis
results were assessed for external factors that affected mobile BIM acceptance.

(2) Collect data to propose a mobile BIM TAM: The survey responses from construction practitioners
(i.e., designers, contractors, Construction Managers (CMs), and BIM contractors) were collected.
An overview of the data collection process is as follows.

The survey data were obtained from a sample of experienced BIM users or those experiencing
BIM at work. The survey was conducted between 22 March and 29 April, and a total of 111 responses
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were received. Each question was measured on a 7-point Likert scale ranging from “strongly disagree”
to “strongly agree.”

Among the 111 respondents, 31 were designers, 37 were from construction management
organizations, 11 were from construction organizations, 18 were engineers, and 14 were researchers.
The respondents’ average experience in construction was about 11.6 years and the average experience
with BIM was about 3.5 years. Their average preference for using BIM tools was 5.84 points on the
7-point Likert scale. The respondents’ characteristics are detailed in Table 1.

(3) Explore key factors for mobile BIM acceptance through factor analysis: The survey results were
analyzed as follows. A principal component analysis (PCA) of the factors was conducted using the
software package IBM Statistics SPSS 21.0. The results are shown using the Kaiser-Meyer—Olkin
(KMO) measure and Bartlett’s test. Through this analysis, variables that did not have a significant
impact on mobile BIM acceptance were removed, and the assessment items were classified as
significant factors.

(4) Validate the proposed model using a structural equation model (SEM): A hypothesis was
established for the relationships between the factors from the factor analysis results. An analysis
of the SEM was conducted using the software IBM Statistics AMOS 21.0 to validate the hypothesis.
The result shows the ratio of x? to the degrees of freedom (df), root-mean-square residual (RMR),
parsimonious goodness of fit index (PGFI), Tucker-Lewis index (TLI), comparative fit index
(CFI), and root-mean-square error of approximation (RMSEA). We eliminated the insignificant
hypothesis of the set assumptions based on the path analysis results. Further, we checked the
convergent validity and discriminant validity of the proposed model on the confirmatory factor
analysis (CFA).

Table 1. Characteristics of the respondents (1 = 111).

Measure Frequency %
Designer 31 27.9
, M 37 33.3
the Resp.o nd'ent s Contractor 11 9.9
Organization N
Engineer 18 16.3
Researcher 14 12.6
Total
Respondent’s Average Construction Industry Approx. 11.6 years
Experience BIM Approx. 3.5 years
Preference for Using BIM Tools 5.84/7

2. Literature Review

2.1. Mobile BIM in the Construction Industry

A mobile device is defined as a personal tool that is portable [18,19] and touchable [20,21]. Because
mobile devices are portable, they enable checking and writing information regardless of the location.
Devices referred to as being mobile include smartphones, smart pads, and service books [8], and
mobile devices can use software applications that provide multipurpose convenience. Accordingly,
mobile devices and applications allow users to add or delete functions according to their personal
preferences while developing and using new applications as needed.

Mobile device use is increasing owing to characteristics such as the outdoor production of
construction projects and the use of mobile devices by construction engineers to carry out field processes
effectively [22]. Mobiles in construction are expected to contribute to reductions in construction time,
capital costs, features, and components, while increasing the overall productivity [23].

BIM has been widely used in construction projects since the early 2000s. BIM is an integrated 3D
object-based information storage system, which is used to pre-review tasks through model visualization,
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such as building design, clash detection, and quantity calculation. Currently, the scope of the original
BIM work has expanded considerably. BIM is also used in specialized fields such as structural analysis,
energy analysis, and regulation checks. It is used in the design and construction phases, as well as in
building inspection during the maintenance phase. However, it is difficult to utilize BIM in construction
sites for real-time communication because the information is thus far generated and shared only in the
office environment. Mobile BIM appears to improve the difficulty in sharing information and better
utilizes BIM.

Mobile BIM is defined as a mobile-based system that can be used on smartphones, smart pads,
and surface books, and provides an environment in which BIM data can be utilized regardless of the
location [8]. For example, mobile BIM is available in the applications of A360, BIM 360, BIM 360 Ops,
BIM 360 Field, BIMx, Field 3D, FINAL CAD, Formit, etc.

Mobile BIM can address many issues that arise due to the difficulty in sharing information
between teams in the collaboration process. On some sites, mobile BIM has significantly reduced costs.
For example, FINAL CAD, a Mobile BIM, reduces construction time by an average of 11%, rework
rate by an average of 25%, and defect rate by an average of 50% at construction sites worldwide [9].
Mobile BIM can reduce the safety, paperwork, and drawing management by three times. Moreover, it
is expected that a mobile environment will enable providing desired functions according to personal
preferences based on the characteristics of the mobile devices themselves.

Various attempts have been made to use mobile BIM in practical applications. Mobile BIM is used
on mobile platforms in certain projects for safety management or quality management by focusing on
the construction phase; however, it is still underutilized. The reasons for low utilization of mobile BIM
could possibly be the low usage of BIM tools and the age and experience of the users. However, other
studies have noted that age and experience do not significantly affect the use of mobile BIM [24]. Low
mobile BIM usage can also be interpreted as a lack of analysis regarding the factors that affect actual
user acceptance and utilization.

2.2. Theories Related Technology Acceptance

To promote the use of mobile BIM, this study analyzed the factors and relationships affecting the
acceptance of mobile BIM by construction practitioners based on the TAM and information system
(IS) success model. This study considered the TAM, IS success model, model of innovation resistance
(Ram, 1987), and diffusion theory (Rogers, 2003), among others, and adopted the TAM and IS success
models to establish the research hypothesis.

The TAM is the most common theory to evaluate technology usage. The TAM expresses the
relationships between factors that affect the acceptance of the technology. The IS success model is
also the basis for other similar theories since it was revised in 2003. The IS success model expresses
the factors that affect the use of technology. It is still used to evaluate technology such as a digital
library [25], online learning [26], a mobile catering app [27], and so on.

Mobile BIM is used to improve an individual’s work and enhance the organization’s work, such
as BIM. As a result, the variables associated with an organization must be reviewed to evaluate mobile
BIM. Accordingly, we adopted TAM2 to evaluate social factors and the IS success model to evaluate the
success of the information system. The other theories were excluded because the model of innovation
resistance diffusion theory contained many variables that have similar meaning with the TAM and IS
success models.

The TAM originates from the theory of reasoned action (TRA). It uses the constructs “perceived
usefulness” and “perceived ease of use,” which are the individual hypotheses that are affected by
external variables. The TAM is used to indicate the relationships between external variables that affect
users’ acceptance of technology and the factors that affect their actual behaviors. This model assumes
the relationships among the external variables, perceived usefulness, and perceived ease of use (see
Figure 1). However, because the TAM is founded on the individual hypothesis, it has a limitation in
that the effects of social influence are ignored.
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TAM(Davis, 1989)
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Figure 1. Davis’ Technology Acceptance Model (TAM) (1998, 2000).

To improve this, Venkatesh and Davis [28] suggested the TAM2 (or ETAM) as an extension
of the original TAM. TAM2 is included as external variables such as subjective norms, which are
related to social influence [23]. The TAM2’s external variables can be distinguished by both the social
influence process and an identical tool process. The social influence process includes subjective norms,
voluntariness, and image, whereas the identical tool process includes job relevance, output quality,
and result demonstrability [29]. More recently, the TAM3 has been proposed, suggesting additional
external variables that may affect perceived usefulness [30].

Also, DeLone and McLean proposed the IS success model [31,32] to assess the successful use of
information systems. They proposed the original IS success model in 1992, which initially adopted
system quality and information quality as the independent variables and expressed the impact as
individual impact and organizational impact in four phases. Many researchers have expanded this
model and the details; therefore, DeLone and McLean proposed an advanced IS success model in 2003
(see Figure 2).

In the advanced IS success model, service quality, which was perceived as a lower variable, was
added as an independent variable, and the model was organized into three phases by integrating the
individual and organizational impacts into net effects. The expanded IS success model is divided into
six areas: system quality, information quality, service quality, use, user satisfaction, and net benefit.

Mobile BIM has the characteristics of BIM as an information system used for the benefit of
an organization to enhance collaborative performance and to improve the sharing of information
organically. Therefore, the research theory was established by referring to the expanded TAM?2,
including the social impact variables and the IS success model, which presented the success factors
of the information management system. If essential factors that affect technology acceptance can be
controlled, it is expected that the active adoption of such technology may be possible. Further, it is
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expected that these results will assist mobile BIM developments that can more easily accommodate
users by reflecting factors that affect their acceptance of technology.

IS Success Model(DeLone & Mclean, 1992)

System

Individual Organizational
Impact Impact

v
User
Satisfaction

Information
Quality

System

Information

Information
Quality

Satisfaction

Figure 2. IS success model (1992, 2003).

3. Exploring the Key Factors for Mobile BIM Acceptance

3.1. Key Factors for Mobile BIM Acceptance

In this section, the exploratory factor analysis results are presented to establish a hypothesis for
the mobile BIM acceptance model based on the survey results. The survey items comprise external
variables that are expected to be significant to mobile BIM acceptance by referring to the TAM2 and
IS success models, as well as previous studies related to the mobile TAM or BIM TAM. This study
reviewed the relevant theories and literature reviews written in Korean and English related to the
BIM TAM and mobile TAM that were published up until 2018 from around the world. Thus, the
survey items are expected to be significant to construction practitioners worldwide. The representative
literature is summarized in Table 2.

Literature reviews on the BIM TAM or mobile TAM aim to improve the users’ skills and increase
the amount of information that is targeted. First, mobile capability is based on constant internet
access, ease of communication, and convenience of portability. The literature reviews related to mobile
TAM adopted the quality and usability of application functions as external variables and verified the
relationships between variables by adopting the perceived usefulness, usability, and use as the internal
variables. Next, BIM improves individual convenience and organizational convenience using visual
objects that contain information. The literature reviews related to the BIM TAM adopted external
variables, not only on the quality of the system, but also on the organizational factors. Therefore, the
external variables adopted the information technology characteristics in literature reviews.

Factors derived from literature reviews are summarized as follows: First, technology quality
comprises key factors related to the performance of the tool that is being used, including system quality,
information quality, service quality, and cost. Second, behavior control comprises key factors related to
the environment in which the tool is expected to be used, including internal support, external support,
internal pressure, and external pressure. Third, personal competency comprises key factors related
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to the individual’s psychological state toward the tool that is to be used, including self-efficiency
and personal innovativeness. Fourth, organization competency comprises key factors related to
the group psychological state toward the tool that is to be used, including collective efficiency and

organization innovativeness.

Table 2. Literature Reviews on key factor for Mobile-BIM Acceptance.

Category Author Details Key Factors Countries
Mobile [20] Analyze the impact of mobllg appl}catlon User usabll{tx mformanfm quality, Korea
characteristics on user satisfaction. stability of security

Presents factors that affect mobile Utility, usability contents

Mobile [18] application usage. Analyze the effects of Y, usabLty ! USA
. - . entertainment, cost
factors using statistical analysis.
. Suggegt factors that affect mobile Usability, efficacy, innovativeness,
Mobile [21] application acceptance. Analyze the secuit Korea
impact relationship of factors. Y
Performance expectancy, effort
Analysis of key factors that affect the expectancy, social influence,
Mobile [11] mobile application acceptance and entertainment motivation, social Korea
present the findings. utility motivation, communication
motivation
Mobile 33] Present the acc_eptanc_e model for a Trust, mr.lovatlvenes.s, rel:fmonshlp USA
mobile service. drivers, functionality
BIM [34] Analyzelthe major factors of BIM software  Usability, funct19nahty, business, USA
selection to improve the use of BIM. experience
Analyze factors affecting BIM acceptance Technology quality, behavior
BIM [15] . . X control, personal competency, Korea
and the impact relationship of factors. L
organizational competency, cost
Analyze the key factors in BIM Social impact. personal impact
BIM [35] acceptance from the point of view of CMs. pact, pe pact USA
. business impact
Present the strategy of using BIM.

Human-related factors,

Analyze critical success factors that affect industry-related factors,
BIM [36] the acceptance of BIM technology and project-related factors, Korea

present the findings. policy-related factors,

pesource-related factors

3.2. Exploratory Factor Analysis of the Key Factors

The survey conducted as part of this study collected 111 sets of responses from stakeholders in
the construction industry (i.e., designers, contractors, CMs, engineers, and BIM contractors). A factor
analysis was performed to remove external variables that did not significantly affect the acceptance of
mobile BIM and its separate assessment items that had a significant impact on similar factors. First, a
PCA was performed for factor extraction, and the varimax method with Kaiser normalization was
performed as a factor rotation method. As a result, 10 items were eliminated from the 39 items that
impeded the validity of the analysis. These excluded items are related to screening composition of
system quality, items related to cost, and items related to the education of internal support systems.
Second, the remaining 29 items were analyzed using factor analysis (see Table 3).

First, the KMO measure provides the statistical figure to which relationship between variables is
well explained by the other variables, and it indicates the fitness of the variables selected by the factor
analysis. In general, a KMO measure of 0.90 or higher is considered highly appropriate, and a KMO
measure of less than 0.50 is considered unacceptable. The KMO measure of this study was 0.870. This
implies that the 29 selected variables were appropriately selected. Next, Bartlett’s test of sphericity
checks whether a factor analysis model is appropriate by determining the model’s goodness of fit with
the p-value. Bartlett’s test of sphericity showed a p-value less than 0.05; thus, the factor analysis model
was assumed to be appropriate for the study. Meanwhile, the cumulative dispersion value of the data
was 77.746%, and the results of factor analysis had a high description.
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Table 3. Results of the factor analysis.

Component Items Factor Loading Eigenvalue Cumulative % Cronbach’s «

SVQ2 0.885 10.906 37.606 0.958
1Q3 0.868
SVQ4 0.863
SVQ3 0.854
Tool Quality 1Q2 0.844
SVQ5 0.819
1Q1 0.807
104 0.785
SVQ1 0.772
SYSQ2 0.708

ES1 0.893 4.714 53.862 0.946
EP1 0.871
EP2 0.861
Behavior EP3 0.857
Control IP1 0.808
1S3 0.805
P2 0.796
ES2 0.742

PE2 0.922 3.218 64.957 0.897
Personal PE4 0.887
Efficacy PE1 0.869
PE3 0.839
P12 0.561

L 013 0.905 2.654 74.109 0.907
movatveness 072 0858
o1 0.806

Collective CEd 0.790 1055 77.746 0.932
Efficacy CE3 0.764
CE1 0.696

Kaiser-Meyer-Olkin Measure of Sampling Adequacy 0.870

Approx. Chi-Square 3172.681
Bartlett’s Test of Sphericity df. 406
Sig. 0.000

SYSQ: System Quality, IQ: Information Quality, SVQ: Service Quality, IS: Internal Support, IP: Internal Pressure,
ES: External Support, EP: External Pressure, PI: Personal Innovativeness, PE: Personal//; 07uiii efficiency, OI:
Organization Innovativeness, CE: Collective efficiency

The first factor included 10 items, the second factor included 8 items, the third factor included
5 items, and the fourth and fifth factors included 3 items each. The first factor was named technology
quality, the second was named behavior control, the third was named personal efficacy, the fourth was
named organization innovativeness, and the fifth was named collective efficacy. These factors were
used as the external variables in the TAM model. The details of each factor are described in Section 4.2:
Research Hypotheses.

4. Proposed Mobile BIM Acceptance Model

4.1. Overview of the Proposed Model

The relationships among the key factors presented in the literature review and factor analysis
were established in the form of a hypothesis to present a model for mobile BIM acceptance. First,
the external variables adopted were tool quality, personal efficacy, behavior control, organization
innovativeness, and collective efficacy, as derived from the results of the factor analysis. Second,
the internal variables adopted were the ease of use and usefulness and consensus on appropriation
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according to the IS success model and the characteristics of BIM. Finally, the intentions adopted were
the individual intention and organization intention. Nine hypotheses on the relationships among the
variables were established to suggest factors affecting mobile BIM acceptance (as shown in Table 4 and
Figure 3).

Table 4. Research hypotheses.

Hypotheses Definition
H a Tool quality will positively effect ease of use.
b Tool quality will positively effect usefulness.
m a Personal efficacy will positively effect ease of use.
b Personal efficacy will positively effect usefulness.
H3 a Behavior control will positively effect ease of use.
b Behavior control will positively effect usefulness.
4 a Organization innovativeness will positively effect ease of use.
b Organization innovativeness will positively effect usefulness.
H5 a Collective efficacy will positively effect ease of use.
b Collective efficacy will positively effect usefulness.
H6 a Ease of use will positively effect usefulness.
b Usefulness will positively effect ease of use.
a Ease of use will positively effect consensus on appropriation.
H7 b Ease of use will positively effect individual intention.
C Ease of use will positively effect organizational intention.
a Usefulness will positively effect consensus on appropriation.
HS8 b Usefulness will positively effect individual intention.
c Usefulness will positively effect organizational intention.
a Consensus on appropriation will positively effect individual intention.
b Consensus on appropriation will positively effect organizational intention.

Tool Quality

(10)

Consensus on
HIb Appropriation
Behavior Control
® e Perceived Individual

H2b Ease of Use Intention

H4: P
* \ Organizational
Organization Innovativeness Pg:en Intention

3

Figure 3. Proposed model for the mobile BIM acceptance model.
4.2. Research Hypotheses

4.2.1. External Variables for Mobile BIM Acceptance

The external variables presented in the literature review and factor analysis are as follows (shown
in Table 5).
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Table 5. Assessment items of external variables for Mobile-BIM acceptance.

Variables Assessment Items

It is easy to input and output data with a mobile BIM.

Using a mobile BIM improves the accessibility of information.

The information in a mobile BIM is accurate and detailed.

A mobile BIM provides sufficient information for the task.

The information in a mobile BIM is available throughout the life cycle.

Tool Quality
A mobile BIM is easy to learn how to use.

A mobile BIM is quick to respond to questions about how to use it.

It is easy to use a mobile BIM manual.

A mobile BIM is fast at reflecting user requirements.

A mobile BIM enables continuous updating and After Service(A/S).

I do not have any resistance toward using a mobile BIM.

I can easily get used to using a mobile BIM.

I’er.sonal Iunderstand the benefits of using a mobile BIM.
Efficacy

I'am confident that I will learn (manual, training, etc.) how to use a mobile BIM.

I have the technical ability to use new information technology.

Our organization offers incentives toward using a mobile BIM.

Our organization enforces the use of a mobile BIM as a policy.

Our boss or colleague requires the use of a mobile BIM.

li:ehaviolr A mobile BIM enables economic benefits from the industry or the government.
ontro

I can get appropriate training for the use of a mobile BIM from industry or government.

Our organization is required to use a mobile BIM as a project delivery or contract method.

Our organization requires the use of a mobile BIM in your relationship with your partner.

Our organization is required to use a mobile BIM to meet the requirements of the contract.

Our organization has no psychological resistance to using new information technology.

Orgam.zatlon Our organization has technical capabilities for the use of new information technology.
Innovativeness
Our organization is active in the use of new information technology.
Our organization does not have any resistance to the use of a mobile BIM.
Collective Our organization understands the benefits of using a mobile BIM.
Efficacy Our organization is confident in learning (mechanics, training, etc.) about how to use a

mobile BIM.

’

Tool quality is defined as the quality of the mobile BIM application. In this study, “technology”
refers to the mobile BIM application, or the software running on mobile. Assessment items related to
technology quality are system quality, information quality, and service quality.

System quality is an assessment item from the IS success model [30]. It has been presented as an
external variable by many researchers [18,20,21,33,34,37]. The IS success model defines system quality
as the quality of the measures of the information processing system itself [30], and the performance
and convenience of the hardware and software [32]. Moreover, system quality has a similar meaning
as job relevance in TAM2 and usability in the literature review.

Information quality is also an assessment item that is proposed in the IS success model [31].
It has been presented as an external variable by many researchers [15,35]. The IS success model
defines information quality as measures of the information system output [31] and the quality of the
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information provided by the information system [30]. Accordingly, information quality is defined as
the quality of information related to work and the quality of the system environment in which the user
obtains that information.

Service quality is a variable that is added as an independent variable by DeLone & McLean in 2003.
Service quality is defined as the quality of the service that can be obtained from the work provided by
the system and the relevant departments. Service quality is also presented as an external variable by
various researchers [18,20].

Personal efficacy is defined as the psychological state of the individual who utilizes the mobile BIM
application for their work. The assessment items are personal efficiency and personal innovativeness.

Personal efficiency is defined as a belief that an individual will be able to achieve successful
results through action. Personal efficiency was adopted as an external variable to evaluate the use of
technology [15,35].

Personal innovativeness is defined as an individual’s active psychological attitude or ability to
introduce new information technology. Personal innovativeness was adopted as an external variable
to evaluate the use of technology [15,35].

Behavior control is defined as an external variable related to the environment in which the tool is
used. Behavior control factors are divided into internal assessment items and external assessment items.
The internal assessment items refer to those inside the organization, whereas the external assessment
items refer to those outside the organization. The external variables related to the behavior control
include pressure and support. First, pressure is defined as compulsory factors in the environment. It
is similar to the subjective norm in TAM2. Subjective norm is the awareness of how people who are
important to themselves will feel about doing certain things. It is adopted as an external variable in
various literature reviews [21,28,33,35,36,38,39]. Next, support is defined as factors that help users to
use their skills more efficiently.

Internal support is defined as the assistance within an organization from the organization’s policies,
bosses, or colleagues in selecting an action. For example, providing software in an organization,
providing free education, and providing incentives.

Internal pressure is defined as a pressure that the organization gives to an individual, such as the
organization’s policies, bosses, or colleagues, in selecting an action. For example, compulsory policies
in an organization, pressure from superiors or colleagues, and so on.

External support is defined as assistance from outside an organization through policies, systems,
etc. in selecting an action. For example, there are government economic benefits, free government
education, etc.

External pressure is defined as the pressure from outside the organization from the framework,
contract, and relationship in selecting an action. For example, there is forced pressure from the owner,
compulsory selection under the contract, and so on.

Organization innovativeness is defined as the organization’s active psychological attitude or
capacity to introduce new information technology. Organization innovativeness adopts an external
variable to assess the use of technology in an organization as a factor from the characteristics of the
BIM and IS success model [15,31,32].

Collective efficacy is defined as the belief that an organization will be able to achieve successful
results through action. Collective efficacy also adopts an external variable to assess the use of technology
in an organization from the characteristics of the BIM and IS success model [15,31,32].

4.2.2. Internal Variables for Mobile BIM Acceptance

In the mobile TAM, consensus on appropriation, perceived ease of use, and perceived usefulness
were adopted as internal variables (shown in Table 6).

393



Appl. Sci. 2019, 9, 3668

Table 6. Assessment items of internal variables for mobile BIM acceptance.

Variables Assessment Items

The organization members show conformity on the tasks that apply a mobile BIM,
Consensus on which is set by the organization.
Appropriation

The organization members show conformity regarding how to apply a mobile BIM,
such as work guidelines and rules, which are set by the organization.

It is easy to learn how to cooperate with a mobile-BIM.

Perceived Ease It is easy to exchange information with a mobile BIM.
of Use

The guideline for collaboration with a mobile BIM is defined such that it can be
followed quickly.

A mobile BIM improves to interoperability among stakeholders.

A mobile-BIM allows for comprehensive management of life-cycle information.

A mobile BIM reduces decision-making time.

Perceived

A mobile BIM can expand the utilization range of collaboration with
Usefulness

other organizations.

A mobile BIM reduces task-handling time.

A mobile BIM improves task accuracy.

A mobile BIM allows for easy collaboration with other organizations.

Consensus on appropriation is defined as a consensus among members of the organization on
information technology. Consensus on appropriation was chosen as an internal variable in the TAM
for evaluating the BIM acceptance [15]. Mobile BIM was also selected as an internal variable because it
also has characteristics similar to the BIM.

Perceived ease of use defines the extent to which it is believed that using an information
technology system does not require much effort [40]. Perceived ease of use is presented as an internal
variable in various literature reviews [18,21,33,35,39,41-43].

Perceived usefulness is defined as believing that the use of information technology systems will
improve one’s performance [39]. Perceived usefulness is presented as an internal variable in various
literature reviews [18,21,33,35,39,41-43].

4.2.3. Intention toward Mobile BIM Acceptance

Intention is defined the extent of intended or planned use of an information technology system [40].
Intention is divided into individual intention and organizational intention according to the target. It is
adopted as an internal variable in various literature reviews [18,21,33,35,39,41-43]. A variable similar
to intention, net benefit, is employed by the IS success model [15,31,39,42] (shown in Table 7).

Table 7. Assessment items of individual and organizational intention to accept a mobile BIM.

Variables Assessment Items

T'have the intention to use a mobile BIM for my task.

Ind1v1c.lual T have the intention to recommend a mobile BIM to others.
Intention
T'have the intention to take the time to learn how to use a mobile BIM.
My organization has the intention to encourage members toward using a
mobile-BIM.
Or%a:lizta'tional My organization has the intention to be active in using a mobile BIM for the task.
ntention

My organization has the intention to recommend a mobile BIM to other
organizations that have a collaborative relationship with our organization.
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Individual intention is defined as an individual’s intention or use plan to use an information
technology system. If an internal variable has a significant effect on the individual intention, the
individual’s acceptance of the technology is also deemed significant.

Organizational intention is defined as an organization’s intention or plan to use an information
technology system. If the internal variables have a significant effect on the organizational intention,
the organization’s acceptance of technology is also deemed significant.

5. Model Validation

5.1. Validation of the Proposed Model

In this chapter, the proposed model is validated as a structural equation model under key factors,
which were presented as an exploratory factor analysis. To validate our measurement model, we
analyzed the assessments of convergent and discriminant validity. This study used the following
model fit measures to decide the model’s goodness-of-fit: the ratio of %2 to df, RMR, PGFI, the TLI, CFI,
and RMSEA. The model-fit indices of the proposed model and the acceptance level were compared.

The initial measurement model did not show a good fit compared with the recommended values
of x?/df = 2.773, RMR = 0.312, PGFI = 0.365, TLI = 0.617, CFI = 0.635, and RMSEA = 0.131. Therefore,
organization innovativeness and collective efficacy were removed. This was because the relationship
between the latent variables in the initial measurement model was not significant, and the standardized
factorial load was less than 0.5. In addition, we re-analyzed behavior control, which was smaller than
the p-value and was excluded from some hypotheses, by dividing it into internal support, internal
pressure, external support, and external pressure. The analysis results show that internal support and
internal pressure were significant to the model. Further, consensus on appropriation and organizational
intention were also excluded as factors that impeded the model’s suitability. Therefore, the final
measurement model had the values of x2/df = 2.08, RMR = 0.45, PGFI = 0.553, TLI = 0.854, CFI = 0.867,
and RMSEA = 0.102 (shown in Table 8).

Table 8. Fit indices for research model.

Fit Indices Recommended Value Measurement Model Structural Model
x>3/df <3.0 2.08 2.02
RMR <0.1 0.145 0.145
PGFI >0.5 0.553 0.504
TLI >0.9 0.854 0.73
CFI >0.9 0.867 0.75
RMSEA <0.1 0.102 0.095

The SEM analysis showed that tool quality, personal efficacy, and internal control had a positive
effect on the ease of use and usefulness. In other words, if the tool quality, personal efficacy, and
internal control increased, the ease of use and usefulness also increased. Further, usefulness had a
significant positive effect on individual intention; the individual intention increased with usefulness.
The CFA results showed that the path from tool quality, personal efficacy, and behavior control among
internal support to individual intention was significant (shown in Table 9).

The discriminant validity test was not satisfied between the factors of ease of use and technology
quality (Table 10). However, technology quality was not removed because it has been referred to as a
significant factor in literature reviews.
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Table 9. Results of CFA.

Observed . Composite
Latent Constructs Indicators Factor Loading t-Value Reliability AVE
TQ1 0.837 -
TQ2 0.883 11.795
TQ3 0.897 12.117
TQ4 0.905 12.326
Tool Quality (TQ) TQ5 0.813 10.253 0.906 0.493
TQ6 0.788 9.767
TQ7 0.863 11.315
TQS8 0.833 10.664
TQ9 0.786 9.726
PE1 0.723 8.593
PE 2 0.472 -
. PE3 0.855 5.014
P 1 Effi PE
ersona cacy (PE) PE 4 0.83 4962 0.865 0.571
PE5 0.936 5.16
PE6 0.904 5.108
BC1 0.949 -
Behavior Control (BC) BC2 0.925 14.711 0.856 0.667
BC3 0.750 9.994
. EOU 1 0.898 -
Pe“e""ig g;s)e of Use EOU 2 0.887 13.068 0.675 0.409
EOU 3 0.885 13.004
U1l 0.919 -
U2 0.938 17.488
. U3 0.888 14.768
Perce“'e‘iﬂljj)seﬁ‘l“ess U4 0.882 14527 0.904 0535
U5 0.899 15.297
U6 0.722 9.495
u7 0.895 15.113
Individual Intention to A 1 0.971 -
Accept Mobile-BIM A 2 0.848 13.025 0.800 0.572
(ITA) A 3 0.805 11.648
* t-Value for these parameters were not available because they were fixed for scaling purposes.
Table 10. Results of discriminant validity test.
Observed Indicators r2 AVE Discriminant Validity
PE 0.094 0.571 Acceptable
BC 0.089 0.667 Acceptable
Tool Quality (TQ) EOU 0.590 0.493 0.409 Unacceptable
U 0.543 0.535 Unacceptable
ITA 0.213 0.572 Acceptable
BC 0.001 0.667 Acceptable
X EOU 0.200 0.409 Acceptable
Personal Efficacy (PE) U 0.138 0571 0535 Acceptable
ITA 0.348 0.572 Acceptable
EOU 0.0847 0.409 Acceptable
Behavior Control (BC) U 0.117 0.667 0.535 Acceptable
ITA 0.024 0.572 Acceptable
Perceived Ease of Use U 0.605 0.409 0.535 Unacceptable
(EOU) 1IA 0.272 : 0.572 Acceptable
Perceived Usefulness (U) ITA 0.430 0.535 0.572 Acceptable
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As expected, hypothesis Hla and H2a were supported (y = 0.666 and y = 0.42, respectively).
Increased tool quality and personal efficacy were associated with increased perceived ease of use.
Behavior control was not very supported (y = 0.123). The tool quality and personal efficacy had an
effect on perceived usefulness. Hlb and H2b were supported (y = 0.424 and y = 0.45, respectively).
Perceived ease of use appeared to be a significant determinant of perceived usefulness; Hé6a was
supported (B = 0.405). In addition, perceived usefulness had a significant effect on individual intention
in accepting a mobile BIM; H8b was supported (3 = 0.631). Therefore, tool quality and personal efficacy
exhibited a relatively strong influence on mobile BIM acceptance, and behavior control had relatively
weak influence. Hla, H2a, and H3a explained 58.6% of the variance in the perceived ease of use. H1b,
H2b, and Hé6a explained 71.6% of the variance in perceived usefulness. H8b explained 43.7% of the
variance in individual intention to accept a mobile BIM. The final proposed model is shown in Figure 4,
and the direct, indirect, and total effects of each construct are summarized in Table 11.

Tool Quality
Hia (0.666***)

Perceived Ease of Use
H2a (0.420% (Rz = 58.6“/0)

ersonal Efficacy__ DB |
I 2 o.50)

I
Ho6a (0.405%**)

Individuai Intention
(R*=43.7%)

HI1b (0.424%**) H8b (0.631%**)

H3a (0.123%)

Perceived Usefulness
2 — o,
Behavior Control (R*=71.6%)

Figure 4. The validation results of the proposed model. * p < 0.1, * p < 0.05, ** p < 0.01, *** p < 0.001.

Table 11. Direct, indirect and total effects.

Total Effects Direct Effects Indirect Effects
EOU U JIV:N EOU U 1A EOU 8) 1A
TQ 0.666 0.693 0.449 0.666 0.424 0 0 0.269 0.449
PE 0.42 0.619 0.398 0.42 0.45 0 0 0.17 0.398
BC 0.123 0.071 0.047 0.123 0.021 0 0 0.05 0.047
EOU 0 0.405 0.272 0 0.405 0.017 0 0 0.255
U 0 0 0.631 0 0 0.631 0 0 0
1A 0 0 0 0 0 0 0 0 0

5.2. Findings and Discussion

As aresult of the analysis, the external factors that significantly affected the mobile BIM acceptance
were found to be technology quality, self-efficiency, and behavior control.

Tool Quality: Tool quality is the software performance of the mobile BIM application, suggesting
that the quality of the tools that the users need for the mobile BIM applications must be ensured.
As a result, it is expected that the application could contribute to the mobile BIM acceptance if the
application reflects the assessment items of the technology quality analyzed in this study as being
significant to the mobile BIM acceptance. First, the mobile BIM should facilitate the input and output
of data and provide reasonable access to information. This is consistent with the mobile nature of
having easy access to information regardless of the location. Moreover, a variety of ways to efficiently
use the information on mobile hardware with small screens, such as a user-centered interface design,
should be explored. Second, the information that can be obtained from the tool should be accurate and
detailed. The information obtained should be available throughout the life cycle. This conforms to
the characteristics of the BIM that detailed information generated during the project life cycle can be
aggregated based on visual objects. Accordingly, various methods should be explored to effectively
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manage various information, such as BIM information, construction project information, and web
cloud utilization. Third, it should be easy to understand the instructions and learn how to use. Replies
to questions about how to use them should be answered quickly. Accordingly, there is a need to
provide manuals or tutorials to help the users learn how to use the system. Moreover, there should
be a window for exchanging questions and answers on how to use it. Finally, continuous updating
of tools and A/S should be possible because users require speed. This suggests the need for a steady
system performance improvement and suggests that a community should be provided for continuous
feedback from the implementer on the system performance.

Personal Efficacy: Personal efficiency is the psychological state of an individual using the mobile
BIM application in his or her work. It suggests that the mobile BIM induces a belief that the use of a
mobile BIM will produce successful results. As a result, measures should be taken to appropriately
promote various benefits that individuals can enjoy by using the mobile BIM.

Behavior Control: Behavior control is the environment in which tools are used. It suggests
that mobile BIM applications require internal support and internal pressure, which are appropriate
to the internal structure of the organization. First, the mobile BIM can be more easily used when
receiving ancillary help from an organization’s policies, members, etc. This suggests that appropriate
policies should be established in the organization for the use of a mobile BIM, such as free educational
opportunities and free software. Second, a mobile BIM can be more easily used when it is under
appropriate pressure from the organization’s policies, members, etc. This suggests that organizations,
such as providing incentives, should have appropriate policies to encourage individuals to use tools,
as well as provide assistance in using the mobile BIM.

Further, unlike the BIM TAM [15-17], it has been found that the factors associated with the
organization do not affect the acceptance of the technology. A mobile BIM is a tool that organizations
already use as part of their efforts to make BIM more comfortable to use. Accordingly, the acceptance
of the mobile BIM technologies focuses on enhancing the ease of use for individuals, unlike the
decision-making that determines the use of the BIM tools in groups without BIM. Thus, unlike BIM,
areas related to the organization are interpreted as not affecting technology acceptance.

6. Conclusions

Mobile devices in construction help to operate an information system regardless of the location,
and it is introduces many changes to information approach and to the working of project stakeholders.
Besides, mobile BIM draws attention to tools that can contribute to enhancing collaborative performance
through BIM by enabling the exchange of information organically. Accordingly, BIM programs
supported by the mobile environment are continuously being released, and it is found that the mobile
BIM applied to some sites generates actual benefits in carrying out projects.

Although various efforts are being made to use a mobile BIM, it is found that it is underutilized
due to the lack of experience in using a mobile BIM, the high age of expected users, and inconsistency
between the actual working processes and BIM processes. Moreover, some studies related to the use of
mobile BIM have differing views on the same cause, which may be interpreted as a lack of analysis of
factors that affect the actual users” acceptance and utilization of the mobile BIM.

Accordingly, this study analyzed the factors and their associations with the factors that affect the
acceptance of a mobile BIM by construction practitioners as part of its efforts to activate the use of
the mobile BIM. A questionnaire was organized to define the characteristics of the mobile and BIM
through existing literature considerations and to analyze the external factors affecting the mobile BIM
acceptance. The survey collected 111 copies from construction practitioners (designers, contractors,
CMs, engineering, and BIM contractors). The results of the survey were broken down into factors
and path analysis was undertaken using SPSS 21.0 and Amos 21.0, and the factors that significantly
affected mobile BIM acceptance were expressed in models through the structured model by checking
the concentration and determination feasibility.
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As a result of the analysis, external factors that significantly affected the mobile BIM acceptance
were found to be tool quality, personal efficacy, and behavior control. First, tool quality is the software
performance of a mobile BIM application, suggesting that users need the quality of the tools they need
for mobile BIM. Second, personal efficacy suggests that measures should be taken to appropriately
promote the various benefits of using a mobile BIM. Third, behavior control suggests that there must
be adequate support and pressure within the organization to use a mobile BIM.

It is expected that this study will contribute to the revitalization of the technology along with
the acceptance of the technology, provided that significant factors affecting the acceptance of the
technology are appropriately managed. Moreover, it is expected that a mobile BIM will be developed
to allow users to develop a variety of applications that are more easily acceptable to them.

This study is limited in that it was difficult to generalize these results for all countries because our
survey subject of this study is construction practitioners in Korea. If future studies conduct surveys on
USA or Europe where the use level of mobile BIM is high, it will be able to present new findings due to
comparing the results.
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