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Abstract: The growing adoption of Building Information Modeling (BIM) within the architectural,
engineering, and construction (AEC) sector raises questions about the quality of BIM data deliverables
for project owners. Therefore, assessment and evaluation of such BIM data against relevant documents
such as the BIM Execution Plan (BEP), the Level of Definition (LOD)/Level of Information (LOI)
matrix, and quality control customized checklists become critical, especially in large construction
projects. This study primarily aims to create an automated system for assessing the quality of 3D BIM
model data, utilizing a proposed project quality control checklist. The automated system consists
of four key elements: a BIM-based model, a Data Extraction and Analysis Module, a Data Storage
Module, and a Data Visualization Module. The Data Extraction and Analysis Module extracts relevant
information and parameters from BIM models to evaluate their quality against predefined checklists.
Then, it transfers the information and stores the results in a database. The database is connected to
an engineering project collaboration tool, ProjectWise, to automatically update and store the data in
the cloud. The database is then connected to an interactive data visualization platform, Power BI, to
enable automatic visualization of the generated quality assessment results of the BIM models’ data.
This system was applied to a Canadian infrastructure construction project by its BIM department
during the preliminary and detailed design phases. It demonstrated an average quality score (AQS)
of 87.6% for the BIM models and significantly reduced failing items by around 30%. This study
concludes that the system offers a robust, practical solution for enhancing the quality control process
in BIM model data management, thereby aiding engineers in timely model adjustments to meet
project requirements.

Keywords: BIM; quality control; visualization; BEP; LOD; power BI

1. Introduction

As construction projects become more complex, the precision of information becomes
increasingly crucial, which requires a considerable amount of communication and infor-
mation transmission. Inadequate or insufficient data transmission often leads to project
failure. The architectural, engineering, and construction (AEC) industry is experiencing a
significant shift from conventional Computer-Aided Drafting (CAD) techniques to Building
Information Modeling (BIM), facilitating effective data management and rapid decision
making. BIM utilizes digital modeling tools to enhance the design and management of a
project with greater efficiency [1]. According to Singh [2], 72% of US construction com-
panies use BIM to decrease project costs and increase efficiency. The advancement of
computer-based BIM applications enables the creation of multi-criteria parametric designs
for construction projects through the use of objects characterized by their identity, attributes,
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and relationships. These applications facilitate the creation of automated compliance check-
ing (ACC) for building designs [3], a development that has significantly contributed to
increasing time and cost efficiencies. Code compliance in building construction refers to
the adherence to local, state, and national building codes and regulations that set minimum
standards for the design, construction, operation, and maintenance of buildings and struc-
tures. However, one of the main requirements of ACC is the assurance of the quality of
the BIM model. Public institutions in countries such as the United States (US), the United
Kingdom (UK), and Singapore have required the use of BIM in design delivery and have
promoted automated checking and evaluations of BIM quality [4]. “BIM model quality”
means conformance to various requirements, including LOD, procedures, specifications,
and the accuracy of building information model geometries. A quality check (QC) in BIM
projects involves systematically checking and verifying the accuracy and quality of BIM
models and their components against relevant documents such as the BEP, LOD, LO], etc.

The LOD in BIM projects refers to a system that defines the degree of detail and
accuracy of BIM elements at different stages of design and construction. It provides a
framework to specify and understand the complexity and content of BIM models at various
phases, from conceptual design to construction and operation. High-quality data within
BIM models are essential for the successful application of ACC, placing a considerable
responsibility on designers and modelers to verify the accuracy of information before inte-
gration into the model. However, the ACC mostly deals with the regulatory requirements
in building design, such as building codes, zoning regulations, environmental regula-
tions, and health and safety. In addition to the regulatory requirements, issues related to
quantity takeoff (QTO), modeling accuracy, coordination, and naming conventions also
need to be addressed during the design of BIM projects since they can affect the time,
cost, and deliverables of a construction project. BIM has also been proposed for use in
automating high-quality quantity takeoff (QTO) [5] and automated data integration and
visualization [6-9]. Valinejadshoubi et al. [6-9] developed different methods to automati-
cally integrate, manage, and visualize monitoring information in BIM models. The open
standard representations for buildings, such as the Industry Foundation Classes (IFC),
facilitate extracting necessary information for the ACC and QC processes [10-12]. The
adaptable characteristics of open BIM representations are crucial to accommodate varying
information requirements within the model. Nevertheless, the difficulty in object mapping
persists due to the lack of assurance that objects and their attributes within any given com-
putable rule set can be straightforwardly aligned with an industry-standard data dictionary
such as the buildingSMART data dictionary [11].

Despite the importance of 3D model data QCs, most previous research has focused
only on automating the code compliance of building design, such as fire safety, structure,
and sustainability [13], without adequately addressing and automating the quality and
consistency of BIM data as a primary requirement for successful application of the ACC
and QC processes. For efficient and precise outcomes, the data within the BIM model must
be adequate, accurate, coherent, and of high quality [14]. The data provided in the design
of BIM models must comply with the close-out checklists, procedures, and BEP documents
to ensure appropriate and accurate project outputs. Automating the QC can speed up the
process while improving the accuracy of the outputs. Therefore, an automatic QC system is
needed to ensure the above-mentioned quality.

The increasing use of BIM has led to the utilization of model QC tools, which largely
rely on the accuracy of the 3D design models. However, gaps remain, such as lacking
BIM-based evaluation requirements [15] and automated QC processes [16,17]. This study
aims to bridge these gaps by developing an automated QC system to detect inconsistencies,
errors, and missing information in BIM models during the preliminary and detailed design
phases of a public infrastructure construction project in Montreal, Canada.

To achieve this aim, this study sets out the following objectives:

a. Developing a comprehensive BIM quality checklist for various engineering disci-
plines aiming to assess data quality in BIM models that impact critical aspects of a
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project, including naming convention, quantity and cost estimation, coordination, and
modeling accuracy.

b.  Creating BIM-based data extraction, analysis, and storage modules utilizing program-
ming and external data storage tools to facilitate this process.

c¢.  Introducing an easily understandable, visualization-based method for tracking pass-
ing and failing scores of each item according to BIM close-out checklists.

d. Testing and evaluating the performance of the developed system across different
engineering disciplines using a real-world case study project.

2. Literature Review

BIM is a digital representation of the physical and functional attributes of a facility. It
is a common repository for information regarding a facility and serves as a foundation for
decisions during its project lifecycle [18]. It is beneficial for quality control using building
object properties, such as characteristic and relation information for various disciplines [19].
ACC is an important task that must be handled carefully during the design process. ACC
is a rule-based method that controls building elements and regulations, considering the
building elements’ characteristics [20-22].

Several researchers have explored various sides of ACC within the BIM framework.
Doukari et al. [14] demonstrated an approach for automated compliance with the require-
ments stipulated in the project checklist using a plugin prototype. Chois and Kim [23]
proposed a methodology to check the BIM data through a system for checking building
codes named KBim Assess-Lite. Their system was capable of evaluating the quality of
BIM data based on the IFC standard. Nguyen and Kim [24] developed a framework for
a cooperative building design environment in which every participant in the project can
monitor the code compliance status of their respective designs through the use of BIM tech-
nology. Villaschi et al. [25] proposed a method based on BIM to streamline the verification
procedure of code compliance in construction projects. Their findings provided a real-time
decision support tool enabling designers to determine whether their buildings comply with
local urban codes at any point in the design process. The research conducted by Getuli
et al. [26] aimed to establish a health and safety BIM-based design and validation workflow,
detailing the minimum required levels and obligatory informational content for the sub-
mission of construction site layouts and safety plans. Preidel and Borrmann [27] discussed
the significant challenges of automated code compliance checking. The research conducted
by Yogana and Latief [28] developed a WBS-based information system integrated with a
BIM application to generate a BIM component for regulatory requirement verification. The
research conducted by Altintas and Ilal [29] presented the opportunities that the integration
of BIM and GIS could introduce to the field of automated zoning compliance assessment.
However, the above works have not considered the quality and consistency of BIM data.

The mandate for BIM data delivery is becoming increasingly prevalent in various
countries, which are concurrently advocating an automated BIM QC process. This quality
checking process aims to ensure the validity and sufficiency of the physical and logical
information in BIM data [30]. The outcome of an appropriate BIM QC process is a compre-
hensive, discrepancy-free BIM model that is coordinated across all disciplines. Researchers
have used open standard formats such as the Industry Foundation Classes (IFC) for the
QC of BIM models. The IFC format is preferred when integrating data from different
engineering disciplines in various formats, particularly when potential users might not
possess the software needed to interpret a specific proprietary format. Noardo et al. [31]
aimed to identify common patterns in IFC-based datasets from practical applications and
any deviations from the standard in order to find ways to resolve these discrepancies. They
evaluated the preparedness of IFC data in practical settings for use in automated processes
beyond the initial application for which the data were created. Hamledari et al. [32] devel-
oped an algorithm that automatically examines the IFC data model to extract the semantics
of elements and detect differences between the as-built/as-is and as-designed states of
objects. Choi et al. [33] developed an IFC-based system using QC requirements to improve
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the architectural BIM design quality. They analyzed the output information and work
conducted during the design phase within the design process, subsequently formulating
detailed QC objectives for a series of cases. The method developed by Donato et al. [34]
was integrated into a general BIM methodology and its typical methods and strategies.
They used customized checklists and executed queries on a database management system
to assess the quality of BIM models. To confirm the accurate configuration of parameters
within BIM models, they used the data list extracted from the IFC file. Xu et al. [35] pro-
posed integrated solutions to enhance existing quality management procedures through
the support of an IFC-based working environment. They tried to connect IFC data and
neural network algorithms to construction quality evaluations to improve the efficiency
and accuracy of the assessment. Temel and Basaga [36] used the IFC file format to automate
checking compliance.

Despite the widespread use of the IFC standard, its application is not without chal-
lenges. Noardo et al. [31] pointed out that while IFC files can represent BIM information
effectively, they often do not fully adhere to the necessary standards, leading to data losses
and model interpretation issues. This transformation from original proprietary formats to
IFC often results in the loss of critical information, parametric data, and element connec-
tions, impacting the overall integrity of the model. Pazlar and Turk [37] observed changes in
materials when models were converted to IFC, highlighting the format’s limitations in pre-
serving original data. Furthermore, despite its evolution, inconsistencies like data transfer
losses persist in the IFC format [38-43]. The IFC standards do not adequately support enti-
ties with unstructured quality-related information or relationships in the quality database.
This gap becomes apparent with different user-defined QC parameters required for specific
programming applications. While the IFC standard is extensible for using property sets,
the need for unique and standard-compliant naming conventions renders the process less
user-friendly. Additionally, practitioners often face challenges in controlling the quality
and content of IFC models. This is partly due to limited specific knowledge and reliance on
commercial systems that perform conversions, allowing for minimal customization [31].

In summary, while the IFC format provides a foundational framework for BIM-based
quality control, it has limitations. The loss of information during format conversion,
challenges in maintaining data integrity, and the format’s inability to quickly provide user-
defined QC parameters highlight the need for more robust and flexible solutions in BIM
quality control. These challenges underscore the importance of developing a comprehensive
and adaptable QC system that can effectively address these issues, enhancing the overall
quality of BIM models. Table 1 describes some previous studies on BIM-based QC solutions
and their limitations.

Table 1 clearly shows that despite the significance of 3D model data QCs during
the design phase in the AEC projects, studying and automating the QC process of BIM
models during the preliminary and detailed design phases have not received adequate
attention and the challenges in using IFC models in the process of BIM QCs still exist. To
address these issues, the primary aim of this study is to develop an automated system
explicitly designed to evaluate the quality of 3D BIM model data. This system will utilize
a project-specific quality control checklist and established procedures. This innovative
approach promises to enhance BIM models” accuracy, reliability, and overall quality during
the preliminary and detailed design phases, thereby facilitating more efficient and effective
project outcomes in the AEC industry.
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Table 1. Previous studies on BIM-based QC solutions.

Phase, Type of the Structure(s), and

Author Developed Tool Purpose Type of BIM(s) Limitations
PR
Finding common patterns in *BlelSlld%rrl\ S *The possibility of a loss of information
Noardo et al. [31] IFC-based QC system IFC-based datasets to detect 85/ during IFC export.
. . Infrastructures, and Metro .
discrepancies " . Not automated.
Architecture
. *Construction " I . .
Hamledari et al. [32] IFC data model QC algorithm Analyzmg the IFC fiata model to *Buildings Th.e possibility of a loss of information
identify discrepancies automatically As-built during IFC export.
*Design *Investigating only the quality of
Choi et al. [33] TFC-based QC system Conducting the quality control of *Buildings archlte.ctgral models. .
BIM models " . *Containing errors during IFC export.
Architecture
*Not automated.
Evaluating the quality of BIM *Design “ Lo .
Donato et al. [34] BIM QC method models based on customized *Buildings Considering only the architectural BIM QC.
. . *Not automated.
checklists *Architecture
. . *The possibility of a loss of information
Utilizing neural network algorithms Construction during IFC export
Xu et al. [35] Integrated IFC-based QC solutions . . *Buildings . ’
to evaluate the construction quality As-Built Not automated.
*Not considering the design quality.
IFC-based automated checking Automating the checking ‘Design The possibility of a loss of information during
Temel and Basaga [36] . . *Buildings
compliance system compliance *Architecture IFC export.
. *Design The possibility of losing information during
Pazlar and Turk [37] IFC-based QC system Proposing a method to check the *Buildings IFC export.

quality of BIM models

*Architecture

Not automated.
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3. Research Methodology

The proposed automated QC system focuses on assessing the data quality of BIM mod-
els across various disciplines, such as architectural (ARCH), structural (STR), mechanical
(MECH), piping (PIP), and electrical (ELEC), during the preliminary and detailed design
phases, guided by a proposed BIM close-out checklist. This checklist was designed for
project-specific demands, incorporating LOD, LOI, and BEP requirements. All of the figures
and tables presented in this study are original. Table 2 presents a detailed BIM close-out
checklist that includes a comprehensive selection of QC categories for verification and
checking. Each category on the checklist has been carefully selected based on its potential
impact on crucial project outputs, including QTO, coordination, naming conventions, and
the accuracy of the BIM model. The BIM experts established the project’s LOD, LOI, and
BEP requirements and developed the BIM QC checklist. Then, the engineering team ap-
proved the QC checklist accordingly to be used as part of the project’s QC process. This
evaluation process ensures that the QC categories are not only relevant but also critical to
the success of the project.

Table 2. The proposed BIM close-out checklist verification categories and their impacts on
BIM projects.

Proposed BIM Close-Out Checklist

Discipline Category Yes No N/A Scope Affected
Family (starts with the specified prefix) O g g Naming Convention Agreement
The model respects the export view O O O Coordination/Naming Convention
procedure Agreement
Project units are in mm O O O BIM Modeling Accuracy
Ceneral REVIT warnings have been reviewed g g g BIM Modeling
& Accuracy/QTO/Coordination
Element Phase Separation O O O Coordination/QTO
Element Workset Assignment O O O Coordination/QTO
Workset Nam'e ('sta}rts with the specified O 0 0 Coordination/QTO
discipline code)
Material Name (sl;;igisx‘;mh the specified O O 0  Naming Convention Agreement
Element Material Assignment O O d QTO
Element Surface O O O QTO
ARCH Door Element Code Assignment t t t Naming Convention Agreement
s e Naming Convention
Door Element Code (exterior/interior) [ O O Agreement/QTO
Rooms with a Closed Area g g g BIM Modeling Accuracy
Element Structural Material Assignment [J | O QTO
Element Volume O O O QTO
Element Area O O O QTO
STR Concrete Elements with CON Workset [ g g QTO
Steel Elements with STE Workset O O O QTO
Steel Elements with a Nominal Weight 0 0 0 QTO
Value
W-Shape Steel Elements with Correct
Nominal Weight Value = = = QIO
Insulated Elements with Insulation .
MECH Thickness O O g BIM Modeling Accuracy/QTO
Pipe Elements with Material d O 0 BIM Modeling Accuracy/QTO
Insulated EleTrr;Ezll:rsl eV\SI;th Insulation 0 0 0 BIM Modeling Accuracy/QTO
PIP Pipe Elements with Material d O O BIM Modeling Accuracy/QTO
Element Size (specified categories) g g g BIM Modeling Accuracy/QTO
ELEC Element Size (specified categories) O O O BIM Modeling Accuracy/QTO
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As shown in Table 2, there are many different QC categories, each with its specific
parameters and standards to meet. For example, categories like “export view’s name”
and “BIM model warnings” are checked to ensure accuracy and follow project standards.
Categories like “element phase” and “element workset” are reviewed to ensure they are
consistent with the project timeline and segmentation. Categories like “door element code”
and “MEP QC” significantly impact multiple project aspects. Figure 1 shows how much
these QC categories influence various project scopes. The “QTO” category is significantly
affected (73%), emphasizing its importance in cost estimation and budgeting. “BIM Mod-
eling Accuracy” (35%), “Coordination” (19%), and “Naming Convention” (19%) are also
significantly impacted, showing that these QC categories play a vital role in different
project aspects. This detailed analysis of Table 2 and Figure 1 helps us understand the QC
categories and their broad impact on the BIM project. This comprehensive QC approach
aims to improve the accuracy, efficiency, and reliability of BIM models, ensuring they meet
the high standards required for a successful project in all disciplines involved.

The Percentage of Impact (%)
N w B (%2 D ~ [e]
o o o o o o o

=
o

Naming Coordination BIM
Convention Modeling
Agreement Accuracy

Scopes Affected by Specified QC Categories

o

Figure 1. The percentage contribution of specified scopes affected by the QC categories.

As shown in Figure 2, the proposed framework is a multi-component system designed
to enhance the QC of BIM models across various engineering disciplines.

This framework comprises four main components: a BIM-based model, a Data Ex-
traction and Analysis Module, a Data Storage Module, and a Data Visualization Module.
Engineering teams supply the BIM model for each discipline, forming this framework’s
foundation. The primary function of this system is to check the compliance of the design
BIM models with the customized QC checklists proposed in this study. To achieve this, a
specialized module for each discipline has been developed to automatically extract and
analyze the designated QC information from BIM models. In the Data Extraction and Anal-
ysis Module, QTO, coordination, naming convention, modeling errors, and identity-related
parameter data, as specified in the QC checklist, are extracted from architectural, structural,
and MEP BIM models to assess their quality and compliance status automatically. The mod-
ule, developed in Dynamo, operates by reading, sorting, and filtering the extracted data. It
then verifies their compliance against the QC checklist, identifying which elements pass or
fail, calculating the quality score for each QC category, and subsequently transferring this
information to the Data Storage Module. The Data Storage Module serves as a repository
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for the processed information. It stores the number of failed and passing elements, the
quality score for each QC category, and a list of failed elements, including their unique
ID and any critical warning messages that could impact QTO and coordination outputs.
While the data can be seamlessly moved to an external database like MySQL, this study
utilizes Microsoft Excel for its simplicity and accessibility. The QC Excel files are subse-
quently uploaded to ProjectWise in the cloud, facilitating smooth integration with the Data
Visualization Module in Power BI. A user-friendly dashboard was designed in Power BI to
display the QC process outputs effectively and track changes over time. This component
provides a clear visual representation of the QC status, facilitating more straightforward
interpretation and decision making. The Data Extraction and Analysis Module, developed
for each discipline, is distinct due to the different parameter names and filtering techniques
required. Figure 3 details the workflow for the structural BIM model’s QC process. This
automated workflow includes multiple steps and filtering methods, beginning with the
structural BIM model, listing all failing elements with their unique IDs, and calculating
the quality score for each QC category. Because the main 3D view of the BIM model might
contain elements from other disciplines for coordination purposes, the export 3D view,
provided by the BIM modeler to be used in the coordination tools such as Navisworks
or BIM 360 Glue, is used for the QC process. In this stage, all BIM categories are selected
after inputting the coordination 3D view’s name into the automated module. The module
then filters out all unnecessary categories, such as views, lines, STR beam systems, section
boxes, and shaft openings, and removes them from the list of extracted categories. This
methodology illustrates a comprehensive and detailed approach to BIM QCs, ensuring that
each discipline’s specific requirements are met while maintaining a high data accuracy and
integrity standard.

Data Storage

Module
W My
N"‘N 7 Data Extraction Module Data Analysis Module X g Excel Projectiise
" Programming
Tool Data Data -
BIM Models . .
|i Dyna mol Extraction | pata Storage Analysis
" Database
—| STR | [ Quantity Takeoff — Reading | ‘
Parameters — Sorting |
ARCH | Coordination —
— Filtering |
MECH Parameters -
Naming Convention - Corp!)llapce
Parameters Verification
| | Modeling Errors L | Transferring |
-El-EC Parameters Microsoft
_{ [dentity Data | 4
Parameters Passed Failed Power Bl
Elements Elements
. :
Project Requirements ot
Y l(0-100%) Data Visualization
Checklist Score % Module

LOD/LOI Matrix

Figure 2. A comprehensive structure of the developed 3D BIM QC system framework.
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Filtering

| Number of Warning |

Figure 3. Overall architecture of the detailed Data Extraction and Analysis Module for the structural BIM model’s QC process.
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Shaft renng ce Parameter Value || || STR Material with ||} Failing
Openings Wood inconsistent Name | MaterialsName
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Quality Score =
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Quality control in the BIM models involves detailed extraction and analysis of es-
sential parameter values relevant to each category. This systematic approach ensures
comprehensive coverage of all necessary parameters for QCs. In the structural BIM model’s
QC process, for example, extracting “Family Type” parameter values is essential to verify
their consistency with the project’s codification procedures. Similarly, Volume parameter
values for steel and concrete components are extracted to confirm that each element has
an assigned volume, a critical factor for accurate QTO. For concrete components, Area
parameter values are also extracted to ensure that all such elements have an area value,
reinforcing the precision of the QTO process. Phase and Workset parameters play a crucial
role in the classification of elements. The Phase parameter, in particular, is instrumental
in distinguishing new and existing structural components within the 3D model, which is
vital for filtering elements during the QTO process. Similarly, the extraction of Phase and
Workset parameter values for all 3D elements is conducted to confirm their presence in the
model. The Workset parameter values are further analyzed for naming convention consis-
tency. An incorrect Workset name can lead to erroneous QTO results if these parameters
are used for classifying steel and concrete quantities. Therefore, the automated workflow
identifies concrete and steel components with inappropriate Workset names. Parameter
values are extracted for structural materials to ensure that all elements have a material
name aligned with the naming convention procedure, which is essential for QTO accuracy.
Due to possible modeling errors, the geometry of steel elements might not align with the
steel section type, potentially leading to incorrect steel quantity calculations. Consequently,
steel elements’ Nominal Weight and Length parameters are considered the most reliable
metrics for quantity calculations. The automated workflow developed in this study extracts
nominal weight parameter values to identify steel elements lacking these critical data. A
comprehensive list of all warnings is automatically extracted and filtered to address critical
warning messages in the BIM model. This step identifies warnings directly impacting QTO
results, such as overlapping or duplicated elements. Subsequently, the automated system
identifies the number of failing and passing elements to calculate the quality score for each
part using the following formula:

1)

. Failing Elements
Quality Score = P (1 ~ Total Elemonts ) * 100
where:

Failing = total number of failed elements;

Total = total number of elements.

This formula offers a clear and objective metric to assess the quality of each QC
category within the BIM model.

Figures 4 and 5 show the Data Extraction and Analysis Module’s detailed workflow
for the architectural and MEP BIM models” QC process, respectively. Each discipline’s
workflow includes general sections to be checked and discipline-specific considerations.
For architectural BIM models, the module checks additional categories like doors and
rooms, ensuring the accuracy of room element geometry and the appropriate codification

of door elements.



Appl. Sci. 2024, 14, 3244

Filtering

Getting the List
of all Warnings

Checking the
Project Unit

BIM Model ,
L ARCH
L
' Dyﬂ amo Filtering
Coordination 3D View
(Navisworks, 360 Glue)
:
Selecting BIM | | |
Removing_ Null Specialty
Categories Equipment
Filtering| | | Curain
R vy _ Panels
emoving
un-necessary St\?ﬁklfd
categories d
Curtain Wall g

Railings

Listing All the Overlap
Warnings

Listing All the Duplicate
Warnings

Listing All Not-enclosed
Rooms Warnings

- —p

| Number of Warning |

| Warning Message |

| Failing Element ID |

Getting Family &
Type Parameter
Value

I

Selecting Element

unique ID
Selecting All | |
] BIM Elements Getting Area
|| Parameter Value
Filtering

Getting Phase
Parameter Value

~
~
Lal

Getting Workset
Parameter Value

Getting Doors
Parameter Value

|

Getting Room
Parameter Value

Getting Material
Parameter Value

¥

Family Type with
inconsistent Name

Elements with No Area
Value

Elements with No Phase
Value

Elements with No Workset
Value

Workset with inconsistent
Name

Door Elements with No
Code Value

Door Elements with
inconsistent Code Value

Room Elements with
Not_Enclosed Area

Rooms with Incorrect
Height Geomefry

ARCH Elements with no
Material

ARCH Material with
inconsistent Name

Quality Score =
(1-(Failing/Total))*100
1]
1, Failing
FamiliesName
™ Failing
| | ElementsID
™
I Failing
_l» | ElementsName
i
SRl Failing
\ WorksetsName
g
14| Failing DoorsID
kN Failing
! DoorsNumber
-l
| I_i: Failing RoomsID
|
Failing
H-' RoomsNumber
Failing

MaterialsName

Figure 4. Overall architecture of the detailed Data Extraction and Analysis Module for the architectural BIM model’s QC process.
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Figure 5. Overall architecture of the detailed Data Extraction and Analysis Module for the MEP BIM model’s QC process.
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Table 3 summarizes the parameters in the Data Extraction and Analysis Module for the
MEP BIM model’s QC process. It highlights the specificity of parameter checks according to
BIM categories, such as the Insulation Thickness parameter being checked only for certain
categories of mechanical and piping models. Conversely, the Material parameter check
is limited to the pipe category, demonstrating the tailored approach of the QC process to
each discipline.

Table 3. Listing of parameters for MEP BIM model’s QC process.

Discipline Parameters
Insulated Elements with Pipe Element
MECH Family Name Element Phase Element Workset Insulation Thickness pe blements Element Size Material Name
P . Material
(Specified Categories)
Insulated Elements Pipe Elements
PIP Family Name Element Phase Element Workset  Insulation Thickness pe Element Size Material Name
P . Material
(Specified Categories)
ELEC Family Name Element Phase Element Workset N/A N/A Element Size N/A

4. The System Framework

Based on the project quality control checklist, the developed system automatically
evaluates the 3D BIM model data quality. Five Data Extraction and Analysis Modules were
developed to assess the quality and consistency of structural, architectural, and MEP
BIM data, list the failing elements with their corresponding unique IDs, and present
the outcomes and statistics on a user-friendly dashboard developed within the Power
BI platform.

4.1. Development of the Case Study BIM Models

A set of engineering architectural, structural, and MEP Revit BIM models from a
large construction project in Montreal, Canada, as utilized in the study conducted by
Valinejadshoubi et al. in [5], served as the case study to confirm the effectiveness of the
developed system. Autodesk Revit was selected for the case study project because of
its extensive use in the AEC industry and its user-friendly capabilities that facilitate the
creation of buildings” BIM models. Parameters such as Electrical, Electrical Loads, Electrical
Circuiting, System Classification, IFC, Analytical Properties, System Name, System Type,
Geometry, Phasing, and Identity Data parameters, including Equipment Codification, are
defined in BIM models for different purposes, including operation and maintenance, hand
over, QTO, and coordination. The parameters included in the developed automated QC
system have been selected according to the customized QC checklist of the case study
project. The developed system is adaptable, allowing for the inclusion of additional
parameters and points if needed. Figure 6 shows an image of the case study BIM models
utilized in this study. As illustrated, the BIM models encompass all detailed components of
the building that need to be coordinated, and their data quality assurance is checked.

4.2. Data Extraction and Analysis Module

The Data Extraction and Analysis Module comprises five automated Dynamo scripts,
featuring a workflow designed to automatically read, categorize, filter, verify, and list the
statistics and failed elements, determine the quality score for each QC category, and transfer
these scores to the database for recording and visualization purposes. The module was
structured for five disciplines: architectural, structural, mechanical, piping, and electrical.
The workflow varies by each discipline because the cases and parameters that require
verification differ. Figure 7 presents a schematic flowchart depicting the data flow within
the developed Data Extraction and Analysis Module.

In developing the automated scripts for each discipline, Dynamo leveraged its ca-
pabilities in using code blocks. These blocks facilitate the running of compact scripts
written in text-based programming languages like C++ and Python, introducing complex
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functionalities beyond the scope of standard nodes. Thus, the scripts comprise numerous
nodes, connections, and code blocks.

\\

\l'-
\
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\
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Figure 6. A picture of the case study BIM models of different disciplines.
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Figure 7. The dataflow schema of the developed Data Extraction and Analysis Module.

4.3. Data Storage Module

This module offers the flexibility of transferring and storing data within a local
database, which can subsequently be shared and refreshed on cloud-based document-
sharing platforms like ProjectWise or transmitted to cloud-based databases such as Mi-
crosoft Access or MySQL. It can also be integrated into BIM collaboration platforms like
Speckle that connect with data visualization tools, such as Microsoft Power BI. For this
study, a specialized Excel file was created to store all of the information and results pro-
duced by the Data Extraction and Analysis Module. This database is segmented into two
primary sections: statistics and a list of information. The statistics section includes critical
data such as the number of failing elements, the total number of components, and the
quality score of each item based on the project’s QC checklist. The second section provides
a detailed list of the names and unique IDs of failing elements within the BIM model. This
is particularly useful for engineers and BIM modelers to identify and correct these elements
in subsequent versions of the model, thereby enhancing the overall quality and accuracy of
the BIM models.

4.4. Data Visualization Module

The Data Visualization Module includes a dashboard created within the Power BI
platform for displaying the QC results following each update. The developed dashboard
comprises six sections, a summary statistics section and five sections for the five disciplines.
The summary statistics section contains the total passing and failing elements for each
discipline to provide an overall condition of the BIM models’ data quality. Sections for each
discipline comprise various components such as “Percentage Pass Organized by Name”,
“Percentage Fail Organized by Name”, “Quality Score” for each Category of QC, “Total
Number of Fails”, “Total Number of Pass”, “Total Number of Objects”, and a “comparison

chart” to compare and track the progress of corrections for every month.

5. Validation Using a Case Study

The modules described above were implemented and validated on a section of a
construction project in Montreal, Canada. The design team provided a BIM model for



Appl. Sci. 2024, 14, 3244

16 of 31

each architectural, structural, mechanical, piping, and electrical discipline. The Data
Extraction and Analysis Module, Data Storage Module, and Data Visualization Module
were employed to validate the developed system with these models and demonstrate its
applicability to construction projects.

Figures 8-11 show the algorithms used in automation scripts in the Data Extraction
and Analysis Module. Figure 8 shows a part of the automation script to select architectural
elements in the BIM model. In this study, after the initial filtering, 7352 architectural
elements were selected in the BIM model for the next step in the QC process. Figure 9
shows the algorithm used in the developed architectural QC automation script to check the
geometry of room elements in the architectural BIM model. All room elements (59 room
objects) were selected in the first step. All related parameters such as “Area”, “Upper
Limit”, “Level”, and “Limit Offset” were extracted to check the geometry of room elements
as a part of the QC process. This section’s output was to list rooms with geometry-related
issues that need to be modified or deleted from the BIM model.

Figure 10 shows the algorithm used in the developed automation script for the struc-
tural BIM QC to identify and list structural concrete elements that wrongly have a steel
workset. Such misclassifications are not merely nominal but can significantly impact the
QTO results, particularly when the workset parameter is employed for classifying quanti-
ties. In the case study, this algorithm successfully identified three concrete elements within
the BIM model that were mistakenly categorized under the steel workset.

As an essential part of the mechanical BIM model’s QC process, all of the insulated
mechanical elements were checked to ensure that they have an insulation thickness value.
Figure 11 shows the algorithm utilized in the automation script for the mechanical BIM QC
process to identify and list mechanical elements that lack insulation thickness or have it set
to zero or null. However, as indicated in the results displayed in Figure 11, all inspected
insulated elements in the mechanical BIM model were found to have appropriate insulation
thickness values.

Figure 12 shows the summary statistics section for a specified architectural BIM model.
As shown, the model comprised 77 distinct family types, of which 1 was identified as
non-compliant with the naming convention standards. Regarding material types, the
model incorporated 70 different kinds, all adhering to the naming convention criteria. All
of the specified architectural categories” elements, including the wall, roof, floor, and ceiling
(846 elements), had material and area parameter names and values in the model. All of the
BIM elements (7352 elements) had “Phase” and “Workset” parameter names. Regarding
“Workset” parameters, the model included seven distinct names, all in compliance with the
naming convention. There were 51 door elements in the model; 40 of them were coded,
and 11 lacked codifications. All 40 door elements, which had a codification in the model,
passed in terms of interior and exterior coding parameter values. The model also included
59 room elements, out of which 55 passed the room boundary checks. An additional check
was conducted on the height of rooms with closed areas to ensure that they contained
space between the ceiling and the top floor where MEP equipment might be located. Of the
55 rooms analyzed for height, 25 met the criteria, while 30 did not.

Selecting all BIM
Categories
Counting the List
Selecting the
Export 3D View Removing Getting the List of
Unnecessary BIM Specified Parameter Listing the
Categories Unique Items
Selecting all
3D Elements Category

Figure 8. The algorithm used in the automation script to select and count the total elements in the
architectural BIM models.
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Figure 9. The algorithm used in the automation script to check the geometry of room elements in the architectural BIM model.
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Figure 10. The algorithm used in the automation script to identify concrete elements within the steel and wood worksets in the structural BIM model.
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Figure 11. The algorithm used in the automation script to identify concrete elements within the steel
workset in the structural BIM model.

According to Figure 13, four structural foundation elements lacked volume param-
eter values. Additionally, 21 structural elements were identified as not having assigned
structural materials, potentially impacting the model’s integrity. Another notable obser-
vation was the absence of nominal weight values for four steel elements, underscoring a
gap in the model’s data completeness. Furthermore, the model exhibited 62 instances of
“Overlap” warning messages, indicating potential geometric conflicts within the model’s
structure. It is important to note that columns in the report displaying “No Value”, such
as in “Area for Concrete Elements”, “Phase”, and “Duplicate Warnings”, signified the
absence of issues within these specific QC categories in the BIM model. This indicated
a level of completeness and accuracy in these aspects of the model. The Excel-based QC
report files were uploaded to the ProjectWise platform to enhance communication and
foster collaboration among project stakeholders. This integration facilitates a connection
with the Data Visualization Module. As previously mentioned, the Data Visualization
Module comprises six key components: Home_Checklist, STR, ARCH, ELEC, MECH, and
PIP. Figure 14 shows the Home_Checklist section of the module for the case study BIM
models. This section provides a comprehensive overview of each discipline, listing the
total counts of failed and passed BIM elements. The data presented in the figure reveal
that the number of elements failing QC checks in the STR, ARCH, ELEC, MECH, and PIP
models are 14, 165, 125, 51, 46, and 109, respectively. This breakdown clearly and concisely
represents the QC status across different disciplines within the BIM models.
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Figure 12. The result of the summary statistics section for one of the architectural BIM models.
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Figure 13 presents a segment of the report for the structural BIM model. This section
explicitly lists failing elements, accompanied by their unique IDs. This format was par-
ticularly designed to aid engineers in efficiently identifying and modifying problematic
elements within the BIM model.

Yolume [Empty) For both steel and concrete elements Area [Empty) For ! PhaselEmpty] Material Empty
Element ID Element Name Element ID Element Name ElementID  Element Name Element ID Element Name
24564 Structural Foundations 12 3036336 Structural Foundations 2
3424670 Stiuctural Foundations 12 3043533 Structural Framing 25
F424687 Stuctural Foundations 12 S045926 Swructural Framing 25
3424713 Stiuctural Foundations 12 3073426 Structural Foundations 2

24351 Structural Foundations 4
125579 Strustural Foundations 4
3207366 Structural Framing 26

3214030 Structural Framing 27

3250822 Swructural Framing 32

3253332 Saructural Framing 35

3286484 Structural Framing 25

415248 Strustural Foundations 6
483 Structural Foundations 5
3414274 Structural Foundations 6
F414266 Structursl Foundations &
3414655 Structural Foundations &
344726 Strustural Feundations 6
3424564  Stuctural Foundations 12
24670 Structural Foundations 12
3424687  Struotural Foundations 12
424713 Structural Foundations 12

Warnings Steel Elements with no Nominal Weight Yalue
[ Overlap | pli Element ID Element Name
Mumber of Warnings Wamning Message Failing Elements 1D Number of Wamings Waming Message 3587313 M-CISC-Framing=H35 Tube Shapes
62 Highlighted floors overlap. 1350124 0 3441775 M-CISC-Framing-H35 Tube Shapes
Highlighted floors overlap. 1350375 3563444 [1-CISC-Framing-HSS Tube Shapes
Highlighted floors overlep. 1350386 F52040 M-CISC~Framing-HS3 Tube Shapes
Highlighted floors overlap. 1351820
Highlighted floors overlap. 1351831
Highlighted floors averlap. 1354748
Highlighted floors averlap. 1354759
Highlighted floors averlap. 1354770
Highlighted floors overlap. 1354781
Highlighted floors overlap. 1518182

Figure 13. List of failing elements’ names and their corresponding unique IDs.
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Figure 14. The Home Checklist section of the Data Visualization Module.
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In Figures 15-17, the results from the case study’s architectural (ARCH), structural
(STR), and electrical (ELEC) BIM models are presented, describing the outcomes based
on specific checklists for each discipline. The section consists of different components:
Percentage Fail Organized by Name, Category (Name, Quality Score, Sum of Fails, and Sum
of Passes), Select Category, and TRACKING FAILS graph. The Percentage Fail Organized
by Name component provides a comparative analysis of each QC category’s failure rate
relative to the total failure rate. For instance, Figure 15 reveals that within the ARCH
checklist, the category “Rooms with Enclosed Area” exhibited the highest failure rate
at 58.2%. This was followed by “Door Element Code (started with specified code)” at
22.4%, and “Door Element Code” at 14.9%. Such detailed insights enable engineers to
identify which specific cases are lagging in terms of quality based on the number of BIM
elements involved. Further, the “Category” table provides additional data, including
the quality score and the number of failing and passing elements for each QC category.
According to the Category table, categories such as “Element Phase”, “Element Surface”,
“Element Workset”, “Family Name”, and “Workset Name” achieved a quality score of
100%, indicating no failures in these areas. Conversely, the “Door Element Code (started
with specified code)” category recorded a relatively lower quality score of 50%. Other
categories like “Rooms with Enclosed Area”, “Door Element Code”, “Material Name”, and
“Element Material” reported quality scores of 53.6%, 75%, 97.6%, and 99.8%, respectively.
The “Category” table allows users to focus on specific QC categories and their corresponding
results. This feature is particularly useful for engineers requiring a focused analysis of
particular aspects of the BIM model. The TRACKING FAILS graph illustrates the month-
over-month progression in addressing and correcting failures. This visual representation
provides a clear overview of each discipline’s improvements over time.

Conclusively, the ARCH BIM model’s average quality score, calculated at the end
of the Category table, was 87.6%. This score, derived from the aggregate of failing and
passing elements across all QC categories, indicated the BIM model’s overall quality in the
architectural discipline. As illustrated in the TRACKING FAILS graph, a significant trend
was observed in the reduction in failing architectural (ARCH) elements over a four-month
period. Initially, in July, the total number of failing ARCH elements stood at 95. This
number subsequently decreased to 91 in August, followed by a further reduction to 80 in
September, finally reaching 67 in October. This progressive decline in the number of failing
elements clearly indicated the effectiveness of the implemented system. It demonstrated
its utility in assisting the design teams to gradually identify and rectify issues within their
BIM models. The consistent month-over-month improvement proved the system’s role in
enhancing the overall quality and accuracy of the BIM models in the project.

In the structural BIM model, as presented in the STR_checklist section results and
shown in Figure 16, the “Material Name” category showed the highest failure rate at 47.06%,
followed by “Steel Elements with CON Workset” at 29.4%, and “Material Volume” at 23.5%.
An analysis of these categories can reveal specific areas where the structural model requires
improvements to meet QC standards. As shown at the end of the “Category” table, the
average quality score of the structural BIM model was calculated at 83.2% based on the
number of failing and passing elements for each QC category. However, the “TRACKING
FAILS” graph indicated that the structural design team has yet to address these identified
issues in the BIM model.

According to the “ELEC_checklist” section results shown in Figure 17, the only fail-
ing category was “Family Name”, with a failure rate of 100% and a total of 42 failure
cases detected.
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Figure 15. The ARCH Checklist section of the Data Visualization Module.
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Figure 16. The STR Checklist section of the Data Visualization Module.
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Figure 17. The ELEC Checklist section of the Data Visualization Module.
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The QC failing categories present an opportunity for corrections aligning with the
project’s objectives. For instance, in the case study project, priority was given to the cate-
gories influencing the QTO and coordination outputs. Consequently, the architectural BIM
model’s failing elements in categories such as “Element Material” (QTO), “Element Sur-
face” (QTO), “Element Phase” (filtering existing elements from the QTO result), “Element
Workset” (QTO classification), and “Rooms with Correct Height Geometry” (coordination
and handover) were prioritized for modification., Similarly, in the structural BIM model,
elements in categories like “Element Material”, “Element Volume”, “Element Surface”,
“Concrete Elements with Correct Workset”, “Steel Elements with Correct Workset”, and
others related to QTO were given precedence in the modification process.

This QC methodology has been applied to assess 180 design BIM models across various
disciplines for the case study project. The effectiveness and precision of the developed
system have been validated within the case study, along with the received positive feedback
from the design department. The system proved instrumental in identifying inconsistencies,
inaccuracies, and errors. The QC reports and visualization files generated have facilitated
effective communication between the BIM and design departments, enabling them to
address the issues identified and enhance the overall quality of the BIM models, striving
toward achieving a 100% AQS.

6. Discussion

The quality and accuracy of information are essential in any construction project, and
low-quality BIM can adversely impact crucial tasks such as QTO, coordination, handover,
codification, testing, and commissioning. On the other hand, verifying the quality and
accuracy of all of the information and parameters included in BIM models is challenging
and time-consuming. Therefore, developing an automated QC system for BIM models
is critical in any construction project with specified objectives. This paper introduced
an innovative, automated BIM-based QC system, specifically for structural, architectural,
and MEP disciplines, to ensure the integrity of BIM models concerning QTO, design
coordination, and handover processes in accordance with the project’s QC checklists.
A significant contribution of this study was developing an integrated system designed
to automate and enhance the quality and consistency checks of BIM models across all
engineering disciplines. Utilizing a proposed QC checklist, the system addressed the need
for a multi-purpose tool that, while initially project-specific, can be adapted for more
generic applications with minor modifications, thereby impacting key project outcomes
such as QTO, coordination, naming convention, and BIM model accuracy. At the same time,
these are the main limitations found in the previous works. The developed system was
also applied to the original BIM models, while most previous research used the IFC format
to carry out the QC, which causes some issues such as a loss of information, attributes, and
properties [38—43].

While various BIM tools exist, including Autodesk Revit, Tekla Structures, ArchiCAD,
etc., Autodesk Revit was chosen for the developed system because it deals with all engi-
neering branches such as MEP, structure, and architecture. In contrast, other tools, such as
Tekla and ArchiCAD, offer BIM for structural and architectural engineering. Conversely,
Autodesk Revit offers Dynamo integration, which proves immensely beneficial in automat-
ing and expediting information production and management. Additionally, it provides
various licensing options.

In text-based programming languages, a programmer is required to write lines of
code to develop a program. In contrast, visual-based programming languages enable the
programmer to manipulate visual elements to construct a program. Visual coding offers
several advantages over text-based coding, including enhanced readability, user-friendly
features, and so on. Since the ultimate users of the QC automation code may not be
coding experts, a visual programming code like Dynamo is far more user-friendly and
comprehensible for them compared to a text-based programming code. Even an engineer
with basic programming knowledge can execute or adjust the developed QC automation
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Dynamo script to suit various project needs. The parameters and scenarios incorporated into
the developed BIM QC system were chosen in accordance with the project’s QC checklist
and their influence on the accuracy of design coordination and QTO outputs. The list of
failing BIM elements’ names and IDs was intended to assist engineers in identifying and
correcting issues within BIM models.

The present study explored two methodologies for publishing QC results on the cloud.
The selected approach involved utilizing a local data storage tool, such as Microsoft Excel,
in conjunction with a cloud-based platform like ProjectWise. This approach was selected
for its accessibility and familiarity to those involved in the case study project, ensuring ease
of integration and use. In contrast, although technically viable, the alternative method of
directly transferring QC results to a cloud-based database like MySQL was not pursued
due to constraints related to existing infrastructure and resource availability.

The Power BI platform was chosen for the Data Visualization Module due to its
widespread usage and popularity within the AEC industry. Using the cost-effective Power
BI Pro platform facilitated enhanced collaboration and distribution of reports and visualiza-
tions within the organization. The integration capability of Power BI with various tools and
databases, including Microsoft Excel, Microsoft Access, MySQL, and the Speckle platform,
underscores its versatility and alignment with BIM model linkage.

However, it is important to note that the scope of the results presented in this paper
was limited to Autodesk Revit, Dynamo, ProjectWise, Microsoft Excel, and Microsoft Power
BI; the issues analyzed and the frameworks and algorithms defined to overcome them can
be adapted to other software solutions.

This study introduced a newly developed QC system to check and evaluate the data
quality of BIM models. Figure 18 shows the requirement analysis of the developed system.
The process begins with experts, who define the QC rules and requirements aligned with the
BEP document. It also includes all of the naming convention procedures. Once approved,
the design team initiates the preparation of the requirements of the BIM models during
the early design stage, followed by the preliminary QC assessment. If the initial quality
target is not met, the design BIM model is returned to the design team for revision. Once
the preliminary quality target is attained, the design team proceeds to develop the detailed
architectural, structural, and MEP BIM models, including all necessary parameters and
information as per the QC rules and requirements established initially. Depending on
the project’s scale, the QC can be conducted on the detailed BIM models by either the
design team or the BIM department. In this study, the BIM department performed the
detailed QC on the engineering BIM models, and QC reports were sent to the design
teams to correct their models accordingly. When the BIM models are updated weekly in
the cloud, a BIM specialist from the BIM department can perform QC processes through
visualization and detailed QC implementation using the developed Data Extraction and
Analysis Module. The system automatically generates a comprehensive report detailing
identified inconsistencies and missing information. The QC report is then transferred to
the Data Visualization Module for the design teams and clients to visualize the QC report
data, including Fails Tracking, Fails Percentage, and the AQS number. If a BIM model’s
AQS number falls below 100%, the detailed report is forwarded to the design team for the
necessary corrections to be made to the BIM model. This iteration continues until all BIM
models achieve a 100% AQS number. The process needs close collaboration between the
design and BIM departments. An appropriate platform like ProjectWise is essential for
effective and fast data sharing between the BIM QC coordinator and design coordinator
to send the QC reports after each update to the respective design teams to correct their
original BIM models accordingly. A BIM specialist performed the developed QC process on
the project’s design BIM models. The process execution time varied up to several minutes
for each model, depending on the size of the BIM model.
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Figure 18. Requirement analysis of the proposed system development.

However, this study is subject to the following limitations:

The implementation of the system was limited to Autodesk Revit BIM models, sug-
gesting the possibility of expansion to encompass other types of BIM models from
different BIM software.
The testing and validation of the system were carried out in only a single case study;,
requiring broader application and testing to fully ascertain its effectiveness across

various projects.
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3. While the system was initially designed for individual disciplinary models, future
developments could extend its capabilities to involve all disciplines within a federated
BIM model.

4. The uniform weight coefficient applied to each check within the system could be refined
to reflect the varying impacts of different checks on the project’s cost and timeline.

7. Conclusions

Periodic QCs of BIM models (e.g., weekly or monthly) are essential because BIM
models are used to make decisions about buildings” design, construction, operation, and
maintenance. If the models are not of high quality, these decisions will not be based on
accurate or complete information. The primary emphasis of this study was on the develop-
ment of an automated QC system for assessing the quality and consistency of designed
BIM models. This system incorporates project-specific QC procedures and checklists, of-
fering applicability to similar construction projects. The system comprises four principal
components, including a user-friendly Data Visualization Module and automation scripts
designed for various disciplines to detect inconsistencies, errors, and problems in BIM
models. The capability of the developed system was explored through a real case study.

The key findings from this study are as follows:

I.  The automation workflows developed in this study were capable of reading, selecting,
sorting, filtering, extracting, and transferring all QC data from STR, ARCH, MECH,
PIP, and ELEC BIM models.

II.  The generated QC reports enabled design teams to rapidly identify and correct failing
elements within the BIM models. In the case study, 17, 67, 42, 29, and 55 failing
elements were initially detected and listed from the project’s STR, ARCH, ELEC,
MECH, and PIP BIM models.

II. The Data Visualization Module significantly aided in prioritizing corrections by
highlighting QC categories with the highest failure rates, both in terms of the number
of failing elements and their quality scores.

IV. The Data Visualization Module calculated the AQS values of 87.6%, 83.2%, and 56.2%
for the case study’s architectural, structural, and electrical BIM models, providing a com-
prehensive quality overview and alerting engineers and QC teams to potential issues.

V. The application of the QC system in a case study demonstrated a 30% reduction in
failing elements for the architectural design team over four months, indicating the
system’s efficiency.

VI. The system proved beneficial in identifying missing data or information within the
BIM models. For example, in the case study STR BIM model, 21 structural elements
did not have an assigned structural material parameter value, and 4 steel elements
were identified as not having an assigned nominal weight parameter value.

VII. Additionally, the Data Visualization Module facilitated the design teams’ tracking
of correction progress in the BIM models, which provided a clear overview of each
discipline’s improvements over time.

This study underscores the importance of periodic QCs in BIM models, which are vital
for informed decision making in building design, construction, operation, and maintenance.
By enabling timely identification and correction of failing elements, the developed system
can prevent problems leading to increased costs and delays, thereby enhancing the overall
efficiency of BIM-based project management.
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