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Abstract: Building Information Modelling (BIM) is now a globally recognised phenomenon, though
its adoption remains inconsistent and variable between and within the construction sectors of different
countries. BIM technology has enabled a wide range of functional applications, one of which, ‘4D
BIM’, involves linking the tasks in a project’s construction schedule to its object-orientated 3D model
to improve the logistical decision making and delivery of the project. Ideally, this can be automatically
generated but in reality, this is not currently possible, and the process requires considerable manual
effort. The level of maturity and expertise in the use of BIM amongst the project participants still
varies considerably; adding further obstacles to the ability to derive full benefits from BIM. Reflecting
these challenges, two case studies are presented in this paper. The first describes a predominantly
manual approach that was used to ameliorate the implementation of 4D BIM on a project in Paris. In
fact, there is scope for automating the process: a combination of BIM and Artificial Intelligence (AI)
could exploit newly-available data that are increasingly obtainable from smart devices or IoT sensors.
A prerequisite for doing so is the development of dedicated ontologies that enable the formalisation of
the domain knowledge that is relevant to a particular project typology. Perhaps the most challenging
example of this is the case of renovation projects. In the second case study, part of a large European
research project, the authors propose such an ontology and demonstrate its application by developing
a digital tool for application within the context of deep renovation projects.

Keywords: 4D BIM; construction scheduling; project planning; building renovation; automation;
ontology; artificial intelligence; lean methodology

1. Introduction

The construction sector has undergone many technical and regulatory developments
over recent decades. Concerned about the impact of their projects on the environment
and the safety of end-users and other project stakeholders, project owners have become
more and more demanding when it comes to commissioning projects [1]. However, those
involved in construction have, according to some commentators, changed their working
methods very little [2]. This gap between changes in rules and standards that affect the
demand-side, and the relative stagnation of those on the supply-side, has significant impacts
on the duration, cost and quality of the works delivered. A project is an environment
where stakeholders with different profiles are required to achieve specific objectives. The
success or failure of a project depends on the strategy adopted to organize, coordinate, and
supervise all the activities and works that need to be scheduled and then delivered while
taking into account the various internal and external project constraints [3].

The planning and scheduling of construction projects represents an important part of
the management of the construction process. It plays a crucial role in a project’s success,
since it facilitates the allocation of resources (such as equipment, materials, and labour)
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to project activities over time, to ensure the completion of the project on time and within
budget [4]. In addition to determining the pace of the work, good scheduling enables
project stakeholders to check project feasibility, estimate the preliminary costs, maintain
safety, optimise the use of resources, and allow the project team to monitor and control
progress and determine if the work is proceeding efficiently, ensuring that the client’s
objective is achieved [5]. Furthermore, planning and scheduling deficiencies [6] and poor
communication among project participants [7] have been identified as major factors that
can lead to project delays and cost overruns, and ultimately to claims and disputes [8].
As a major contributor to the global economy (13% of global Gross Domestic Product)
and one that is expected to rise by 85% to $15.5 billion globally by the year 2030 [9], the
construction sector is still under-achieving and inefficient, since 9 out of 10 global mega
projects encounter delay and cost overruns [10]. Scheduling software packages, such as
Primavera and Microsoft Project [11], as well as planning techniques such as bar charts, time
charts, and network approaches, are used to assist and help project managers in planning
construction projects [12]. However, these tools are still limited and insufficient when
considering the massive amount of newly-available data (e.g., feedback, images captured
from smart devices, IoT sensors, etc.) that can continuously be produced on every project.
Effective use of these data could enable valuable insights through a combination of Building
Information Modelling (BIM), Artificial Intelligence (AI) and Machine Learning (ML) [13].

The advent of BIM has changed the practice of project management and has assisted
project managers in expediting their duties more effectively than they have in the past. BIM
can be defined as a set of tools, processes, and technologies that are enabled by a digital
representation of the physical and functional characteristics of a built asset [14] expressed
in data-enriched 3D models and their relationships. This digital replica constitutes a shared
and central source of data about a facility, forming a reliable basis to produce information
that supports insightful decision making for planning and managing a construction project
throughout its entire life cycle [15]. Such information could include onsite spatial and
topographical information, temporal and schedule information, and resources and cost
information, among others [16–18]. BIM models are characterised by a level of develop-
ment (LoD) which varies from 100 to 500 (i.e., from least to most developed) and serves
to specify the appropriate amount of information required for specific uses [19]. Such
digital representation is multi-dimensional, or ‘nD’, where each dimension indicates an
information-processing capacity for various aspects [20]. The fourth dimension, known as
4D BIM, incorporates time-related information in the 3D information model to simulate
and optimise the project construction process [21]. Practically, this consists of linking units
of work or elements in the form of objects from the geometric 3D model to the construction
scheduling activities using proprietary software, such as Navisworks or Synchro Pro [22,23].
Beyond the fifth dimension, understood as cost-estimating capacity [24], there appears to
be lack of consensus [25].

Research has shown that 4D BIM can be a solution to overcoming many deficiencies of
current planning practices [26]. The enrichment of a 3D BIM model with scheduling data
has increasingly improved the quality of the construction planning process through the
development and integration of several use cases, such as dynamic site analysis with tem-
porary components including equipment movement, resource availability, the management
of congestion and other operational constraints [27–29], spatiotemporal analysis for health
and safety management [30,31], evacuation path planning [32], logistics management [16],
augmented vehicle tracking and transportation route planning [33], construction waste
management [34], spatial conflict detection and workspace congestion avoidance [16], and
the monitoring of construction progress with site layout designs [35,36]. Overall, according
to Candelario-Garrido et al. [37], 4D BIM simulation is 40% more efficient than conven-
tional planning procedures. Furthermore, 4D-BIM-based visualisations provide an intuitive
comprehension of the construction process which enables more effective communication
and therefore better collaboration between all project stakeholders [38,39].
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Although the benefits of 4D BIM are clear and much reported in the literature, few
studies have considered the actual implementation of such tools and the corresponding
processes during the construction phase that involves many actors. The use of 4D BIM
is currently only adapted for small projects with few activities, since its use can be very
expensive and time- and effort-consuming [23]. Moreover, there is little research addressing
how 4D BIM can best be coupled and used with AI tools; e.g., to optimise and develop
more effective strategies for construction project management through the automatic gen-
eration and simulation of different construction scenarios [40]. To bridge this gap, this
study first presents case-based evidence of the use of 4D BIM during the construction phase
of a real project to understand how this tool can be practically implemented to support
and assist the project participants in their mission. Second, to enable process automation
and 4D tools development, this paper presents an ontology—known to be a useful AI
tool in formalising specific domain knowledge including concepts, relations, and con-
straints [41,42]—dedicated to scheduling, planning, and 4D simulation, and demonstrates
its application by populating the corresponding database and developing a digital tool for
application within the context of deep renovation projects that are part of a large European
research project known as the RINNO project.

The remainder of the paper is organized into five parts. After a brief review of planning
in construction projects in general, Section 2 reviews the literature on the use of 4D BIM,
concluding in the identification of remaining barriers and problems for investigation. In
Section 3, the sources of empirical and theoretical data are introduced. These include a
literature review of 4D BIM applications and a survey of 4D BIM practice in France. The
construction of a new building at the CESI campus in Nanterre-Paris prompted the overall
study of a newly proposed approach to the process of 4D BIM implementation, which is
detailed in Section 4. The proposed method is then demonstrated on the Nanterre 2 CESI
Project in Section 5. The ontology proposed, along with a digital tool to automate the
process of 4D BIM simulation specifically dedicated to scheduling of renovation projects,
is introduced in Section 6. The CESI 4D BIM methodology was applied under unique
circumstances and its more general applicability to the construction industry is discussed
in Section 6 alongside the RINNO project case study, and the future work envisaged by the
research team. The content is summarised in Figure 1, below.

Figure 1. Methods, contributions, ongoing works, and future developments presented in this study.
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2. Planning of Construction Projects

The ISO 21500 standard defines a project as “a unique set of processes consisting of
coordinated and controlled activities with start and finish dates, undertaken to achieve
an objective” [43]. In order to achieve these deliverables, the processes comprise a set of
activities to which human, financial, and material resources are allocated. These activities
are also limited in time. The total duration of the project is the sum of the durations of those
activities that are ‘critical’ (i.e., those in which a delay would cause a comparable delay in
the completion of the project [44]). The definition given by the standard [43] also addresses
the importance of the constraints that may be external to the project (regulations, socio-
economic situations, environmental issues, etc.) or internal (the availability of resources,
the degree of skill of the actors, budget envelopes, etc.). A project is also characterized by a
life cycle in which each of the stages requires the implementation of groups of processes to
organize and control the work of the stakeholders in order to achieve the initial objectives.
This life cycle depends on the nature, size, and field of activity, as well as the constraints
of the project. Project management consists of identifying, planning, and controlling the
processes required to increase the probability of the project’s success at each phase of the
life cycle.

2.1. Construction Project Management

The construction sector brings together all the activities of the design, construction,
operation, and demolition of public works, civil engineering, and building works. The
vast majority of construction projects follow a sequential development where each of the
stages corresponds to a phase of the project. There are four main phases covering the life
cycle of a built asset: Pre-project, Pre-construction, Construction, and Post-construction [45].
At each stage of the project, different actors are needed to plan, execute, and control the
activities. The complexity of construction projects lies in their rapid pace [46], their unique
environment (regulations, location, type of market, etc.) [47] as well as the multiplicity of
stakeholders with different roles and periods of intervention [48].

To successfully manage a project, effective planning in all its phases is essential. The
corresponding tools and methods can be counted by the dozen, and they must be adopted
and put into practice by all of those involved in the construction industry in order to
facilitate coordination and time control [49]. The most commonly used tools and methods
are detailed in the next section.

2.2. Planning Methods for Construction Projects
2.2.1. Traditional French Job Titles and Planning Process

Planning a construction project involves identifying, for each stage of the project,
the activities to be carried out in order to achieve the desired objectives. The activities
must then be broken down into elementary tasks so as to be scheduled with respect to
the technical, economic, and specific constraints of the project. By doing so, the resulting
deliverable makes it possible to clearly explain the detailed progress of the project, while
validation milestones ensure the measuring of progress and the quality of the services to
be performed.

In a construction project, a schedule is developed by the client, noting the project’s
feasibility. This preliminary schedule rarely details each of the project tasks because many
of them are still unknown or might be deleted and/or modified. However, it enables a
quick assessment of the project duration in its early stages, despite a significant degree
of uncertainty. To respond to project tenders, bids are expressed using the envelope
planning of the project owner (in French the maître d’ouvrage, or MOA) as input. The
granularity of tasks is reduced to make improvements and confirm or reject the initial
duration expectations. Finally, before the construction phase, companies must also create
execution schedules based on the general planning of the project entity in charge of the
implementation of the project (the company, firm, department, or person called in French
the maître d’oeuvre, or MOE). These schedules take into account their ability to mobilize



Buildings 2022, 12, 1145 5 of 33

the necessary resources, delivery times for supplies, and scheduling constraints that link
them to other onsite activities [50].

As the activities of all project participants are strongly interconnected in time and space,
it is fundamental to collaborate throughout the whole project in order to reduce the impacts
of potential causes of delay. This is precisely the role of the scheduling, management, and
coordination team (in French the Ordonnancement, Pilotage, Coordination or OPC); to
bring together and synchronise all the schedules as well as to be the unique contact for
project participants to coordinate activities in case of any conflicts or problems. Depending
on the nature and context of the project, the OPC may implement and use different planning
methods. It should be noted that, in this paper, although generic role descriptors have been
used where possible, occasionally it has been necessary to use French job titles. These, and
their English equivalents, are provided in Appendix A, Table A1.

2.2.2. Planning Methods

Several classes of scheduling methods have been identified through the review and
analysis of various literature concerning construction planning [51]. The most known and
used are (a) the Critical Path method, (b) the Line-of-Balance method, (c) the Program
Evaluation and Review Technique (PERT), (d) simulation methods, (e) AI-based methods,
(f) visualisation methods, (g) Critical Chain scheduling, (h) location-based scheduling, and
(i) Lean methods. These are detailed in the following paragraphs.

(a) The Critical Path method was first used in the 1950s in the United States [52]. It is
most used in construction projects since it is easily applicable to sequential projects.
However, it has many drawbacks, the most important of which is the use of ratios
derived from feedback. Therefore, whether the duration of the tasks is under- or
overestimated, this method does not leave the freedom to the actors to easily adjust
their schedule to the pace of the actual production.

(b) The Line-of-Balance method was first created by the Goodyear Company in the early
1940s [53], before being adopted and developed by the U.S. Naval Forces in the early
1950s [54]. It is a powerful tool used for scheduling and controlling construction
projects that contain repetitive blocks of activities, such as high-rise buildings, roads,
tunnels, railways, and pipelines. Its focus is on resource allocation for each construc-
tion phase so that activities are achieved in time without any interference from the
following phases [53].

(c) The PERT method was also developed by the U.S. Naval Forces. It has the advantage
of making the scheduling of tasks more flexible [55]. The PERT method is based on
the calculation of total margins and free margins that will enable the OPC to easily
evaluate their degree of freedom to modify activity dates in the case of any hazards
or to optimise space and resource allocation. Although it allows some flexibility
compared to the Critical Path method, the PERT method inherits from it several
disadvantages, in particular the absence of indications on the occupation of space or
the allocation of resources.

(d) Simulation methods [56] are powerful tools [57,58] that have been developed and
used during the last 60 years in construction to enable project managers to optimise
project resources and improve productivity [56]. However, only repetitive or cyclical
construction activities could be simulated [56].

(e) AI-based scheduling techniques have been used in construction since the 1980s [59].
They allow project managers to automatically generate optimised schedules based on
different scenarios and AI algorithms [60–63]. However, representing and integrating
uncertain knowledge while generating onsite construction schedules is still the main
weakness of these methods [51].

(f) Since the 1990s, several visualisation methods [64] and technologies (BIM [65], VR [66],
AR [67], MR [68]) have been developed in construction to improve communication
between project participants and enhance the visualisation and validation of the
construction plans.
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(g) The Critical Chain method [69] complements the impact of variation within a con-
struction project by introducing the concept of buffer. It aims to reduce contingencies
and allows project managers to take into account the limitations of resources when
developing project schedules through the insertion of aggregated buffers.

(h) The location-based scheduling method is used mainly for projects where the activities
have to be repeated many times (high-rise buildings, collective housing, linear infras-
tructure, etc.). It is a spatiotemporal representation of a project that focuses on the
rate of production capacity of each team. A grid is used to describe the duration and
location of each task. The space is represented on the ordinate by means of different
points of the project; the starting point, the ending point, as well as specific points
between (floor numbers, kilometre posts, intersections, structural work, etc.) [70].
Although it enables the checking of the production rate while taking into account
the use of site space, the implementation of this method requires time and advanced
planning skills.

(i) Lean methodology is based on a production philosophy which originated in the auto-
mobile industry [71]. The aim of Lean-based planning methods [72] is to continuously
improve the added value of the construction tasks (performance, cost, quality, and
duration), with the goal of enhancing the overall profitability of the project. In the
construction domain, nine Lean planning and control techniques have been identi-
fied [73]. Based on several planning levels (Master, Phase, Look-ahead, Commitment),
the Last Planner method [74] is one of the most used and implemented Lean tech-
niques in construction [75–78]. This method focuses on short-term planning at crew
level. Generally, Lean methods are implemented using a support (standard or digital
board) on which the actors indicate the nature, location, and type of material to be
mobilized, as well as the number of workers required to execute the task. This is
repeated weekly in order to study the interdependencies of the tasks, prevent pos-
sible conflicts, and collectively propose optimisations. The main advantage of this
method is that it takes into account the needs and constraints of each project actor
by promoting and encouraging collaboration before task executions. Stakeholders
combine their knowledge and effort for the general interest of the project and not
just to achieve their own activities and objectives. As for any collaborative work,
this method requires the real involvement of all the project stakeholders, along with
rigorous and constant participation.

2.3. Problems for Investigation

Clearly, it is up to the project team to choose the most suitable planning method with
respect to the project context and the level of expertise of the project stakeholders. However,
despite the fact that these methods have been used for decades, it should be noted that
few construction projects have succeeded in achieving their initial objectives in terms of
cost and duration [79]. Furthermore, traditional planning methods are very limited and
unsuitable when considering the massive amount of data that the construction industry is
producing on a daily basis over many construction projects. This knowledge base could be
used to enable stakeholders to gain useful insights by using BIM and AI tools, as outlined
by Gondia et al. [13] in their survey. Consequently, construction actors are increasingly
adopting IT-based tools to develop more comprehensive, flexible, and efficient construction
and planning methods, such as those based on BIM [80].

3. Construction Planning and the Advent of 4D BIM

BIM makes it possible to design, build and operate a structure over its entire life
cycle [14]. It involves a collaborative process within the company and between external
partners around a digital model. The latter can be described as a 3D representation of
the physical and functional characteristics of a built asset [81]. It is a technical database,
made up of objects defined by their characteristics and the relationships between them.
The whole forms a structured set of information about a built asset. The 3D model is useful
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for visualizing the planned project. However, on its own, this virtual structure remains
static and does not allow a clear appreciation of the implementation of the construction
process and the dynamic that characterises the sequence works. To make it dynamic, it is
necessary to integrate a fourth dimension: time. This is the principle of 4D planning. In
practice, this corresponds to linking the 3D elements of the BIM model with the project
schedule activities. The next two subsections review the different applications and use
cases in which 4D BIM has been used so far, and present a survey about the most-used 4D
BIM tools, practices, and methods in France.

3.1. Review of 4D BIM Applications

Research has shown that 4D BIM can be a solution to many of the deficiencies of
current planning practices [26]. The enrichment of a 3D BIM model with scheduling data
has increasingly improved the quality of the construction planning process through the
development and integration of several use cases. For example, simulating the progress of
work over time is an efficient communication tool for explaining to a client the progress of
a project and the construction methods used. Indeed, 4D-BIM-based visualisations provide
an intuitive comprehension of the construction process, which enables more effective
communication and thereby better collaboration between all project stakeholders [38,39].
The use of 4D BIM has made several applications possible, including the following:

(i) Site analysis including temporary components such as equipment movement, re-
source availability, the management of congestion, and other operational constraints.
Construction project productivity can be decreased by about 65% due to space con-
gestion [82]. For instance, Huang et al. [29] proposed the integration of construction
virtual prototyping systems with 4D models to provide realistic graphical simulations
that incorporate both the layout and dynamic analysis of the construction site.

(ii) Spatial conflict detection and workspace congestion avoidance. Chavada et al. [83]
analysed conflict detection between workspaces using a 4D BIM visualization of
construction schedules. Moon et al. [17] developed an active simulation system based
on 4D models and an optimisation process to minimise the simultaneous interference
level of the schedule workspace. Trebbe et al. [84] explored the use of 4D models to
coordinate different construction engineering designs, schedules, and the operations
of contractors on a real railway station renovation project.

(iii) The monitoring of onsite construction work progress with site layout designs.
Tran et al. [85] explored the use of 4D BIM and a visual programming language to
develop a conceptual framework of camera planning that enables the monitoring of
construction site progress. To detect deviations in the construction process between
the actual state of a construction and its planned state, Braun et al. [86] proposed an
automated framework based on photogrammetric surveys and 4D BIM models.

(iv) The production of short-term work plans. Sriprasert and Dawood [87] implemented
a visual multi-constraints planning framework based on the use of 4D BIM and Lean
methodology principles. The LEWIS system enables the integration of construction-
related information and constraints with 4D planning to ensure the generation of
constraint-free commitment work plans.

(v) Spatial–temporal analysis for health and safety management. To prevent construc-
tion accidents, Tran et al. [30] proposed a hazard identification approach based
on spatial–temporal conflicts that may lead to accidents using 4D BIM models.
Han et al. [88] proposed the 3D-CES system to design, verify and simulate the 3D
visualisation of mobile crane operation. To assist in elaborating the crane lift sched-
ule, this system enables the identification of safety and productivity aspects while
selecting the most efficient crane operation. Tan et al. [89] investigated the use of
BIM and 4D acoustics simulation tools to mitigate the noise impact on maintenance
workers of offshore platforms. In this framework, the BIM model was used as a
source of information, whereas the 4D acoustics approach was used to provide the
spatial–temporal sound pressure level distribution of the generated noise;
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(vi) Evacuation path planning. Kim et al. [32] proposed a 4D-BIM-based framework that
automatically analyses, generates, and visualises the evacuation paths of workers.
The prototype developed takes into account construction activities and site constraints
to enable the identification of accessible evacuation paths considering customised
parameters, such as workspaces, temporary structures, and storage areas.

(vii) Logistics management. For example, to facilitate the visualisation and analysis of
construction progress and workspace logistics, Golparvar-Fard et al. [90] proposed
the use of 4D photographs. Said and El-Rayes [91] developed an automated multi-
objective construction logistics optimisation system to integrate and optimise material
supply and site layout decisions. Chin et al. [92] proposed a framework to support
the logistics and progress management of structural steel works by using 4D with
radio frequency identification technology.

(viii) Augmented vehicle tracking and transportation route planning. Chen and Nguyen [33]
investigated the use of BIM with a web map service for selecting between construction
material sources. The BIM–WMS decision-making system developed was based
on the evaluation of the final cost, material delivery time, and location credits to
help designers and project managers in the selection of materials, and cost and
schedule planning.

(ix) Construction waste management. Hewage and Porwal [93] proposed a 4D-BIM-
based framework in order to predict material waste and propose recycling strategies
in construction. Won and Cheng [94] developed a 4D BIM construction waste esti-
mation system which relies on construction waste factors for the estimation of waste
generation. Bakchan et al. [95] presented a theoretical 4D BIM solution for construction
waste disposal scheduling. However, according to Guera et al. [34], existing 4D BIM
applications for construction waste management present some deficiencies, such as
only focusing on waste generated by rework activities, a lack of estimation for off-site
recycling, and/or the use of fixed factors. To overcome these issues, they proposed
the integration of temporal-based algorithms with 4D BIM and demonstrated the
proposed solution on two different case studies located in North America for the case
of concrete and drywall waste reuse and recycling planning [34].

Furthermore, Candelario-Garrido et al. [37] have investigated the general benefits of
using 4D BIM simulation for the construction industry and have estimated this tool and
corresponding approaches to be 40% more efficient than conventional planning procedures.
Linking the digital model to the construction schedule allows project managers to identify
planning errors [39] given that 70% of traditional schedules produced are wrong and
non-optimised [96]. Non-compliance with a schedule has a direct effect on the duration
and costs of the work as well as possible indirect effects on its quality [97]. Extending
incorrect schedules usually disrupt the smooth execution and coordination of works, and
companies must use additional resources and accommodate the new activities within a
very short time.

Despite the clear benefits of 4D planning methods, examples of their adoption, use,
and application on real projects are rarely documented. Several research works propose
4D planning methods based on the development of specific and bespoke workflows re-
quiring an advanced level of expertise in using many computerisation tools in different
specialisation domains [98]. In addition, the use of 4D BIM is currently only adapted for
small projects with few activities, rather than very expensive, time- and effort-consuming
projects [23,31]. This is mainly due to the complex nature of 4D planning methods which
are usually defined and based on interfacing BIM authoring tools (e.g., Revit, ArchiCAD,
Bentley), BIM management tools (e.g., Navisworks, Syncro Pro), and legacy scheduling
tools (e.g., Primavera, MS Project). There exists a lack of interoperability between the
three groups of tools, since BIM authoring platforms are usually more suited to the design
stage [23]. In particular, because of this lack of interoperability between BIM tools and BIM
management platforms, the modification of any activity or 3D element generates a lot of
manipulations, adjustments, and repetitions of the 4D planning process. Moreover, there is
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a dearth of studies that investigate how 4D BIM can be integrated with AI tools which will
enable the development of more effective methods for construction project management by
considering the massive amount of data produced on every project and thus enable the
gaining of valuable insights [40].

To capture the industry perspective on BIM-based 4D solutions and understand
existing practices, a survey of French construction companies was performed. The results
of the survey are described in the next subsection.

3.2. 4D BIM Tools and Methods Used in France

A questionnaire survey was conducted in order to understand 4D BIM practices in
France. The questionnaire was first designed then shared online on professional platforms,
such as LinkedIn, to allow construction companies to complete it and share their expe-
rience and practices. It consisted of three main items: (i) the 4D planning tools used by
the company and why (advantages and disadvantages), (ii) the strategy and methods
used to implement these tools, and (iii) the different use cases and applications for which
these tools were used. The survey was conducted remotely from February to April 2020.
Fifty-one participants, including BIM managers and experts from different French construc-
tion companies with different backgrounds and specialisations, such as architecture, civil
engineering, construction informatics, and project management, received and completed
the survey.

As shown in Figure 2, Navisworks and Synchro Pro are the most widely-used BIM-
based 4D planning softwares in France with 55% and 25%, respectively. Other 4D planning
tools, such as Vico Control (6%), XD Builder (4%) and others (e.g., ITwo 4.0) are used
by some French construction companies as well. However, not all the respondents had
experienced the use of 4D BIM planning (6%), which demonstrates that the 4D BIM tool is
not yet fully implemented and adopted within the French construction ecosystem.

Figure 2. Most used 4D BIM tools in France.

The most used 4D tool in France is Navisworks. It is easy to use and enables the linking
of activities on a bar chart to corresponding 3D elements in the BIM model. Navisworks can
be used for operation control, conflict analysis, construction sequences, and coordination
between disciplines. However, this tool requires many manipulations of the BIM model
and planning to integrate changes. In addition, to ensure consistency between these two
entities (i.e., BIM and planning), it necessitates the adoption of a relevant LoD. The second
most popular 4D tool in France, according to the survey, is Synchro Pro. It integrates
some planning functionalities and so enables an integrated planning process performed
in the same interface as the 4D simulation. However, this tool is still difficult to learn and
therefore to implement on construction projects. Compared to Navisworks, it requires more
time and practice before project managers can handle it correctly. Indeed, the planning
method used by Synchro Pro seems to make the study of spatial constraints more difficult.
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The activities are defined with respect to their locations, which generates a huge number to
manipulate and deal with, in addition to their logical and resource links.

The survey showed that two strategies exist for setting up the 4D planning use case.
The first is a real implementation which consists of identifying the needs in terms of 4D
planning, selecting the most suitable software by acquiring a license, and finally, developing
a training plan to master the corresponding tools and methods. The second strategy to
implement 4D planning on a construction project is to outsource this use case by subcon-
tracting it to another engineering company that will use its own solution and methods.
This article takes part in the first strategy by proposing a method that allows construction
companies to initiate and internally implement 4D planning works for any projects.

However, the results revealed that the use of 4D planning is still limited and mainly
restricted to creating and simulating 4D project videos to communicate internally within the
same company and/or with the client. These video animations are usually non-interactive
and disconnected from the progress of actual onsite works. However, some big contractors,
such as Vinci Construction France or Bouygues Construction, have good expertise in 4D
planning, and they use it for advanced applications, such as project progress monitoring
and control, and employ digital tools that allow site workers to provide daily information on
the quantity of tasks performed. The use of these data enables project managers to evaluate
onsite production, monitor and control progress, and make the appropriate adjustments to
the 4D planning if necessary [16].

Furthermore, the survey highlighted two methods used by the French companies to
implement 4D BIM. The first method is based on the ‘Hardin and McCool method’. This
method [96] is the most commonly used because it applies the basic 4D principle of linking
a schedule to a digital model. Indeed, it proposes a solution based around the Navisworks
software and its TimeLiner module. By importing a Gantt schedule and a digital model
of a project, it is possible to link the corresponding digital objects to each of the project
tasks. This link can be performed manually or automatically if the 4D parameters of the
digital model have been correctly created and entered. The second method is developed by
the iBIM teams at the Vinci Construction France company. This method is based on the
use of Synchro Pro software. It consists of remodelling and restructuring the BIM model
into elementary objects, creating a task for each item in the schedule, and then linking
each elementary object to its corresponding task. This results in a 4D schedule with a
very high granularity, since the BIM objects in the original BIM model will be split into
many new elementary BIM objects according to their actual onsite construction schedule.
For example, an existing slab object (or any other element, such as a floor or wall) within
the original BIM model could be split into more than one elementary slab in the new
restructured BIM model to be suitable for the 4D planning method. Although this solution
allows for the precise planning of the schedule, its main drawbacks come from its highly
detailed breakdown. The implementation of this method represents a manual, laborious,
and time-consuming process of restructuring and reorganising all the BIM model elements
of the built asset. For instance, according to an iBIM’s BIM manager, a structural BIM model
for a medium-sized project (~10M €) includes more than a thousand elementary building
components. Therefore, even if the laborious data restructuring work of the BIM model has
been carried out in advance, it is relatively complicated for onsite teams to quickly identify
the work in progress and indicate the level of progress.

3.3. Summary of the Identified Problems

The difficulties encountered by survey respondents corresponded closely with the
observations noted in the literature, summarised in Section 2.3, above. This suggests that
current methods of creating 4D tools from 3D BIM models are either (i) relatively easy but
not suitable for the full range of construction site planning functions (as in the case of the
Hardin and McCool approach); or (ii) reasonably suitable for such purposes in terms of
their granularity but involve a laborious and time-consuming manual conversion process.
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The requirement for the CESI BIM team to undertake the implementation of 4D BIM
planning on the Nanterre 2 project presented an opportunity to develop a workflow that
addressed these concerns. The aim was to produce an approach to 4D BIM implementation
that could produce a construction schedule of maximum functionality with minimum extra
effort expended in data exchange. The results, which are presented in the following section,
could help project participants more fully exploit the potential of 4D BIM.

Furthermore, to address the problem of how 4D BIM can best be coupled and used
with AI technologies to exploit the massive and increasing amount of construction data
and enable 4D BIM automation, Section 6 proposes an ontology and demonstrates its
application by developing an automated 4D BIM process for application within the context
of the RINNO research project.

4. A New Proposed Methodology for 4D BIM Planning: The CESI Process

The previous sections and literature reviews on construction project planning generally
and 4D BIM methods in particular were used as a starting point for understanding the
construction industry’s needs and then developing the CESI planning process. The purpose
of this method is to identify and develop all the steps to be followed to guarantee the
achievement of the MOA objectives concerning 4D planning. Following a four-phase
process (Figure 3), the CESI method details how this BIM use case should be required
and specified by the client until the production and delivery of related deliverables. This
solution is intended to be simple and pragmatic. The following subsections detail the
different phases of the CESI method.

Figure 3. The CESI 4DBIM approach.

4.1. Phase 1: To Express the 4D Objectives in an Initial BIM Specification Document

The first actor in the project that allows the implementation of BIM is the client. Their
role is to express needs which can be explicit, implicit, precise, or vague, depending on their
familiarity with construction techniques and rules. However, the client can be supported
by an assistant project manager (in French the assistant à maîtrise d’ouvrage, or AMO)
who will help to precisely define the client’s needs and achieve their strategic objectives.
The method proposed recommends the use of SMART objectives (Specific, Measurable,
Achievable, Realistic and Time-bound) for each of the BIM use cases desired by the client.
For the 4D BIM use case, several SMART objectives can be expressed by the client. For the
4D BIM use case, examples of such SMART objectives are:

• The contractor’s response to the invitation to tender must include 4D planning of
construction methods for the works in a visual form that demonstrates its feasibility.
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• The appointed contractor’s BIM manager is responsible for the provision of a 4D
schedule for the construction phase and its submission to the client. This must allow
for progress monitoring of the works at any time during their execution and include
the work of all the project delivery team.

• The contractor’s 4D planning solution must enable the identification of all co-contracting
zones during the progress of the works with the objective of ensuring and optimising
the safety of the site staff and operatives of the companies involved in the works.

This formulation of 4D planning objectives makes it possible to explicitly identify the
client’s expectations. In this case, the BIM manager will be able to propose detailed solutions
to organise the production of BIM models that enable this use case implementation.

4.2. Phase 2: To Identify Information Requirements and Relevant Workflows

The BIM manager precisely determines all the parameters to be taken into account
and integrated into the 4D planning. This preliminary work is important because it helps
explain to project contributors how to adapt their traditional deliverables (schedules and
models) in order to be usable within the framework of 4D planning. As such, the BIM
manager can proceed in three steps as follows:

Step 1: To convert the client’s objectives into SMART objectives if this has not been
carried out in the specification document. Indeed, non-SMART goals are often open to
interpretation, unfeasible, or incomplete.

Step 2: To determine what information must be produced to perform relevant 4D
planning. When the 4D objectives require expertise that is beyond those of the BIM
manager (e.g., environmental risk management), project actors, such as QSE (Quality
Security Environment), CSPS (Construction Safety and Health Protection Coordination),
and specialised BET (an engineering company), should be appointed by the client at the
request of the BIM manager.

Step 3: To draw up a functional and pragmatic strategy and formalise it in the BIM
Execution Plan (in French the convention BIM). Indeed, to share and use the identified
information, a workflow must be put in place to specify: what digital tools are capable of
exploiting the information; in which formats the information should be delivered; how
the information should be produced, controlled and shared; and finally, what deliverables
are expected.

4.3. Phase 3: To Design a Project Schedule Adapted to the Use of 4D BIM

To ensure quality, optimal coherence, and consistency between the BIM model(s) and
the construction schedule, a working method is formalised, as follows:

Step 1: The provisional or final construction schedule (depending on the stage of the
project) is obtained. This schedule will be the input to the design process described below.

Step 2: The MOE, OPC, and CSPS meet to study the general planning of the project and
identify the phases that could represent health and safety risks for the project (e.g., complex
construction methods, areas of high co-contracting, significant environmental risks, heavy
traffic flow).

Step 3: Meetings are held as necessary between the OPC, contractors and project
actors to study in detail the scheduling of tasks. The synthesis of all this information will
make it possible to propose a preliminary solution that will then be integrated into the 4D
BIM use case and using visualisation, will then be validated or amended.

Step 4: The OPC in charge of monitoring and coordinating the work must master
traditional planning and 4D BIM based planning tools, because they are in charge of linking
the planning to the BIM model. The BIM manager is also asked to verify that the BIM
models have been modified according to the new granularity of the construction schedule.

This process should be formalised in a contractual document, such as the PGC (site
management plan, in French Plan de Gestion de Chantier), under the responsibility of the
project manager.
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4.4. Phase 4: To Supervise BIM Models Production for 4D BIM Use Case

As noted earlier, it is common for French project stakeholders to partially achieve only
certain BIM use cases initially required by the client. This is partly due to the BIM maturity
and expertise of some project stakeholders and partly due to the disparity between the
required and available LoDs. A further important factor is the way the BEP is elaborated.
For the use of 4D BIM, it often consists of a brief and summary description contained in
a section that is less than one page in length. The proposals below aim to optimise the
content of the BEP to better elaborate and specify the implementation of 4D BIM.

Step 1: To explicitly mention the obligation to achieve 4D use and above all what
its purposes are. Thanks to the work carried out in Phase 1, 4D applications are easily
understood using the SMART objectives identified.

Step 2: To detail which actor must perform or contribute to which task(s) in order to
achieve the 4D BIM use objectives. To do so, the RACI matrix (Responsible, Accountable,
Consulted, Informed) was proposed. This project management tool [99] is usually used
for classifying project stakeholders through a ‘responsibility assignment matrix’, thus
developing a grid specifying who does what in the project. Here it was adapted by the
authors for specifying the scheduling process (Figure 4) and the BIM model production
(Figure 5) to facilitate the use of 4D BIM.

Step 3: To indicate in the general process describing the BIM model’s production
when the tasks related to the 4D BIM use case must be performed. This must be undertaken
before the BIM models are checked and coordinated so that the BIM manager can control
deliverables produced for executing the 4D BIM use case and verify the presence of the
parameters that will serve to link the BIM models to the schedule.

Step 4: The process of 4D BIM implementation needs to be very detailed to indicate to
the project actors the method adopted. It should begin with a reminder of the SMART ob-
jectives envisioned; the modelling rules to comply with the rationale for model structuring
and breakdown; the parameters to be created and information on who provides them and
when; information on when and how the work will be controlled; the criteria for choosing
4D BIM software; and information on who links the model to the schedule to produce the
expected deliverables, and when this will occur.

Clarifying and detailing the process and procedure for implementing a BIM use case,
whether it is 4D-BIM-related or not, allows project stakeholders to have a good under-
standing and clear idea of the tasks to be performed. The more the production and control
process is explained, the more the probability of reaching the project objectives increases.

Figure 4. RACI matrix for implementing the scheduling process when using 4D BIM.
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Figure 5. RACI matrix for BIM model production when using 4D BIM.

5. Case Study of the Nanterre 2 CESI Project

This first case study extends the 4D BIM literature by presenting empirical evidence
on the implementation and use of 4D BIM tools during the construction phase of an
educational building. The Nanterre 2 CESI project (Figure 6) is a four-storey building
intended to increase the teaching capacity of the CESI campus in Nanterre. There were
two reasons for adopting BIM for the design and delivery of the project. Firstly, so that the
deliverables produced by the project participants could be saved at each phase in order to
make them available to CESI teaching teams and serve as real case studies. Secondly, so
that the information contained in the deliverables allowed CESI to manage the operation
and maintenance of the building using BIM-based workflows.

Figure 6. Location of Nanterre 2 (new) and Nanterre 1 (existing) buildings on Rue Kléber.

5.1. Nanterre 2 CESI Project

The Nanterre 2 CESI project is composed of: (i) a ground floor of 800 m2: coworking
and catering space; (ii) the first floor to the third floor (800 m2 per floor): teaching spaces;
(iii) the fourth floor (600 m2): Living Lab. (i.e., BIM modelling, RA/RV, and digital simula-
tion spaces); (iv) parking for employees, professors and/or researchers, and green spaces.
Construction works were planned for a 12-month period (between 5th May 2018, and
31st May 2019). CESI, as client, specified the use of BIM for the design and construction
of the Nanterre 2 building. Apart from its intrinsic commitment to the use of the latest
available technologies, CESI also wanted to use the project as a case study that provided
data for teaching and research programmes in digital construction. Therefore, in com-
missioning the Nanterre 2 building, the client, CESI, followed a similar process to that
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described in (the later published) ISO 19650: 2 [81]. This involves the ‘appointing party’
specifying, as part of its tender documents, a set of ‘exchange information requirements’
(EIRs) which prospective appointees then reflect in their tenders, and which form the basis
(subject to pre-contract negotiation) of the appointed delivery team’s BEP. In this case, a
BIM specification document (equivalent to a set of EIRs [81]) was produced that included
10 BIM use cases. These were:

• Site modelling;
• Project communication;
• Project review;
• Analytical studies *;
• 4D BIM*;
• 5D BIM* (an application integrating the model with cost management activities);
• Management of design conflicts and clashes;
• Logistics support *;
• Regulatory compliance checking;
• Management of construction works and equipment *

Ultimately, however, for the works to proceed, it was agreed that the appointed
delivery team could omit several (marked as *, above) of the BIM use cases. The main
reasons for this were the deficiency of certain aspects of the requirement specifications
as well as the diversity in the level of BIM expertise and maturity within the delivery
team. One such omission was the requirement to provide 4D BIM. For this use case in
particular, the BIM specification document only stated that a 4D software must be mastered,
indicating Navisworks as an example. The mistake made was to only cite the type of
software without specifying its capabilities. In this case, Navisworks was not capable of
managing the construction site and monitoring, in real time, construction work progress.
These were precisely the two uses of 4D BIM expected by CESI. The second shortcoming
was due to the procedure described. It was simply indicated that a 3D model and a schedule
must be linked to enable the extraction of a video animation and the phasing logbook (in
French the carnet de phasage). This procedure was based on the Hardin and McCool
method [96]. It was not indicated which 4D parameters should be produced, by whom,
and how to ensure overall planning consistency. This being the case, and believing that
it had sufficient in-house expertise, CESI decided to implement the 4D BIM planning of
Nanterre 2 internally with the help of academic research teams that were familiar with
digital construction. Their experience in doing so is the basis of the developmental case
study reported here.

5.2. Application and Illustration

The application of the proposed 4D planning method is structured in four phases
as follows:

5.2.1. Phase 1: To Express the 4D Objectives in an Initial BIM Specification Document

Table 1 proposes a reformulation of the 4D requirements so that they can be understood
without ambiguity and therefore allow the project teams to propose relevant solutions to
answer them.

Table 1. Phase 1: Expression of 4D objectives in the BIM specification document.

N◦ Initial Formulation SMART Formulation

1 The BIM model must include data related to equipment and
temporary structures required for onsite construction works.

The use of 4D BIM must enable visualisation and analysis of
space occupation by equipment and temporary structures
when two companies work within the same area.

2
The update of the schedule must be conducted in real time
and correspond to the exact progress of onsite
construction works.

At any time during the construction phase, 4D BIM
planning must enable the measuring of construction work
progress within +/−3 days.
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5.2.2. Phase 2: To Identify Information Requirements and Relevant Workflows

Step 2 (here Step 1 is not necessary): To determine the information to be produced for
each 4D objective (Table 2), the BIM manager must understand how 4D BIM tools work.
The more this BIM actor is aware of the latest technological advances, the more technically
and economically viable its 4D planning strategy is. Thus, a review of existing 4D BIM
tools may be necessary if this use case is not usually implemented by the BIM manager.

Table 2. 4D information requirements related to the 4D BIM use case.

4D BIM Objectives Information to Be Produced

The use of 4D BIM must enable visualisation and analysis
of space occupations by equipment and temporary
structures when two companies work within the
same area.

- Dates and durations of the co-contracting periods
- Names of the companies concerned
- Nature of the work
- Locations of occupied areas
- Dimensions and footprints of equipment/temporary structures
- Equipment circulation areas
- Equipment type

At any time during the construction phase, 4D BIM
planning must enable the measuring of construction work
progress within +/- 3 days.

- 4D parameters linked to the schedule
- Project task flowchart level
- Nature of the links between the tasks

Step 3: BIM modelling and collaboration platforms were imposed. A workflow was
established based on these tool constraints. However, no 4D planning tool nor project
participant with expertise in using this tool was involved in the project. Therefore, the
following two assumptions were made:

Hypothesis 1. ‘The BIM manager masters the 4D planning tool. If necessary, he can be
called upon to resolve the technical problems encountered.’

Hypothesis 2. ‘As soon as the phase is launched, under the responsibility of the BIM
manager, the project OPC is introduced to BIM and sufficiently trained to master the 4D
planning tool.’

As for the Nanterre 2 project, Hypothesis 2 was relevant, since the BIM manager
had had expertise with regard to using Synchro Pro in previous projects. Therefore, the
workflow proposed and implemented is illustrated in Figure 7.
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5.2.3. Phase 3: To Design a Project Schedule Adapted to the Use of 4D BIM

The process represented in Figure 8 can be attached to the project’s BEP in order to
guide stakeholders in designing and developing schedules that are suitable for the 4D BIM
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use case. The following steps should enable the BIM manager to transform the traditional
project planning process by taking into account the 4D BIM objectives.

Figure 8. Summary of Phase 2’s process - Design of the project schedule adapted for the use of
4D BIM.

Step 1: The traditional schedule is used as an input. This document is produced by
the project OPC through combining and including all business planning of the project. The
project tasks flowchart is of level 3 (Figure 9).

Figure 9. Screenshot of Nanterre 2 CESI project schedule.

Step 2: The first objective that must be studied is the identification of periods that
could represent a certain risk and for which 4D planning can provide an added value in
terms of safety and space optimisation. The previously identified actors must analyse the
sequencing of the tasks of the initial planning and list each of its periods in order to study
them in detail.

Step 3: The second objective is to produce the information listed by the BIM manager
in Phase 2. Collaboration between project stakeholders should enable the production of
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precise information and allow for the performance of a first optimisation for the initial
planning. Thereafter, 4D planning will enable the optimisation and the validation of the
planning generated. At this stage, all of the 4D parameters related to the analysis of
occupied spaces (4D BIM Objective N◦ #1) are known. As for the 4D objective linked to
monitoring construction work progress, it is up to the OPC, possibly with the support
of the BIM manager, to choose their own method. For the Nanterre 2 project, the initial
schedule already included the links between the tasks. It therefore remains to determine
the 4D parameter to be created so as to link the schedule to the BIM models, and to increase
the level of the project tasks flowchart in order to optimise the precision of the progress
monitoring process. Since the BIM model was created using Autodesk Revit software, a
simple and straightforward solution is to create a text parameter and name it ‘BIM_WBS’.
This parameter is created and assigned to all the BIM model objects. Then, the exact name
of the planning task to which it must be linked needs to be entered. By doing so, it was
possible to automatically assign all the objects of the BIM model to the project schedule.
Table 3 summarises the information produced.

Table 3. Summary of the information produced at Step 3 of Phase 3.

4D BIM Objectives Information to be Produced Information Identification or
Its Location

The use of 4D BIM must enable visualisation and
analysis of space occupations by equipment and
temporary structures when two companies work
within the same area

Dates and duration of co-contracting
periods Planning

Name of the companies concerned Planning

Nature of the work Planning

Location of occupied areas Planning

Dimensions and dimensions of
equipment/temporary structures Planning

Equipment circulation areas Planning

Equipment type Planning

At any time during the construction phase, 4D BIM
planning must enable the measuring of
construction work progress within +/- 3 days.

4D parameter linked to the schedule ‘BIM_WBS’: Planning

Project task flowchart level Planning

Nature of the links between the tasks Planning

Step 4: Phase 3 ends when all the information produced is gathered and combined.
Using the initial schedule, the OPC transforms all tasks by integrating 4D information, and
then shares the resulting schedule with the MOE for approval (Figure 10).

Figure 10. Evolution from initial planning to final planning (screenshot from Microsoft Project).
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5.2.4. Phase 4: To Supervise BIM Models Production for 4D BIM Use Case

This phase allows the project contractors to integrate 4D BIM information into their
BIM models to achieve the 4D BIM objectives of the project. By relying on the project
BEP, construction companies must be able to use the information provided in the schedule
resulting from phase 3.

Step 1: The BIM manager must indicate in the BEP the main BIM objectives of the
project. At this stage, the project BIM contributors should be informed that a 4D planning
process will be implemented. The BEP section following the general objectives must
indicate in detail and in a SMART way, what the objectives of each BIM use case are, and in
particular, the objectives related to 4D BIM.

Step 2: This step consists of precisely determining the degree of responsibility and
involvement of each project participant towards the achievement of the 4D BIM objectives.
Therefore, it was necessary to use the RACI matrix templates proposed in Figures 4 and 5
and substitute the actor names by the actual companies that will execute the project.

Step 3: The two production processes given in Figures 8 and 9 were integrated into
the project BEP to explain to the BIM contributors how the 4D BIM use case should
be implemented.

Step 4: Once the objectives have been identified and the production methods thor-
oughly detailed through Steps 1, 2 and 3 of the current Phase 4, the workflow to be imple-
mented was clearly explained to enable efficient project communication and information exchange.

5.3. 4D BIM Planning Implementation

In this section, the 4D planning of structural works of the Nanterre 2 CESI project
is performed. The initial planning is first linked to the digital model without taking into
account the 4D BIM objectives of the project. Then, the proposed method is applied to
integrate the information produced in the previous subsections.

5.3.1. Primary 4D BIM Planning

First, the 4D parameter ‘BIM_WBS’ is created and integrated into the BIM model of
structural works. Then, the BIM model is exported from the authoring platform using the
Synchro Plug-in. The project schedule is also imported and the links between the tasks are
preserved. Finally, the objects of the BIM model are assigned to the corresponding tasks.
This first summary 4D BIM schedule, which can be exported in video format (.AVI) or in
phasing form (.JPEG), allows project teams to check that the project workflow is correct.
It is now possible to work directly on the 4D planning software to make changes to the
project schedule. However, the BIM objectives of the project have not been achieved yet.

5.3.2. 4D BIM Planning According to the CESI Method

To test and validate the proposed method, it should be confronted with realistic co-
contracting issues. To do so, the primary 4D planning performed in the previous subsection
was used along with a detailed scenario including periods where four tasks overlap, and
three companies ‘coexist’ on the construction site. The 4D parameters to be produced to
meet the 4D BIM requirements of the Nanterre 2 project have been identified in Section 4.2.
The OPC integrates this information into their planning (see process in Figure 8) while
companies make the necessary changes to fill in the information in the BIM models (see
process in Figure 11). The compilation of these two deliverables makes it possible to
create a more detailed 4D plan which was used to validate and/or optimise constructive
choices. Figure 12 illustrates the result of 4D BIM planning. By creating the spaces linked
to each activity, an analysis of the workflow can be performed to detect hazard sources and
reduce their impact. In this planning scenario, it has been detected that the work areas on
the ground floor overlap during HVAC and ELEC interventions. Preventive actions can
therefore be taken to manage the space where these two activities are located so that no
hazards due to this co-contracting slow down the work progress.
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Figure 11. Summary of the Phase 3 process - Supervision of BIM model production for 4D BIM
use case.

Figure 12. 4D BIM planning of the Nanterre 2 CESI project using the CESI method.

The 4D BIM planning performed using the proposed method enables the achievement
of the client’s objectives better than the primary 4D planning. Indeed, the use of 4D
information, identified from the second phase of this method, allowed the actors to focus
effectively on the expectations of the MOA (namely, the evaluation of the result of 4D BIM
planning with regard to the 4D objectives) as shown in Table 4.
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Table 4. Proposed method evaluation regarding the client’s 4D BIM objectives achievement.

4D BIM Objectives Evaluation

The use of 4D BIM must enable visualisation and
analysis of space occupations by equipment and
temporary structures when two companies work
within the same area

- The zones have been identified and taken into account for the
planning of the works.

- An analysis of the zone interfaces was performed, which made it
possible to detect an overuse of certain spaces.

- The equipment circulation zone has been taken into account by
means of ‘3D paths’ linked to the tasks.

At any time during the construction phase, 4D BIM
planning must enable the measuring of construction
work progress within +/−3 days

As shown in Figure 12, the new 4D planning required the creation of new
sub-tasks and therefore the increasing of the level of the project tasks
flowchart. This makes it possible to specify the exact nature of the work
to be carried out and therefore to assess more precisely its progress.

6. Automating 4D BIM Planning: The RINNO Case Study

Research leveraging the use of 4D BIM data using AI tools is lacking [13] although such
an integration is crucial to optimise and develop more effective strategies for construction
project planning through the development of automated tools to, for example, automatically
generate and simulate different scenarios [40]. Furthermore, there is a dearth of methods
and tools dedicated to renovation project management. New construction projects have
usually been prioritised in terms of design, planning and management tool development.
When possible, these tools are adapted to the context of renovation projects [100] which
represents one of the main factors that make their performance typically lower than that
for new constructions [101,102]. The research study reported in this section is part of
the RINNO research project [103,104] which aims to develop a holistic multi-disciplinary
platform that will ensure the acceleration of the rate of deep renovation in EU residential
buildings. Here, an ontology is introduced, and its application is illustrated within the
context of building renovation. Ontologies are useful AI tools in formalising specific domain
knowledge, including their concepts, relations, and constraints [41]. They enable process
automation and tool development as they provide a machine-readable representation
of knowledge.

6.1. Renovation 4D Planning Ontology

Figure 13 presents the ontology developed within the RINNO project [103,104] ded-
icated to generating 4D BIM schedules for renovation projects. The overview given in
Figure 13 is a UML (Unified Modelling Language) class diagram illustrating the ontological
concepts, their relations and constraints, as well as the attributes or properties that define
each concept (here class or entity) to facilitate its implementation as a renovation knowledge
base in the case of this study.

As presented in Figure 13, a ‘Built Asset’ is composed of several ‘Building Elements’
(e.g., windows, walls) and WBSs (Work Breakdown Structures, e.g., floors, external façades)
where each ‘Building Element’ belongs to a WBS. A ‘Building Element’ requires one or
many ‘Renovation Activity’ components to be renovated, and this may be carried out by
installing one or many ‘Innovative Products’ (e.g., photovoltaic panels, solar collectors).
Each ‘Renovation Activity’ is temporally constrained by activities that should start and
finish before it, whereas some others will be triggered and executed after its completion. It
also requires a set of ‘Material’, ‘Workforce’, and ‘Equipment’ so it can be executed and may
cause ‘Disruption’ to the building occupants. The ‘Disruption’ concept is beyond the scope
of this paper and will be detailed in future research, since its estimation and simulation is
one of the RINNO project targets.

The ontology proposed was populated into a database using the SQL Server. This
database included several tables, and each one enabled the implementation of a concept
from the ontology. The tables describe in detail data related to renovation activities, their
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sequencing rules, constraints, duration, cost, equipment, etc., all gathered, structured, and
verified with the help of the RINNO project partners.

Figure 13. Renovation 4D planning ontology—UML class diagram.

6.2. Automated 4D BIM Planning and Simulation Process

Figure 14 presents the system architecture of the digital tool developed and Figure 15
the automated 4D BIM planning process implemented; both are based on the ontology
introduced in the previous subsection. The automated process, represented here as a UML
scenario diagram, enables the BIM manager to leverage the BIM data and automatically
generate and simulate the 4D BIM planning based on a renovation scenario identified at the
beginning of the process. Indeed, after checking the BIM model and selecting a renovation
scenario via two main GUIs (Graphical User Interfaces) (Figure 16C,D), the ‘RINNO Reno-
vation Engine’ component coordinates the 4D BIM planning process by: (i) updating the
BIM model if necessary to integrate project-related information (Figure 16A); (ii) generating
traditional (Gantt) planning using (a) the scenario selected by the BIM manager in order
to identify WBS, renovation activities to be performed, and equipment used, (b) the BIM
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model to extract BIM elements considered by the scenario simulated and corresponding
quantity take-off (QTO), and (c) the ontology to map activities to WBS and BIM elements
and assign relevant equipment to activities and estimate their durations; (iii) updating
the BIM model using the traditional planning generated, particularly by integrating the
activities data and initialising the ‘WBS_BIM’ parameter; and (iv) simulating the 4D BIM
planning created through the BIM management tool.

Figure 14. System architecture of the 4D BIM digital tool.

Figure 15. Automated 4D BIM planning and simulation.
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Figure 16. Cont.
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Figure 16. RINNO Renovation Engine GUI. (A) Project details interface. (B) WBS interface.
(C) Scenario interface 1 for renovation activities selection. (D) Scenario interface 2 for renovation
equipment selection.
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Figure 16 illustrates the GUI of the RINNO Renovation Engine developed to: (i) facilitate
interaction with the tool; (ii) automate and assist users for renovation scenario definition and
generation; and (iii) streamline the whole automated 4D planning and simulation process.

7. Discussion, Conclusions, and Perspectives

This work was an opportunity to study project management in general, and then to
look at the new methods that have emerged with recent technological advances. Traditional
planning methods are often ineffective in taking into account all the uncertainties and
hazards that may occur during a construction project. As a result, time and cost targets
are rarely met. BIM represents an evolution of these practices and can be a useful way
to optimise planning methods. Numerous studies show that 4D BIM helps to reduce
planning errors, promotes collaboration between stakeholders, and helps project teams
make effective decisions.

7.1. The Nanterre 2 CESI Project Case Study

The first case study showed that not all actors can afford to innovate and adopt BIM
for project management. Although the use of 4D BIM was specified and required by the
client, it was not implemented in the Nanterre 2 CESI project, mainly due to a lack of
practical and simple methods of implementation, as well as the low and heterogeneous
level of BIM training and expertise of the project actors.

To contribute to the democratisation of the 4D BIM use case, a structured and practical
method was proposed. This method was based on a four-step process to enable project
participants to (i) clearly and in a SMART way, express the 4D BIM objectives from the
beginning of the project in the BIM specification document, (ii) identify information re-
quirements and relevant workflows to achieve these objectives, (iii) design an adapted 4D
BIM plan, and (iv) supervise the BIM model’s production to enable the implementation
of the 4D BIM use case. The proposed method promotes collaboration between project
actors and guides them towards information production and management. Pragmatic
and detailed processes and methods were introduced and applied on the Nanterre 2 CESI
project to implement the 4D BIM use case and related objectives required by the client. This
implementation enabled the illustration of some of the advantages 4D BIM can bring to
a construction project. The effective adoption and development of 4D BIM can provide
efficient tools for monitoring work progress and so represents a significant added value
to ensure that time and cost constraints, when initially planned, are constantly satisfied.
Sacks et al. [105] proposed a matrix that contains 56 interactions between Lean method-
ology principles and BIM functionalities to clarify possible synergies between the two
methodologies. Using this matrix as a starting point to develop the proposed method
would have enabled more pragmatism and better streamlined and optimised processes
alongside the workflows proposed in this paper.

Furthermore, it should be noted that objective N◦ #2 (i.e., ‘At any time during the
construction phase, 4D BIM planning must enable measuring construction works progress
within +/- 3 days’) was difficult to achieve. This objective should be studied in detail
so as to clearly understand what the actual intention of the client was. Objectively, 4D
BIM provides very little added value for monitoring the work progress when data are not
collected in time and the BIM models are not updated regularly. Indeed, the accuracy of
the work progress depends on the frequency with which the OPC carries out their onsite
supervision and monitoring missions. In general, clients have little knowledge of the
possibilities and limits of digital tools. It would be very difficult to visualise the ‘exact’
onsite work progress as it would require a BIM model containing each element, equipment,
or work structure installed and used, temporary or permanently, during each construction
phase. Therefore, the assistance of an AMO BIM to help the client express and formalise
their requirements in a SMART manner is crucial. Furthermore, IoT and autonomous
systems [106] can play a fundamental role in collecting onsite data efficiently and regularly
so to enable the automatic and regular updating of BIM data.
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Moreover, the proposed method, if it were to be implemented in more typical cir-
cumstances, would require certain levels of collaboration between key project actors. The
two RACI matrices (Figures 4 and 5) show the required interactions between key project
actors for the effective integration of the two processes (construction schedule and BIM
model creation). The collaboration of these key project actors is crucial. The issue of
collaboration is frequently raised when the realisation of the benefits of BIM are considered.
Increased collaboration is not only a prospective beneficial outcome of BIM adoption [107];
it is a prerequisite for the full attainment of these potential benefits [108]. Thus, studies
have suggested that the realisation of BIM’s key benefits relies upon the degree of col-
laboration achieved and that this is not achievable with traditional project procurement
approaches [109–111]. Objectively, the adoption of 4D BIM provides very little added value
without the necessary and timely integration of construction scheduling and BIM model
creation; a process that is difficult to achieve in traditional project frameworks.

The Nanterre 2 CESI building has been open to students since September 2019. The
operation and maintenance management of this building is expected to be implemented
using BIM technology. To undertake this, it is essential to implement and use a classi-
fication system such as Uniclass 2015. Based on a set of consistent and hierarchically
organised tables, Uniclass 2015 allows the classification of all types of elements that could
be considered in the context of a construction project, from the most complex items such
as industrial or residential complexes, to the most detailed items such as door locks or
the covering and finishing of products. This system also allows for the classification of
physical objects using the ‘Entities’, ‘Elements’, ‘Systems’ and ‘Products’ tables, as well as
construction processes and activities through the ‘Activities’ table. Consequently, it allows
for the simultaneous integration of PBS (Product Breakdown Structure) and WBS [51] and
therefore the implementation of BIM for the operation phase in which the building objects
are linked to their respective operation and maintenance activities. This ontological link
between objects and activities should also enable the standardisation and automation of 4D
BIM planning and simulation for both construction and operation phases.

7.2. The RINNO Project Case Study

This paper also introduced an ontology that is dedicated to 4D BIM planning within
the context of renovation projects and demonstrated its applicability and value by designing
and developing the RINNO Renovation Engine to enable automatic 4D planning generation
and simulation. Ontologies are known to be powerful AI tools that allow the formalization
of specific domain knowledge by providing it in a machine-readable format. To allow users
to test and simulate different 4D planning strategies, the automated 4D planning process
proposed enables 4D scenario identification and generation in a simple, interactive, and
automatic way through a set of user-friendly interfaces. In the literature, ontologies are
usually implemented using the Protégé platform [112]. Based on expert’s input and knowl-
edge from renovation engineering documents, Amorocho et al. [99] developed an ontology
restricted to the installation of common renovation products, such as windows, HVAC
components, and external thermal insulation panels. The 4D BIM ontology proposed in this
paper considers the general case of renovation projects and so includes all related activities:
innovative products installation as well as general activities, such as ‘façade insulation
with cavity insufflation’. Furthermore, to improve interoperability and interfacing between
the BIM authoring tool (Autodesk Revit), the BIM management tool (Synchro Pro), and
the scheduling tool (MS Excel), the RINNO Renovation Engine was developed as a plugin
using the C# programming language, and the ontology was implemented as a knowledge
base and populated using both the SQL Server tool and the RINNO partners’ expertise
and knowledge. However, further research is needed in order to extend and validate
the content of the domain expert knowledge in terms of renovation activities, equipment,
innovative products, sequencing rules and constraints between activities, costs, etc. For
that, a survey has already been launched across many EU countries, and the results will be
soon reported. Since costs data will be validated by the survey, it can be then integrated to
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implement a 5D BIM use case, thus enabling the economic assessment and monitoring of
renovation projects.

Disruption was one of the concepts represented through the UML class diagram of
the 4D BIM planning ontology; however, it was not further developed nor detailed. This
concept usually refers to a disturbance which interrupts, diminishes, or alters the usual
functioning of an activity, service, or system, and its impacts on the overall efficiency and
productivity of the project [113]. Disruptions and delays are two interrelated concepts.
While disruptions can cause delays in the progress of construction works, delays similarly
can generate disruptions and a loss of productivity. Although renovation may be disruptive
per definition, project participants should ensure the managing and minimisation of the
impact on occupants. To build trust and minimise this impact, communicating with
residents and explaining the renovation process in advance can play a crucial role [114].
Certainly, BIM-based disruption simulations, along with detailed 4D BIM planning for
retrofitting works, can help address this need, which is one of the RINNO project targets
that will be presented in future.

Ultimately, to validate and evaluate its impact, the automated 4D BIM planning tool
(i.e., the RINNO Renovation Engine) should be tested and applied using real case studies.
For this, the RINNO project and its partners offer four demonstration sites in France,
Denmark, Greece, and Poland, respectively (Figure 17) with a total floor area of 3 386 m2
including both single-family and multi-family residential dwellings. These buildings reside
in different climatic regions, and comply with diverse building codes and regulations,
having been built using very different construction components and tools, and they are
equipped with different construction systems and other building amenities. Previous
research [115] recommended simplifying the 4D BIM model to ensure it does not contain
too many unnecessary details and that it enables the clear visualisation of retrofitting works.
For the design and planning phase, other research [116,117] specified that LoD 200 should
be adopted. These hypotheses, along with the BIM model with granularity relevant to 4D
simulations, will be thoroughly studied while demonstrating the 4D automated process
using the RINNO’s demo sites.

Figure 17. RINNO Demo Sites.
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Appendix A

Table A1. French terminology for project actors with English equivalents.

French Role Abbreviation English Equivalent

Maitre d’ouvrage MOA Client, Employer, Owner

Maitre d’œuvre MOE [varies] Client’s Representative,
Project Manager, Architect, Engineer

Assistant à la maitrise d’ouvrage AMO On-site assistant to the above
Ordonnancement, planning,
coordination OPC Consultant planning specialist

[unusual in UK context]
Coordinateur santé et protection
de la sécurité CSPS Health and Safety consultant.

Planning supervisor.
Assistant à la maitrise d’ouvrage BIM AMO (BIM) BIM Manager
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