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A B S T R A C T

With an increasing demand for mitigating the impact of infrastructure projects on their surrounding environ-
ment, contractors are demanded to incorporate risk mitigation strategies in their bids for public projects. There
is, however, little knowledge available on how 4D BIM tools can best be used during the procurement phase to
support the development of more effective risk mitigation strategies. An in-depth qualitative case-study was
conducted to understand how the use of 4D BIM tools could support the process of risk mitigation. The case-
study was the procurement phase of a billion-euro canal lock expansion project in The Netherlands, where each
of the competing contractors made use of 4D BIM tools to mitigate planning risks. The findings show how the use
of 4D BIM tools could greatly support the development of highly effective risk mitigation strategies. This study
extends 4D BIM literature by presenting empirical evidence on the use of 4D BIM tools during the procurement
phase of a complex infrastructure project.

1. Introduction

With an increasing demand for mitigating the impact of infra-
structure projects on their surrounding environment, public clients
have incorporated quality aspects like environmental risks in bid eva-
luation processes [1,2]. Under new procurement methods, bids are
compared on the basis of price as well as on their effectiveness in mi-
tigating environmental risks. Environmental risks associated with con-
struction activities include the disruption of economic activities, traffic
congestion and delay, and damage to the natural environment and the
surrounding infrastructures [2].

The contractor's tender team is therefore tasked to develop risk
mitigation strategies during the procurement phase of infrastructure
projects. Risk mitigation is a part of risk management, often conducted
after risk identification and risk analysis [3,4]. It involves developing
strategies to reduce the potential impact of risk or increase the control
of risk. However, in current practice, the contractor's tender team faces
three difficulties during the procurement phase that hamper the de-
velopment of effective risk mitigation strategies. First, lower level
product and process decisions are made towards the end of the pro-
curement process. Product design and construction planning occur in
dynamic and often separated processes, making it difficult to assess
their environmental impacts. Second, developing risk mitigation stra-
tegies is a complex process. It requires the exchange and generation of
information and knowledge among a range of expertise across multiple

disciplines [5,6]. Third, the procurement process is often conducted
under high time pressures, which provide little room for contractors to
test the feasibility and evaluate the validity of their strategies. This
discourages contractors from putting forward more effective strategies,
as fines are often coupled to non-performance.

The contractor's tender team could greatly benefit from the use of
4D BIM tools in developing effective risk mitigation strategies. 4D BIM
tools incorporate time-related information to the 3D information model
to graphically simulate the sequence of construction operations [7].
Prior research has shown that 4D visualization allowed for a more in-
tuitive comprehension of the construction process than traditional 2D
drawings and schedule information [8], which could support the as-
sessment of the impact of construction plans on the environment [5].
The 4D visualization also resulted in more effective communication of
preliminary product and process decisions to all stakeholders [9,10].
Through visual and automated inspection of design and workflow cla-
shes as well as task dependencies [11], 4D BIM tools could efficiently
support the testing of a strategy's feasibility. Therefore, the use of 4D
BIM tools has the potential to support the contractor's tender team in
developing more effective risk mitigation strategies.

Although the benefits of 4D BIM tools are much reported in litera-
ture, few studies focused specifically on the use of 4D BIM tools during
the procurement phase of complex infrastructure projects [12]. More-
over, there is little research addressing how 4D BIM tools can best be
used to develop more effective strategies for mitigating environmental
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risks [5,6]. To bridge this gap, this study presents case-based evidence
of the use of 4D BIM tools during the procurement phase of an actual
infrastructure construction project to understand how its use supported
the development of effective risk mitigation strategies.

The following contents are structured as follows. The next section
describes the case-study project, followed by the case-study findings.
The subsequent section discusses the contributions and limitations of
the study. The paper closes by drawing conclusions and presenting di-
rections for future research.

2. Case-study research

Case-study method is used to understand complex phenomena. It
allows the researcher to “retain the holistic and meaningful character-
istics” of contemporary events [13]. It is most suitable for research
questions of the how and why nature, and for exploratory, descriptive or
explanatory inquiries [13].

The aim of this study is to understand how the use of 4D BIM tools
during the procurement phase of complex infrastructure projects could
lead to the development of more effective risk mitigation strategies. The
use of 4D BIM tools during the procurement phase of complex infra-
structure projects is a rarely researched phenomenon. Furthermore,
there is little empirical evidence available on the relation between the
use of 4D BIM tools during the procurement phase and the effectiveness
of risk mitigation strategies. We conclude that an in-depth case-study
method is therefore most suitable to gain insight into how the use of 4D
BIM tools could support this process.

The case-study is the procurement phase of a Design & Construct
project, which is the design and construction of the middle lock in a
canal lock facility in the Netherlands. The existing canal locks facility,

which consists of three locks, will be expanded by replacing the middle
lock with a new, larger lock (see Fig. 1).

Since the facility will remain operational during the construction
phase, there is a risk that the construction works will significantly re-
duce the accessibility of the facility. According to case-study data, this
reduced accessibility can result in increased CO2 emissions due to
longer waiting times, unsafe conditions, and millions of euros of eco-
nomic loss for the users of the canal locks and for the businesses located
in the facility. The consequence of a delay in the completion of the
project will also result in significant economic loss because of the
prolonged nuisance caused by the construction activities. Therefore, the
risk of nuisance is a critical risk for the client.

The client considered five important causes that would lead to
nuisance to the shipping traffic during the construction phase (listed in
Table 1). First, if the middle lock becomes inoperable before the new
lock is operational, then the capacity of the locks facility will be re-
duced, which will lead to longer waiting times. The absence of the
middle lock would also exacerbate the risk of nuisance when one of the

Fig. 1. Overview of the three canal locks.

Table 1
List of the causes of risk of nuisance as specified by the client.

Cause of risk Effect

Unavailability of the middle lock Reduced capacity of the locks
facility

Delay in project completion Prolonged nuisance
Use of canal locks for construction purposes Reduced capacity of the locks

facility
Use of waterways for construction purposes Hindrance to the ships
Obstruction of waterways by construction

activities
Hindrance to the ships
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remaining locks becomes inoperable because of maintenance activities
or unforeseen circumstances. Second, if there is a delay in the com-
pletion of the project, then the availability of the new lock and of the
terrain will be delayed, which would result in prolonged reduced ca-
pacity of the locks facility and delayed relocation of businesses back to
the terrain. Third, if the contractor makes use of the canal locks facility
to transport construction related materials, then the capacity of the
locks facility will be reduced. Fourth and fifth, if construction related
ships or activities obstruct the waterways, then it will lead to hindering
of the locks and the ships. On top of all these risks, the location of the
project is characterized by limited space available for construction
purposes.

The procurement procedure was a Competitive Dialogue Procedure
(CDP). CDP is often used for complex infrastructure projects where the
client cannot define the specifications at the start [1]. The client and (at
least) three competing contractors define the final technical, legal and
economic aspects in dialogues. After the last dialogue, the contractors
submit their final bid and the contract is awarded. The CDP is meant to
encourage competitive innovation between contractors, by allowing
contractors the flexibility to offer potential solutions and to improve
them [14]. There are many similarities between the CDP and the Ne-
gotiated Procedure with prior publication. However, in the Negotiated
Procedure, negotiations occur post-tender with the preferred contractor
[14].

In this case-study, the CDP was comprised of three phases. In the
first phase, the client published an open invitation for bidding. Two
rounds of dialogue were held with each of the candidates to discuss the
client's request, followed by written question and answer (Q&A). After
the Q&A, candidates were asked to submit a risk management plan and
an opportunities plan.

In the second phase, the client evaluated the submitted risk man-
agement plan and opportunities plan and chose three contractors
among the candidates to continue to the next phase. Then the client
held three rounds of dialogue with each of the three contractors to
negotiate the terms and details of the contract. In addition to the rounds
of dialogue, the client also held expert consultations with each con-
tractor. In these one-on-one expert consultations, experts from both the
client's side and the contractor's side discussed specific, complex tech-
nical aspects of the tender. The experts from the contractor's side were
allowed to ask questions to the client to clarify the technical require-
ments specified in the contract.

In the third phase, the contractors were invited to submit their final
bids. After submission, the client's evaluation committee evaluated the
bids and the winning contractor was chosen.

The contract was awarded based on the most economically ad-
vantageous tender (MEAT) criteria. MEAT criteria are a set of criteria,
which reflect qualitative, technical, and sustainable aspects of the bid,
as well as the price when reaching an award decision. The incorpora-
tion of the MEAT criteria allows the client to steer the bid towards
project ambitions.

The client specified seven MEAT criteria to evaluate the bid

submissions. Two out of the seven MEAT criteria were related to the
risk of nuisance, which were: 1) risk of delay in project completion; and
2) risk of nuisance to the shipping traffic. The rest of the MEAT criteria
are related to other risks that are outside the scope of this study. These
are 3) ground formation in relation to design and execution; 4) damages
to the canal locks facility and the surroundings; 5) risk quality man-
agement; 6) risk related to industrial automation; and 7) life cycle costs.

2.1. Effectiveness of risk mitigation strategies

To mitigate the risk of nuisance, the client demanded that the
contractors incorporate risk mitigation strategies in their bids. The ef-
fectiveness of the risk mitigation strategies was then evaluated by the
client's bid evaluation committee. Each risk mitigation plan was cate-
gorized by the client's bid evaluation committee into a five-point scale
of varying ‘added values’: 0 – none; 1 – minimal; 2 – reasonable; 3 –
significant; and 4 – outstanding. The higher the added value assigned to
a strategy, the more effective the strategy is in mitigating the risk of
nuisance.

2.2. Usefulness of 4D BIM tools

The client demanded that the contractors implement and submit 3D
and 4D models during the procurement phase. The 3D and 4D models
were not included in the evaluation of the MEAT criteria by the client's
evaluation committee but were used as a communication tool and for
validation of the construction phasing plans that they submitted.

The three competing contractors were a consortium of multiple
companies. In each consortium, a company that specializes in the use of
BIM was involved.

To assess the usefulness of 4D BIM tools in developing more effec-
tive risk mitigation strategies, the authors took part in nine expert
consultations. In these expert consultations, which were conducted
exclusively with each contractor, the client's team of experts and the
contractor's tender team discussed the BIM requirements and im-
plementation during the procurement phase. The contractors also pre-
sented their risk mitigation plans and how they used 3D and 4D BIM
tools during the procurement phase. After the competitive dialogue and
the awarding of the contract, three semi-structured and open-ended
interviews with the tender team members of each competing contractor
were conducted to assess the value that 4D BIM tools had for them
during the development of their risk mitigation strategies.

Construct validity was strengthened by collecting rich case-study
data from various sources [13], which are summarized in Table 2.
Throughout the competitive dialogue, the first and second authors
observed two expert consultations regarding BIM and were involved in
them as part of the team of experts on the client's side. The first author
also observed and was involved in another expert consultation, where
the contractors discussed their construction phasing plans, sometimes
with the help of 4D BIM tools. The minutes of all observed expert
consultations and the presentation slides presented by the contractors

Table 2
Summary of case-study data gathered.

Observed meetings Meeting for developing the 3D and 4D model requirements
9 Expert consultations (3 consultations× 3 contractors)

Collected documents Contract documents
Tender submission and evaluation guidelines
Document outlining the MEAT criteria
Presentation slides of each contractor used in the observed expert consultations
Minutes of expert consultations
Submitted risk mitigation plans by each contractor
Submitted 4D models, Primavera schedules, and construction phasing drawings by each contractor
Documents reporting the evaluation of the risk mitigation plans for each contractor

Interviews conducted Contractor A: BIM manager and Construction planning and phasing manager
Contractor B: BIM manager, Project manager, and Construction planning and phasing manager
Contractor C: BIM manager and Construction planning and phasing manager
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were collected.
The authors then systematically examined, categorized, and com-

pared how each contractor used 4D BIM tools, what and how their use
of 4D BIM tools supported the development of risk mitigation strategies,
and whether or not these strategies effectively mitigated the risk of
nuisance. The initial findings were then sent to the interviewees for
verification.

3. Findings

Fig. 2 shows how the contractors compare with each other in terms
of the evaluated effectiveness of their risk mitigation strategies and the
perceived usefulness of 4D BIM tools. Table 3 gives an overview of the
core risk mitigation strategies proposed by each contractor. In Sections
3.1 to 3.3, the risk mitigation strategies and the use of 4D BIM tools by
each contractor will be described.

3.1. Contractor A

Contractor A identified passage time as the most important measure
of nuisance, as it has direct economic consequences for the users of the
canal locks facility. Passage time through the canal locks facility is
mainly determined by the number of locks available for locking. If the
middle lock became unavailable for locking, then the average passage
times would significantly increase.

Consequently, the core risk mitigation strategy proposed by
Contractor A was to keep the middle lock operational for as long as
possible. Since the new lock would block the waterway of the middle

lock, a new waterway has to be laid around the new lock. For this new
waterway to have the adequate width to accommodate the ships, the
design of the objects interfacing the new waterway had to be adjusted.

The rest of the strategies proposed by Contractor A were grouped
into three main objectives: minimization of the use of canal locks and
waterways for construction purposes; creation of ample waiting places;
and prevention of unexpected situations for the users. The first and
second groups contained strategies related to site space utilization and
logistics of materials, which had no impact on the design of the new
lock, and had minimal impact on the planning at this stage. The third
group contained strategies related to the communication of activities to
the users of the locks facility. These did not have any impact on the
design or construction method, and could be implemented during the
construction phase.

In addition to these strategies, Contractor A also developed strate-
gies for increasing the robustness of the planning to mitigate the risk of
delay to project completion, thereby mitigating the risk of prolonged
nuisance. These strategies were based on two major principles: the use
of 3D and 4D BIM tools to reduce errors, and the shifting of the activ-
ities, which depended on land expropriation, out of the critical path.

Overall, Contractor A had a highly intensive use of 4D BIM tools
during the procurement phase. The use of 4D BIM tools largely sup-
ported Contractor A in developing its risk mitigation strategies. First,
Contractor A used Synchro Pro to support the development of the core
strategy. Four variants of the design for the outer gate head, anchor
pilings, and temporary foundations were modelled. Various sequences
of constructing and demolishing the temporary foundations and anchor
pilings were loaded in Synchro Pro. The resulting 4D models provided a
visualization of the objects to be constructed and their sequence of
construction, through which the contractor's tender team could navi-
gate in various time periods and in various arbitrary viewpoints. In an
iterative process supported by the 4D BIM tool, the tender team could
explore which combinations of the design variants and construction/
demolition sequences would keep the middle lock operational for the
longest period. Following this process, it was possible to keep the
middle lock operational for four out of the five years of the construction
duration.

Second, Contractor A also used Synchro Pro to check the com-
pleteness of the 3D model and the construction schedule. Activities as
well as objects that were not linked to any object and any activity,
respectively, were identified by the BIM manager, who then notified
either the planner or the designer. This increased the robustness of the
schedule, which mitigated the risk of delay to project completion, and
consequently, the risk of prolonged nuisance.

Last, the use of the 4D BIM tool allowed for efficient testing of the
feasibility of the strategies. Contractor A could visually inspect the 4D
model for design and workflow clashes, as well as task dependencies.
Using the clash detection functionality of Synchro Pro, Contractor A
could also automatically check for clashes in the design, while taking

Fig. 2. Comparison of the three contractors.

Table 3
Overview of core risk mitigation strategies proposed by each contractor.

Contractor A Keep middle lock operational for 4/5 years of the construction duration
Minimize use of canal locks and waterways for construction purposes
Segregate work areas from public areas
Create ample waiting places
Communicate towards stakeholders
Use 3D and 4D BIM tools to reduce design errors and prevent errors during construction

Contractor B Minimize use of canal locks and waterways for construction purposes
Segregate work areas from public areas
Create ample waiting places
Communication towards stakeholders

Contractor C Keep middle lock operational for 2.5/5 years of the construction duration
Minimize use of canal locks and waterways for construction purposes
Segregate work areas from public areas
Create ample waiting places
Deploy external expert for timely application and approval of permits
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into account the temporal aspect. An additional benefit of using 4D BIM
tools for testing the feasibility and constructability was a lower tender
price. By testing the feasibility of the risk mitigation strategies and the
major construction strategies, Contractor A was ensured of the sound-
ness of its tender, and was able to reduce its risk profile.

The result was a highly effective overall strategy for mitigating the
risk of nuisance. The client evaluated the risk mitigation strategies
proposed by Contractor A and assigned the overall plan with a score of
4 (outstanding added value). Most effective strategies cited by the client
were to keep the middle lock operational for four years out of five years
of construction duration, and to minimize the use of canal locks and
waterways for construction purposes.

3.2. Contractor B

Contractor B defined nuisance as unsafe conditions, uncomfortable
situations, and increased passage time. Unsafe conditions are expressed
in (almost) accidents, and can be avoided by following safety rules and
regulations. Uncomfortable situations, such as inadequate waiting
places and unfamiliar situations, do not lead to increased passage times
or unsafe conditions, but make it more difficult or less enjoyable for the
users of the canal lock to make use of the facility. Increased passage
time is caused by a reduction in the capacity of the locks facility, which
can be caused by the unavailability of the middle lock as a result of
construction works, by the use of the canal locks for construction pur-
poses, and by the obstruction of the waterways by construction related
activities.

Based on the risk analysis conducted by Contractor B, unavailability
of the middle lock for locking would not increase passage time, since
the east and west locks had adequate capacity to absorb the shipping
traffic serviced by the middle lock. Instead, the risks to nuisance con-
sidered by Contractor B were the use of the canal locks for construction
purposes, and the obstruction of the waterways by construction related
activities.

Accordingly, Contractor B developed risk mitigation strategies
aimed at preventing the use of the canal locks by construction-related
ships; separating the work space and public space; creating ample
waiting place; and effectively communicating with the users of the
canal locks.

Contractor B also developed strategies for mitigating the risk of
delay to project completion. One of these strategies was related to
construction sequencing. Contractor B divided the concrete pouring for
the lock chamber into two separate streams that could be conducted in
parallel, to accelerate the execution of the activity. As a result, a buffer
in the concrete schedule was created, which could absorb a delay in
preceding activities.

The use of a 4D BIM tool slightly supported the development of the
above risk mitigation strategy. Contractor B developed the 3D model to
the same level of detail as the number of planned concrete pouring
activities. Then, Contractor B used Autodesk Navisworks to visualize
various pouring sequences and identify which pouring sequence would
result in least distance travelled by the trucks. This resulted in an op-
timum concrete pouring sequence, with the shortest distance travelled
by the trucks, and consequently, the fastest pouring sequence.

Contractor B also used Autodesk Navisworks to test the availability
of the waiting places. By modeling the temporary facilities necessary for
the waiting places and linking them to the construction schedule,
Contractor B could visually inspect if the prerequisite activities needed
to create the waiting places at various locations were executed at the
correct moments. In this way, Contractor B could ensure that the
planned waiting places for each construction phase would be available
as proposed in the risk mitigation strategy.

Overall, Contractor B had lowly intensive use of 4D BIM tools during
the procurement phase. Aside from the examples given above,
Contractor B did not use 4D BIM tools for other purposes. The con-
tractor cited three main reasons for this. First, the dynamic nature of the

procurement phase made it difficult to link the 3D model with the
schedule. Many product and process decisions were made later in the
procurement process. In addition, significant changes to the planning,
such as the shifting of construction phases to align them with cash flow
moments, were made a couple of weeks before the deadline of the
tender. A change in the schedule could require a total remodeling of the
3D object to achieve the same level of detail. In addition, since the 4D
model required a schedule as an input, Contractor B could only develop
a concise 4D model much later in the procurement process, under high
time pressures.

Second, Contractor B did not perceive the usefulness of 4D BIM tools
in developing its risk mitigation strategies. The main objective of
Contractor B for developing a 4D model was to comply with the client's
requirements. Contractor B expressed that if the client had not de-
manded the submission of a 4D model, then it would not have devel-
oped a 4D model during the procurement phase. 4D modeling would be
more valuable for Contractor B during the project engineering and
construction phase, when most design and process decisions have been
made, and the schedule has been developed in more detail.

Last, the way the 3D models were developed did not align with the
requirements for creating the 4D model. Contractor B developed the 3D
models mainly for engineering and cost estimation purposes. According
to the BIM manager, this made it difficult to link the objects with the
activities. The 3D models often had a different level of detail from the
schedule. In addition, linking the 3D objects to the corresponding ac-
tivities in the schedule was time consuming and often difficult.

The client evaluated the risk mitigation strategies proposed by
Contractor B to have minimum effect on the risk of nuisance and as-
signed them a minimal added value. The client found that there re-
mained considerable risks related to nuisance that were not mitigated
by Contractor B. The construction method chosen by Contractor B
would lead to a significant reduction of the capacity of the locks facility
because the middle lock is inoperable for most of the construction
duration. At the same time, the risk mitigation strategies proposed by
Contractor B did not address this reduced capacity. This combination
would leave the users of the canal locks facility vulnerable to increased
passage times, long waiting times, unsafe conditions, and economic
losses if one of the two remaining canal locks becomes inoperable be-
cause of foreseen and unforeseen circumstances.

3.3. Contractor C

Contractor C identified two factors that determine nuisance for the
users: the increase in passage time through the canal locks facility as a
result of construction activities; and unexpected situations.
Consequently, Contractor C proposed risk mitigation strategies aimed at
mitigating the two factors: preventing and minimizing the increase in
passage time, and guaranteeing predictable and reliable waterway
layout and communication. The development of these strategies re-
quired accounting for site space utilization and logistics for the move-
ment of materials during the planning process. The design of the new
lock was not influenced by these strategies.

To prevent and minimize the increase in passage time resulting from
construction activities, Contractor C proposed to keep the middle lock
operational for two out of the five years of the construction duration.
This was achieved by shifting the construction activities taking place
around the middle lock later in the construction phase to keep the
waterways leading to the middle lock accessible. In addition to this
strategy, Contractor C proposed to transport most of its materials in and
out of the construction site without the use of the canal locks. The re-
maining materials that have to be transported via the locks will be
transported outside the rush hours.

The second theme is concerned with guaranteeing predictable and
reliable waterway layout and communication to the users. The strategy
for predictable and reliable waterway layout was to have maximum
four temporary waterway layouts throughout the construction phase.
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This required planning the site space utilization throughout the con-
struction phase.

Contractor C also developed strategies to mitigate the risk of delay
to project completion. These strategies involved creating buffers in the
planning for activities dependent on land expropriation, to mitigate the
risk of delay when land is not acquired by the client on time. Other
strategies focused on reducing errors in the design and on shifting the
testing of installations earlier in the construction process, to mitigate
the risk of failure during the construction phase.

Another strategy involved the realignment of data cables.
Contractor C planned to realign one of the existing data cables, which
was at its maximum length, without extending the length of the cable. If
the new alignment was longer than the existing alignment, then the
contractor would have to extend the length of the data cable, which
would take much longer and increase the risk of damage and delay.
Therefore, Contractor C had to define a new alignment that was the
same length or shorter than the existing alignment.

Overall, Contractor C had a moderately intensive use of 4D BIM
tools during the procurement phase. Contractor C used Autodesk
Navisworks to identify an available space for realigning the data cable
at a specific moment in the construction phase. Then, Contractor C used
a 3D modeling tool to model the space required for the data cable,
measure the new alignment, and then adjust the alignment if the length
was too long. Using the 3D modeling tool, instead of a 2D drawing,
really supported this iterative process because it could accurately
measure the length of the new alignment by taking its depth into ac-
count.

Contractor C also used Autodesk Navisworks to plan site space
utilization throughout the construction phase. The contractor used the
4D visualization of the integrated 3D models of all design disciplines
and the construction schedule during the tender team meetings. By
visualizing and navigating through the 4D model at any given time
period and at various viewpoints, the tender team could identify spaces
in the site that were available at that given period or could be opti-
mized. With the support of the 4D BIM tool, Contractor C was able to
guarantee the integrity of the design and develop an optimum site space
utilization.

The use of the 4D BIM tool also efficiently supported the testing of
the strategies in relation to safety. Using the walkthrough tool of
Autodesk Navisworks in the 4D model that was already developed for
other purposes, Contractor C could simulate what the skippers could see
and evaluate the scene in relation to sight lines and safety. In this way,
the feasibility of the strategies with regards to safety could be efficiently
tested with the support of the 4D BIM tool.

One of the challenges faced by Contractor C in using the 4D BIM tool
during the procurement phase was due to the dynamic nature of the
procurement process, which was similar to the experience of Contractor
B. In addition, the 4D model requirements specified by the client in-
fluenced Contractor C in its development of the 4D model. Contractor C
expressed that a lot of time was spent on fulfilling the client's 4D model
requirements. Meanwhile, the resulting 4D model did not have much
added value for the contractor.

Another challenge faced by Contractor C was related to the tool
itself. The soil model developed by Contractor C distinguished the dif-
ferent layers of soil for each 100 cm2 of land. This information is ne-
cessary to plan the import and export of soil for each construction phase
in a manner that would cause the least nuisance. However, the size of
the soil model was too large and dense to use in Autodesk Navisworks.
Therefore, Contractor C could not use the 4D model to automatically
extract the quantities of soil for each construction phase.

The client evaluated the risk mitigation strategies proposed by
Contractor C as moderately effective and assigned them a reasonable
added value. The strategies to prevent the use of the canal locks for
construction purposes effectively mitigated the risk of nuisance. The
strategy to keep the middle lock operational for two out of the five
years of the construction duration also effectively mitigated the risk of

nuisance. However, the client found the proposed period of two years
inadequate to significantly lower the risk.

4. Discussion

This paper aimed to present case-based evidence on the usefulness
of 4D BIM tools in developing effective risk mitigation strategies.
Comparing the usefulness of 4D BIM tools and the effectiveness of the
risk mitigation strategies by the three contractors, it can be remarked
that the two variables are positively correlated. The authors observed
that 4D BIM tools were used more intensively when strategies required
adjustments in the design or planning. On the other hand, 4D BIM tools
were less intensively used for strategies that did not affect the design of
the facility or the planning of construction activities.

Likewise, the effectiveness of the strategy increased when the ca-
pacity of the canal locks facility increased as a result of the strategy. The
most effective strategy perceived by the client was when the design was
modified to maximize the capacity of the canal locks facility. This is
similar to the findings of other case studies on safety risks, in which the
most effective strategy to mitigate safety risks was to modify the design
to maximize the safety of staff upstream in the construction process,
before work onsite begins [15–17].

Given these benefits, the contractors also faced challenges when
using 4D BIM tools during the procurement phase. Design and process
decisions were made later in the procurement process, and significant
changes in the planning were made at the last moments. These made it
difficult and time consuming to develop 4D models.

The perceived usefulness of 4D BIM tools and the effectiveness of
risk mitigation strategies were subject to three limitations. First, the
way the 4D model was developed (what was modelled and in what
detail) by all three contractors was influenced by the 3D and 4D model
requirements of the client. The contractors spent time on developing
the 4D models according to the requirements of the client, which lim-
ited the time the contractors spent on developing 4D models for pur-
poses that could be more useful for them. Therefore, the requirements
of the client influenced the usefulness of 4D BIM tools during the pro-
curement phase.

Second, the scope of the procurement phase can vary depending on
the type of contract of the project, and the chosen procurement method.
These determine the scope of activities that have to be conducted by the
contractor, which in turn would influence the value of 4D BIM during
the procurement phase. Future research could examine the value of 4D
BIM tools in other contract types and procurement methods, such as the
traditional Design-Bid-Build or in an Integrated Project Delivery setting.

Third, the findings are based on one case-study involving three
contractors. The usefulness of 4D BIM tools in developing more effec-
tive risk mitigation strategies observed in this case-study may not be
representative, since small samples are more likely to yield extremes
[18]. Nevertheless, findings of this one case-study show the potential of
4D BIM tools in mitigating the risk of nuisance. Subsequently, clients
may benefit from incorporating 4D BIM in the evaluation of the bids,
with the aim of improving the effectiveness of risk mitigation plans
submitted by contractors. However, further research into other cases
still needs to be conducted to assess the usefulness of 4D BIM tools
during procurement. Further research can also be expanded to include
the construction phase, to understand how 4D models can be used as
input for logistic planning process and supply chain management.

5. Conclusion

This paper presented case-based evidence on the usefulness of 4D
BIM tools in developing effective risk mitigation strategies. In this case-
study, the usefulness of 4D BIM tools and the effectiveness of the risk
mitigation strategies by the three contractors were found to be posi-
tively correlated. This yields benefits not only for the contractors and
the client, but also for the users of the canal locks facility.
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The authors observed that the use of 4D BIM tools greatly supported
the development of highly effective risk mitigation strategies. 4D BIM
tools were very useful in evaluating various design and process alter-
natives given a specific constraint. By visualizing and navigating
through the 4D model at any given time period and at various view-
points, the contractor's tender team could identify potential problems
and develop the best possible alternative. The use of 4D BIM tools also
efficiently supported the testing of the strategies. Using the 4D models
that were already developed for other purposes, the contractors could
visually inspect and automatically check for design and workflow cla-
shes as well as task dependencies.

The findings of this case-study are subject to three limitations. First,
the way the 4D model was developed was influenced by the 3D and 4D
model requirements of the client, which influenced the usefulness of 4D
BIM tools during the procurement phase. Second, the usefulness of 4D
BIM tools during the procurement phase observed in this case-study
may vary for projects with other contract types and procurement pro-
cedures. Third, the usefulness of 4D BIM tools in developing risk miti-
gation strategies may not be representative because it is based on one
case-study.

Future research is suggested to examine the intensity of 4D BIM
implementation and the measured effectiveness of risk mitigation
strategies during the construction phase. A longitudinal case-study
could be conducted to understand how the use of 4D BIM tools
throughout the project life-cycle could support the development of ef-
fective risk mitigation strategies at the start of the project and to
monitor the implementation of these strategies. Public clients are also
advised to monitor the impact of optimized construction logistics on
nuisance to build, renovate and maintain their networks with less im-
pact on society.
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