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Abstract: The precedence diagram method (PDM) is an accepted standard in the construction industry and a recognized method in courts in
case of delay claims. In particular, four-dimensional (4D) simulation is becoming more prevalent in the construction industry as a means of
decreasing productivity losses and delay claims. A 4D simulation is generated by linking a project three-dimensional (3D) model with the
PDM schedule. It can be used for the visualization of the critical path to identify the cause–effect relationships and the responsible entity in the
context of claims avoidance or claims resolution. This paper explores the use of 4D simulation for the visual comparison of float values when
analyzing shifts in the critical path caused by delays. The findings are provided using a specific delay claim analysis method (i.e., time impact
analysis) to model a hydropower workshop inspired by the industry context. In summary, 4D simulation has evolved into a reliable method for
delay claim analysis. DOI: 10.1061/(ASCE)LA.1943-4170.0000267. © 2018 American Society of Civil Engineers.

Introduction
Arcadis (2015) noted that a global construction dispute costs
US$51.1 million and lasts 13.2 months on average. Claims happen
for numerous reasons, such as geological and geotechnical conditions, incomplete or modified technical information, changes in
project execution or construction method, differing site conditions,
operational constraints, contract interpretation, changes in contract
dates, or access issues. The causes of delay claims could be spatial
in nature. Platt (2007) mentioned that legal claims and dispute resolution are highlighted as a main four-dimensional (4D) application
in construction projects based on a questionnaire and focus group
discussions. The Navigant Construction Forum (2016) indicated that
virtual design and construction (VDC) will become more proactive in
construction, project management, and claims mitigation, and as a
result, the number of changes, delays, and claims should be reduced
for the benefit of all project participants. It was mentioned that 4D
building information modeling (BIM) can be used to help increase
productivity and decrease delays due to schedule conflicts and interferences. D’Onofrio (2017) noted that the general consensus in the
industry is that over 90% of the top 400 contractors used some variations of the time impact analysis (TIA) method. He questioned
what percentage of contractors in the construction industry would
use 4D scheduling, coupled with critical path method (CPM) scheduling, in the future. However, research related to the visualization
of delay claim analysis using 4D simulation, including workspaces,
remains limited.
The objective of this paper is to establish a better form of
collaboration for interdisciplinary teams using 4D simulation
and to facilitate the identification, quantification, and responsibility
1

Scheduling Advisor, Hydro-Québec, 855 Sainte-Catherine St. East,
Montréal, QC, Canada H2L 4P5; Ph.D. Student, Concordia Institute for
Information Systems Engineering, Concordia Univ., 1515 Sainte-Catherine
St. West, Montréal, QC, Canada H3G 2W1 (corresponding author). Email:
Guevremont.Michel@hydro.qc.ca
2
Professor, Concordia Institute for Information Systems Engineering,
Concordia Univ., 1515 Sainte-Catherine St. West, Montréal, QC, Canada
H3G 2W1. Email: Amin.Hammad@Concordia.ca
Note. This manuscript was submitted on October 19, 2017; approved on
February 16, 2018; published online on May 28, 2018. Discussion period
open until October 28, 2018; separate discussions must be submitted for
individual papers. This paper is part of the Journal of Legal Affairs
and Dispute Resolution in Engineering and Construction, © ASCE,
ISSN 1943-4162.
© ASCE

assignment of potential risks for claims avoidance while managing
the course of a project. This can improve project performance because the 4D spatiotemporal context is not obvious with classical
planning processes and claims analysis. The paper is an extension
of existing research on issues surrounding 4D simulation and criticality visualization (Guevremont and Hammad 2017; Guevremont
2017; Guevremont and Germain 2012). The current paper adds
the support of delay claims considerations using 4D simulation.
In this paper, the term 4D simulation is defined as the integration
of time (scheduling) with a three-dimensional (3D) model (AGC of
America 2013) and stands as a general term for 4D CAD, 4D BIM,
4D modeling, and 4D animation. The use of 4D simulation for claims
avoidance or settlement includes comparison analysis, as-planned,
as-built, progress, and accident scenes (Issa et al. 2000; Coyne
2008). The following section details related considerations leading
to a 4D simulation environment for delay claims. The methodology
section will then explain enhancements to related work to include
workspace considerations. The following section includes a case
study as an example of 4D simulation with delay event fragnets.
The summary and conclusions are discussed at the end of the paper.

Related Work
Claims and Delay Claims
Regarding claim resolution methodology, Long International
(2017) listed 18 causes based on their legal entitlements (liability):
defective and deficient contract documents, differing site conditions, cardinal change, acceleration, suspension, termination, directed change, constructive change, implied warranty, delays and
disruption, impossibility of performance, weather, strikes, maladministration, superior knowledge, owner-furnished items, unjust
enrichment, and variations in quantities. These legal entitlements
are seen in contract terms and conditions and in construction case
law. Some of these entitlement elements can be modeled using 4D
simulation for use in claim analysis.
Brams and Lerner (1996) illustrated a typical claim process and
identified 36 different types of claims, including lack of access,
which they defined as “impaired access to work areas, small or
cramped work space, access restricted by other work, strike, unsafe
conditions, etc.” They also wrote about presentation techniques for
claims using schedules. They mentioned that charts that distort
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or misrepresent the facts are likely to destroy the credibility of the
claimant and are not admitted as evidence.
On construction sites, delays related to workspace issues are
frequent and can be caused by either the contractor or the project
owner (Sarault 2011). Numerous delay claims relate to access
workspaces under the civil code of Quebec or Canadian common
law (B.G. Checo International Ltd., v. British-Columbia Hydro and
Power Authority, Fishback & Moore of Canada v. Noranda Mines,
G.P.C. Excavation inc., v. Gestion Bertand et Frère inc., Hervé
Pomerleau inc., v. Office municipal d’habitation de Pointe-AuxTrembles and Dawco Electric inc., v. Hydro-Quebec).
Tieder (2009) noted that the US Court of Federal Claims and the
Board of Contract Appeals require expert CPM evidence to establish
delay. The use of some types of CPM analysis to prove delays has
been the standard for almost 40 years. No particular CPM methodology is required to prove a delay. It is the quality of the presentation
and other factors (i.e., facts, project stakeholders, existing documents, specified methods, qualified experts, and avoiding overadvocacy) that determines the acceptability of a particular method
in a specific case, not the inherent nature of the method. The primary
purpose of a CPM analysis is to prove causation between liability
(the delaying event) and damage (the fact and extent of the delay).
AACEI (2011) defined numerous claims’ delay analysis
methods that the court can recognize and from which experts
can validate results. These methods include static as-built versus
as-planned, windows analysis, impacted as-planned, time impact
analysis, and collapsed as-built (but-for) schedules. These methods
are employed to support delay claims (Ibbs and Nguyen 2007).
From a claims avoidance perspective, a dynamic and prospective method is the TIA. It can be used in a dynamic observational
setup as well as in a modeled additive or subtractive context. From a
good baseline, the delays are added to the schedule with a subnet of
activities. This can be considered with new actual data right after the
occurrence of an event that causes a delay. The result of this method
precisely adds the impact of the delay to the projected end date
of the schedule. The process includes the illustration of predecessors and successors of activities with leads/lags, early and late dates,
and total float of each activity. Impacts are measured by comparing
the difference between planned and revised project dates.
The TIA method is efficient and can include evidence benefits,
bridging the gap between delays with a spatial context. A TIA implementation process is done in eight steps, according to Long et al.
(2017), and can show the four types of delays—excusable compensable, excusable noncompensable, nonexcusable, and concurrent
delays—where excusable delays are given a time extension. The types
of delays detailed in a PDM schedule analysis show the differences
between planned and actual information while considering contract
terms, such as representation, quantification, entitlement, and impacts.
This is useful for tying the cause of a delay to its responsible party.
There are several types of scientific evidence, and they can
be ranked with increasing strength of evidence in the context of a
construction project: anecdotal and expert opinions, case reports
and series, case-control studies, cohort studies, randomized controlled trials, and systematic reviews (Compound Interest 2015).
The precedence of contractual documents can also be ordered from
strongest to weakest (Hydro-Quebec 2016): notice of award, owner
accepted bid document, bid package documents, technical provisions, general provisions, technical specifications, specific drawings, normalized technical provisions, normalized drawings, and
geotechnical reports. Large-scale drawings are also stronger than
small-scale drawings. There is a gap that can be filled with 4D simulation, which is a kind of normalized drawing. It is not the strongest
evidence according to the foregoing list, but it could help with technical fact-based evidence.
© ASCE

Virtual Environment and 4D Simulation for Claims
Schofield (2011) assessed the impact of the cinematic virtual environments on jurors as being inherently persuasive. He acted as an
expert witness with forensic animations in a wide range of examples presented in courtrooms, and he believes that the future of
evidential reconstructions for courts is unavoidably going to use
animations. Gibbs et al. (2017) presented VARK (Visual, Aural,
Read/Write, and Kinesthetic) modes of presentation to 50 construction adjudicators and included 4D experience. They concluded that
4D interactive exhibits can assist with communicating causality,
responsibility, and quantum in the clearest form and that it improves the standard of evidence. Carbine and McLain (1998)
proposed model rules governing the admissibility of computergenerated evidence including animations, simulations, narrations,
and jury instruction for purpose, weight, assumptions, and inaccuracies. Morell (1999) explored the facilitative, persuasive, and effectiveness effects on juries of viewing a computer-animated display.
Issa et al. (2000) noted that 4D simulation has accelerated the
process of pretrial claims settlements. They mentioned that a fundamental part of an attorney’s case preparation when communicating complex concepts as evidence to a judge or a jury should
include animations concurrently with verbal explanations as the
most effective means. They referred to federal rules of evidence for
the admissibility of video in relation to accuracy, estimates, and
assumptions. They also related the usage of 4D simulation to
new rules, such as pretrial notice of computer simulation and animations, pretrial conferences, and tutorial videos before the legal
discovery process. Finally, they specified that it is the animator’s
responsibility to guarantee a final product that will not compromise
the admissibility of the sequence when introduced in court and
that the animation expert must follow the federal rules of evidence
and be prepared to testify regarding the validity and accuracy of the
sequence presented.
Pickavance (2008) proposed six case-study animations as
evidence of lost productivity and cost to quantify the cause of a
disruption and the relationship of the cause to the effect. The
4D animations identified causation as visual narratives and as
evidence. The Appeals Court of Connecticut held that computergenerated exhibits were acceptable as evidence provided that
(1) the equipment used is standard in the field, (2) it is in good
working order, (3) qualified operators are employed to produce
the output following a formalized procedure for input and output
of data, (4) reliable software is used, (5) the equipment was operated correctly, and (6) the exhibit is identified as the output
produced from the input data.
Coyne (2008) supported the notion that the use of 4D models
allows scheduling and claims personnel to perform and present
more efficient and effective CPM schedule delay analysis during
negotiations, alternative dispute resolution, or litigation. He presented case studies with as-planned versus as-built CPM schedule
delay analysis and TIA. Further, he mentioned that in the area of
schedule delay analysis, the immaturity of 4D modeling and the
reluctance of parties to adopt new technologies will improve
and will be met with more widespread use during all project phases.
Workspaces in 4D Simulation
Akinci et al. (2003) indicated that the sophistication of spatial conflicts, such as conflicts between equipment-related workspaces, can
cause delays at the start and at the completion of activities, resulting
in possible late completion of a project and in claims between involved parties. They mentioned that 4D simulation helps coordinate equipment space requirements more effectively than CPM
networks and 2D site layouts. They identified the need for research
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on the reusability of 4D representations of equipment space requirements and improving the ability to visualize construction
processes at multiple levels of detail.
Tantasevi and Akinci (2007) modeled workspace requirements
for mobile crane operations in relation to spatial conflicts, delays,
and hazards on construction sites. They considered the dynamic
behavior of equipment and of the environment across time.
Gao et al. (2015) evaluated as-built information on construction
projects considering geometric information for buildings and workspaces that could be generated with laser scans of reasonable file
size and without redundant point clouds.

Proposed Method
Claims avoidance starts early, at the planning phase, with a constructability analysis. When used at the planning or execution
phase, 4D simulation can be used to prevent or even avoid claims
from both the owner side and the contractor side. This is possible
because 4D simulations can generate early visual communications
between project stakeholders based on a 3D model of the project
and the schedule. These visual communications enable interface
management specific to zones in a building (e.g., rooms and levels)
or to contractors and can prevent construction issues by validating
constructability and providing alternative scenarios based on a
scenario database. In addition, 4D simulation can be used to validate contractual dates by comparing contractors’ planned versus
as-built dates. Furthermore, it can visualize preassemblies, deliveries, equipment moves, and storage areas.
The proposed method benefits from a workshop at HydroQuebec where the following six key actions were identified that
should be taken by project teams to enhance claims avoidance:
(1) progress control, which aims to collect the data required for real
contract progress updates; (2) control analysis, which requires periodical analysis of the impact of data to avoid delays, additional
costs, and claims; (3) information gathering, to document and
understand schedule updates for enhanced contract performance;
(4) implementation of methods to consider adapted schedule and
delay analysis methods in daily challenges in construction and
to consider the proper mitigation methods; (5) calculation, to conduct adequate decision management based on facts; and (6) establish specific know-how concerning the management of contract
progress in a proactive manner and in an interdisciplinary context
while considering best practices in claims avoidance. These key
actions are useful in tying cause–effect relationships of events to
their responsible entity. They should be part of a regular claims
avoidance or resolution process.
The proposed method is illustrated in Fig. 1, which includes the
following steps:
1. The first step is related to conformity and reference. The 4D
simulation specialist must be able to testify about the six
conformity measures mentioned in the related work section
(Pickavance 2008). The contract document verification method considers the admissibility of the documents as evidence
in court.
2. Evidence for claims avoidance or ongoing claims resolution
should demonstrate causation through documentation, photographs, CPM schedule analysis, or notices. This evidence
can be enhanced by 4D simulation to prevent execution errors
and delays caused by owners. A 4D simulation can be for
information only or used as evidence. The simulation can be
required pursuant to contractual requirements or be used specifically to explain issues in a claims avoidance or treatment
context. The schedule contains the elements that must be
© ASCE

considered using the chosen claim delay analysis method, such
as TIA (AACEI 2006).
3. After creating the baseline schedule, the TIA schedule fragnet
is added following the AACEI procedure. Best efforts should
be used to develop the progress schedule using the available
as-built and as-planned dates.
4. In addition to the contractual progress schedules, the law discovery process involves 3D mock-up progress information
that should be developed based on the initial design model
and data captured from the site.
5. Another important modeling step in the proposed method is the
modeling of the workspaces because many delays are caused
by workspace issues. The additional information related to
workspaces is added to the 3D model and associated to the activities specifically labeled in the schedule. In addition to safety
workspaces required for equipment (e.g., cranes), workers, and
materials, workspaces can represent those spaces that are
needed for mobility on the site and access to specific areas.
6. The 4D simulation is generated using the method described in
Guevremont (2017). The choice of 4D level of detail (LOD)
for workspace representation can impact the analysis and
cumulative impact cost.
7. The critical path is visualized as described in Guevremont and
Hammad (2017). One aspect of the visualization is identifying
workspace criticality.
8. The animation type is selected, such as visualizing one
schedule or comparing two schedules. Recent BIM tools provide comparative capabilities such as side-by-side or overlaid
animations to illustrate the critical paths and float values.
9. A decision should be made regarding whether the 4D simulation can be enhanced to represent better project conditions.
This question is answered based on experience through the
LOD adjustment loop.
10. Several iterations are applied to select the suitable LOD refinement of the schedules, 3D mock-ups, and 4D simulation. The
LOD of the schedules can be Level 1 for a summary schedule,
Level 2 for the project master schedule, Level 3 for the project
control schedule with deliverables, Level 4 for the contractor’s
execution plan (production schedule), or Level 5 for a weekly
look-ahead operational schedule with resources for each task
(Stephenson 2007). The LOD range for mock-ups is defined
by the BIM Forum (2017), which proposes a nomenclature
for the LOD of objects from LOD100 to LOD400 as follows:
100 for symbolic, 200 for approximate, 300 for specific, 350
for detailed for coordination, and 400 for fabrication. To provide enough details for claims avoidance, it is recommended
to use the highest possible LOD for both the schedule and
mock-ups. The LOD accepted by courts should relate to a
Level 4 schedule as the minimal LOD if operational constraints are required. It should be noted that the 4D LOD is
still not well defined.
The 3D mock-up is linked to the schedule with various
possible LOD considerations, such as 1∶1, 1∶n, m∶1, or m∶n
(i.e., one to one, many to one, one to many, or many to many)
relations when tying 3D mock-up parts to schedule activities
(Guevremont and Hammad 2017). The decision about the proper
4D LOD defines the level of sophistication of representing
equipment workspaces. The summary 4D LOD represents these
workspaces as simple prisms lacking accuracy versus a detailed
LOD that animates the virtual equipment and workspaces.
Selecting the proper 4D LOD will provide a reliable visualization
of the original critical path and delay events. This selection requires using the best available information for the as-planned
and as-built schedules and geometry data for developing the
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Fig. 1. Method for 4D simulation as evidence using TIA.

3D mock-ups. Recent methods for progress monitoring and
collecting as-built BIM information include using laser scanning
(Gao et al. 2015) or photogrammetry (e.g., structure for motion)
(Fonstad et al. 2013).
11. The output of the aforementioned process is a sophisticated 4D
simulation that includes causality and is ready to be used as
evidence for claims avoidance or settlement. Visualizing the
workspaces in a virtual environment can help in clarifying
the causes of delays in a project and the responsible party
(i.e., owner or contractor).

Case Study
This theoretical case study is about a hydroelectric powerhouse
project. It involves a Level 3 control schedule (Stephenson
© ASCE

2007) and a LOD 400 for the mock-up objects (BIM Forum
2017). This case study does not revise the initial LOD of the schedule, the 3D mock-up, or the 4D simulation. There are two contracts
involved at the time of the claim event, which is shown in a PDM
schedule and illustrated in a 3D mock-up. The first contractor is
responsible for the concrete foundation and base slab of the powerhouse. The second contractor is responsible for the construction of
the steel structure on top of the concrete slab.
This case study uses the PDM method. Although PDM and
CPM terms are used interchangeably in the claims literature, the
following information is for the benefit of the reader. Ahuja et al.
(1994) mentioned that CPM is an activity-on-arrow (AOA)–type
network planning method that uses deterministic durations. It
was developed in 1956 by James F. Kelly of RAND Corporation.
PDM is the scheduling method used for activity-on-nodes (AON)
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Fig. 2. As-built tagged site picture at Day 15.

diagram networks (Hegazy 2003). PDM is a slight variation of
CPM to suit AON networks, and it follows the same four steps
of CPM: forward pass, backward pass, float calculations, and
identifying critical activities. Since the early 1990s, the AON-type

network has been the representation used by most commercial software packages, including Microsoft Project and Oracle Primavera.
PDM can handle relationships of a finish–start type like the
CPM method. Further, PDM uses start–start, finish–finish, and
start–finish relationships.
The project faced two delays. On Day 10, the concrete contractor had quality issues with Pour Number 6 that required major
rework. This rework caused the delay of the anchors of the
steel structure and, consequently, a claim by the steel contractor
because the steel structure erection is delayed. The tower crane for
erecting the steel was then temporarily used for other work besides
erecting the steel. On Day 15, the concrete Pour Number 6 was
reworked, but it still required surface work after the cure since
the concrete contractor encountered issues with the concrete mix
at the plant and with the concrete pump. Although the anchors
could be set and the steel structure erected, on Day 20, at the time
the bolts and nuts of the steel structure were torqued, the steel contractor was delayed again since he could not use the scissor lift that
had been planned for that task because of limited workspace. The
scissor lift was replaced with a boom lift that could provide proper
reach considering the available workspace. Fig. 2 shows a picture
of the site on Day 20, when the steel contractor was trying to torque
the bolts under the first steel floor. The picture shows the boom lift
required by the steel contractor (top arrow) and the concrete surface

Fig. 3. Fragnet schedules: (a) fragnet baseline (as-planned) schedule at Day 0; (b) fragnet schedule with as-built up to Day 10 (after Pour Number 6);
(c) fragnet schedule with as-built up to Day 20 (after steel erection); and (d) fragnet schedule with as-built up to Day 24.
© ASCE
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Fig. 4. As-planned without delays: (a) at day 10; and (b) at Day 15.

issue (bottom arrow) causing the torquing delay to the steel contractor and forcing the change of equipment to the boom lift.
Fig. 3 shows the fragnet PDM schedule of the sequence in a
Gantt chart at different times: Fig. 3(a) is on Day 0 as the baseline
schedule without any delays; Fig. 3(b) is on Day 10 after Pour
Number 6; Fig. 3(c) is on Day 20 after the steel erection; and
Fig. 3(d) is on Day 24 as the as-built schedule. Figs. 4(a and b)
show the same sequence with a 3D mock-up from Dassault
Système’s 3DVia Composer Player Pro. Fig. 4(a) illustrates the
3D element of the pour on Day 10 as-planned without the delays.
The steel contractor started on time. Fig. 4(b) shows the as-built on
Day 15 with the steel structure activities performed without delays.
Fig. 5 adds the spatiotemporal delays and their reasoning.
Fig. 5(a) shows the conditions causing the anchor delay (Delay 1)
for the steel contractor on Day 10. Fig. 5(b) shows the conditions
causing the torquing delay (Delay 2) for the same contractor on
Day 15 with the initial scissor lift workspace. The spatiotemporal
visualization representation is transposed into delayed access. It is
clear from these figures that the delays encountered by the steel
contractor are caused by the concrete contractor. The first delay
was not fixed with an equipment change. The steel contractor adjusted the required workspace to mitigate the second delay caused
by the surface treatment of the concrete contractor. The two delays
are in the claim and are both related to workspaces. They are added
manually in the 4D simulation in this case study. Fig. 5(c) shows
the torquing delay on Day 20 as mitigated with the equipment
change to the boom lift that required a smaller workspace than
the scissor lift. The problem area is now outside that zone. This
is a demonstration that illustrates how evolving workspaces can
help solve claims accurately and considering criticality represented
by the value of the total float as shown in the schedules in Fig. 3.
Combining the PDM schedule with the 3D mock-up provides a
4D model. This model can be specific to the fragnet such as is
© ASCE

illustrated in Figs. 5(a and b). This helps to illustrate the impact
of an event using the TIA method. It could be used as evidence
to compare an impact with and without mitigation. These simulation moments can play the role of replays in tennis or soccer
matches: they show the facts at a specific point in time. In this case,
the steel contractor could be granted a deadline extension since it is
clear that both delays were caused by the concrete contractor and
were on the critical path of the project. This is verified with the total
float values of 0 for these activities. The steel contractor could also
receive compensation for mitigating the second delay since it
caused a change in the contractor’s work method and had a cost
impact.
The 3D elements have actual dimensions of pours at the job site,
and distinctive colors are used in the 4D simulation representing the
delayed work and workspaces. The workspaces are added to the 3D
model and shown at the right time with the specific schedule activity. This shows the delayed access event in 4D. This 4D simulation could be narrated to add a complementary explanation
specific to the delay event. The simulation is one of the lines
of evidence that could be used in claims avoidance or claims treatment to visualize sequencing and impacts. The simulation requires
multiple iterations to accurately represent the actual conditions of
occurrence.

Summary and Conclusions
This paper developed a visualization method for delay claim analysis using 4D simulation. The method uses TIA for schedule analysis with fragnets to demonstrate changes in total floats of activities
and critical path evolution. A case study specific to a hydroelectric
powerhouse and involving two contractors and delay events was
used to demonstrate the feasibility of the proposed method.
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Fig. 5. As-built with delays: (a) at Day 10; (b) at Day 20; (c) at Day 20; and (d) at Day 24.

The important points can be summarized as follows: (1) 4D simulation can facilitate the identification, visualization, quantification, and responsibility assignment of delay events by identifying
the resulting spatiotemporal conflicts; and (2) the proposed method
can help in claims avoidance and resolution practices by generating
a better collaboration environment for finding appropriate mitigation measures.
© ASCE
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