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Abstract: The supply chain relationship is an essential factor in the performance of Integrated
Project Delivery (IPD). The IPD system encourages the early involvement of key participants in
the design stage. Consequently, this early involvement requires a new configuration of the supply
chain relationship in the IPD system. However, there is a lack of knowledge in understanding
the performance of the supply chain relationship in the IPD system. To fill this gap, we applied a
simulation model, Virtual Design Team (VDT), to explore the dynamics of the supply chain integration
in terms of project organization and project delivery process in design. This study presents a
conceptual and qualitative analysis of the VDT model applied in two IPD projects. The results
explored different behaviors of integration at inter-organizational and project levels throughout project
organization, contractual and technological mechanisms of coordination. The project organization
characteristics influence the performance of the construction supply chain.

Keywords: supply chain relationships; integrated project delivery; integration

1. Introduction

The popularity of Integrated Project Delivery (IPD) in the construction industry has grown
significantly in recent years. IPD encourages a collaborative environment among key participants in
order to achieve better performance [1–4]. One of the IPD principles is the early involvement of the
constructor and some key subcontractors with the owner, the architect, and key consultants in the early
stages of design [4–7]. This IPD principle supposes a significant change in the way key participants are
organized and how they work in the project delivery process. Consequently, this change means a new
configuration of the supply chain relationships in the IPD system.

According to Mesa et al. [1], the IPD system encourages greater integration of supply chain
relationships than design-bid-build (DBB), construction management at risk (CMR), and design-build
(DB) systems. This is because IPD more positively impacts communication, alignment of interests and
objectives, trust, gain/pain sharing, and teamwork among key participants. However, this research does
not explore the performance of the supply chain relationship in the IPD system and what integration
mechanisms should be applied to support this integration.

Aside from a few case studies [8–10], the relevant literature does not explore the supply chain
relationship in IPD projects. In fact, few IPD research studies have focused on comparing the
performance of IPD and a traditional project delivery system at all [1,2,11]. While the IPD system is a
response to poor project performance in the design and construction industry, there is a knowledge
gap surrounding the performance of the supply chain relationship in the IPD system, arguably one of
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the most important drivers of project performance. The purpose of this research is to contribute to this
gap in knowledge by exploring how supply chain integration impacts direct work, coordination work,
and waste work in an IPD project. We explore this relationship by modeling the configuration of the
supply chain relationship through a computational organization model called Virtual Design Team
(VDT) [12,13]. The VDT model was applied to two building projects with the purpose to model their
project organization and project delivery process in the definition and preconstruction stages. The VDT
model does not analyze the construction stage. This research will add to the body of knowledge in IPD
system research and help the construction industry to understand the performance of the supply chain
integration in an IPD system.

This study addresses the following research question: How does supply chain integration work in
the early stages of an IPD project? To understand the dynamics of the supply chain integration in the
IPD system, we will focus on analyzing the interaction between the IPD organizational structure and the
project delivery process. In other words, we will study how the owner, the architect, the construction
manager/general contractor (CM/GC), key consultants and key subcontractors are organized and how
the owner works with the architect, the CM/GC, key consultants and key subcontractors in terms of
direct work, coordination work, and waste work in the definition and preconstruction stages of an
IPD project.

The paper is organized into seven sections. In the second section, we introduce basic concepts of
the research, construction supply chain, waste in the design, and VDT. We then explain our research
methodology to collect data from two IPD projects and develop the VDT model. In the fourth section,
we introduce the information gathered from the two IPD projects regarding the project organization
and project delivery process. Next, we describe and analyze the VDT conceptual model for both
projects. In the sixth section, we present an analysis and discussion of the VDT simulation results
and a sensitivity analysis of the main organizational characteristics. We finish with a summary of the
conclusions and discuss the contributions, limitations, and suggestions for future research.

2. Background

This section introduces primary concepts to the research. The first concept introduces the
construction supply chain and its characteristics. The second one explains the implication and level of
integration in the supply chain. The third one introduces the concept of waste in design. The last one
addresses the definition of VDT and its main characteristics.

2.1. Construction Supply Chain

According to Cristopher [14], a supply chain is a network of organizations involved through
upstream and downstream linkages in the different processes that deliver value in the form of products
and services to end users. In the context of the construction supply chain, the upstream linkages consist
of design activities and tasks, leading to the definition of the product. The downstream linkages consist
of construction activities and tasks leading to the delivery of the product.

The supply chain in the construction industry is often more complex than in other industries.
It involves a larger number of key participants such as owners, designers, consultants, general
contractors, subcontractors, and suppliers [15,16], resulting in a supply chain relationship that changes
from organization to organization and from project to project [15]. These participants are joined together,
sometimes only once, for the design and construction of a complex product that is one-of-a-kind [17].

The construction supply chain is characterized by fragmentation both vertical (i.e., between
participants of different phases, such as designers and contractors) and horizontal (i.e., between
participants in the same project phase, such as different design specialists) [18]. This fragmentation
throughout the project lifecycle has affected project performance because it can lead to adversarial
relationships, low rates of productivity, and lack of communication and coordination between the
stakeholders, causing delays, cost overruns, low quality work, and claims [16,17,19]. The high
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fragmentation and project-based nature of the industry pose a significant challenge to the
inter-organization integration of construction supply chains [20].

For this research, the construction supply chain consists of multiple organizations that are
connected by interfaces embracing knowledge transfer, information exchange, financial and contractual
relationships [21], and conceived to deliver a construction project [22]. In this context, it is relevant
to address the organization’s properties and not the individual’s properties for describing and
understanding inter-organizational integration [22].

2.2. Supply Chain Integration

In the construction industry, supply chain integration often refers to the involvement of
downstream key participants in the upstream process and vice versa. This integration seeks to
remove the traditional barriers of fragmentation that separate the design process from the construction
process through collaborative working practices, methods, and behaviors that promote an environment
where information is freely exchanged among the project participants [23–25].

The direct implication of integration is that it requires an exchange of information and knowledge
among the key participants [18]. This interdependence of information and knowledge among
the key participants creates a need for integration at different levels. Integration can occur at an
inter-organizational and project level through time via organizational, contractual, and technological
mechanisms of coordination. The inter-organizational level addresses integration among project
organizations. The project level addresses integration between project participants. Across time refers
to integration within the project delivery process or project-to-project [18,26,27].

For the purpose of this research, integration is defined as “the merging of different disciplines or
organizations with different goals, needs, and cultures into a cohesive and mutually supporting unit
with collaborative alignment of processes and cultures” [28].

2.3. Waste in Design

Design by nature is an iterative, generative, and complex process because it involves thousands of
decisions with numerous task interdependencies and under a highly uncertain environment, sometimes
over a period of years [29].

In design, value is generated through the fulfillment of customer needs and requirements [30].
According to Ballard [31], iteration is essential for generating value in design processes. However, not
all iterations generate value. Iterations have both positive and negative effects on value creation [32].
Hence, negative iterations can be eliminated without loss of value.

According to Wynn and Eckert [32], there are three distinct iterative functions: (1) Progressive
iteration that seeks to create information and knowledge to progress towards completion of a design
or problem-solving activity. (2) Corrective iteration that responds to issues arising later in the life
cycle or to correct errors introduced earlier or to implement a change. (3) Coordinative iteration that
is associated with structures and approaches intended to make a process more effective, efficient,
and predictable.

Waste in design is what is unnecessary for task completion and value generation [31]. Hence,
corrective iteration is generally undesirable because it would not be required if those adverse events
had not manifested (e.g., to correct design errors or to implement a change), and can be eliminated
without loss of value or causing failure to complete the project.

For the purpose of this study, we will focus on analyzing corrective iterations as waste work;
that is, corrective iteration is a rework that occurs when an exception or adverse events in one task
(the driver task) requires work already completed on another task (the dependent task) to be redone.
The driver task is usually upstream of, or roughly parallel with, the dependent task in the chain of task
precedence [33].
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2.4. Virtual Design Team

The VDT is a discrete event simulation model of project organizations. The VDT approach
explicitly models actors, activities, communication tools, and organizations [13]. The VDT model is
built upon an information-processing view of the organization [34,35]. In this view, an organization
is an information-processing and communication system, structured to achieve a specific set of
tasks, and comprised of limited capacity, “bounded rationality” information processors (individuals
or sub-teams). These information processors send and receive messages along specific lines of
communication (e.g., formal lines of authority) via communication tools with limited capacity
(e.g., memos, voice mail, meetings) [12].

According to Galbraith [36], the basic assumption in the information-processing view is that “the
greater the uncertainty of the task, the greater amount of information that must be processed among
decision-makers during the task execution in order to achieve a given level of performance.” In this
context, Galbraith [36] stated that “the basic effect of uncertainty is to limit the ability of the organization
to preplan or to make decisions about activities in advance of their execution.” Hence, the organization
can implement a set of different mechanisms [35,36] to increase its ability to handle uncertainties,
whether by reducing the information flow or increasing the ability to process information [37].

In VDT, the information-processing view has two implications. First, one can model project
teams as information-processing structures that are composed of tasks generating information to be
processed, actors processing and communicating information, communication tools linking actors
for communication, and an organization structure that constrains actors’ information-processing
behavior. Second, for a project team, both primary production work (e.g., design) and coordination
work (i.e., communication and decision-making carried out to facilitate design) can be viewed as
information processing, so that one can model the amount of information being processed or to be
processed in terms of work volume [12].

3. Methodology

To answer the research questions related to the performance of the supply chain integration
in the IPD system, this research uses simulation modeling to explore the project organization and
project delivery process. Simulation modeling can take advantage of professional experience where
aggregate project data are not available. It can also provide a richer understanding of the variables
that drive performance [1]. Due to the nature of this research and the characteristics of the variables
under analysis, we chose the VDT model as an appropriate methodology of analysis. The simulation
framework of the VDT model has been developed over the past 20 years to help project managers
design work processes and project organization. VDT modeling has also been extensively validated
and used as an analysis tool for designing project organizations [37–44]. The VDT model is a unique
modeling tool particularly appropriate to model project organizational performance, and therefore,
it provides modeling elements that are appropriate to model the project delivery process, such as
rework and communication links among activities. It also provides tools and a simple language to
represent the interaction graphically among project participants and the connection of the project
organization and the project delivery process.

The process for building the VDT model unfolds as an iterative process of interviews with key
participants of IPD projects in order to get information and validate the VDT conceptual model
(Figure 1). The process that was applied to each project comprises the following steps: IPD project
selection, data collection, VDT conceptual model, model validation, and simulation. The following
paragraphs explain in detail the process of the methodology.
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To select IPD projects for analysis, this research applied the following criteria: (a) the project must
use a type of agreement that is signed at least by the owner, architect, and constructor (i.e., multi-party
IPD agreement); (b) the project should be a vertical building with extensive supply chain relationships;
and (c) the authors must have access to key participants who are willing to share their experience and
information. Two building projects with these characteristics were selected after an extensive search:
a healthcare project and a conference center.

The data collection consisted of guided interviews that focused on getting information of the
design and preconstruction stage about how the owner, the architect, the CM/GC, key consultant and
key subcontractor were organized (project organization), how the owner works with the architect, the
CM/GC, key consultants and key subcontractors (project delivery process), and the connection between
the project organization and the delivery process in these stages (Table 1). The data collection was also
complemented with literature (e.g., papers, reports, theses), especially for the healthcare project.

Table 1. Interview questions to create the VDT conceptual model.

(1) Define the key project participants (e.g., designer, owner, constructor) at the definition and preconstruction stages.
(2) Describe how the key project participants were organized (project organization chart).
(3) Describe the types of teams that the project used at the definition and preconstruction stages.
(4) What type of meetings did the project teams use at the definition and preconstruction stages?
(5) Describe the frequency and duration of these meetings per week?
(6) Did the project teams use co-location? If this is the case, how did co-location work?
(7) Describe the level of centralization of the project organization.
(8) Define the main activities of the definition preconstruction stage.
(9) Indicate predecessors, communication, and rework links among the activities at the definition and

preconstruction stages.
(10) Define the participants’ responsibilities regarding the main activities at the definition and preconstruction stages.

Then, with this information, we worked individually on the development of the VDT conceptual
model. The VDT conceptual model is developed through a graphical representation of the project
organization and project delivery processes. The VDT model approach uses a graphic language of
shapes and links. The shapes are a set of color-coded objects that represent projects, milestones, tasks,
positions, organizations, and meetings. The links are a set of color-coded arrows that represent the
relationship between shapes [33].

Once we had a graphical representation of the model, we set up another interview with the
key participants to validate the VDT conceptual model. The main objective is to introduce the VDT
conceptual model in order to achieve a consensus on whether all suggested variables are enough to
represent the problem and to answer the research question. That is, this process will seek to determine
if the model is requisite [45]. Hence, validation of the VDT conceptual model determines if the model
captured the underlying features and characteristics of the project organization and project delivery
process. For that purpose, we defined a procedure that was used in the interviews with the key
participants to validate the graphical representation. The procedure comprised the following two steps:

• Step 1—Explanation of the VDT conceptual model: This step aimed to introduce first the VDT
graphic language; that is, explaining the meaning of each shape and link that represents the
project organization and project delivery process. Then, we explained the representation of the
VDT conceptual model. For that purpose, we focused on explaining the structure of the project
organization, links among project participants or groups, types of meetings, links between project
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participants and activities, the sequence of the project delivery process, and links among activities
of the project delivery process.

• Step 2—Comparison between the VDT conceptual model and the actual project events: From the
first step, key participants understood how to interpret the VDT conceptual model. Thus, the key
participants were able to compare the actual project events relating to the project organization and
project delivery process with the graphical representation of the VDT conceptual model. For the
comparison process, we led an open discussion where the key participants validated the structure
of the project organization, links among project participants or groups, types of meetings, links
between project participants and activities, the sequence of the project delivery process and links
among activities of the project delivery process. If the key participant disagreed with the graphical
representation, changes were made, and Step 2 was repeated.

On average, six interviews were conducted for each project to obtain the final VDT conceptual
model. Each interview took 90 minutes on average. Having the VDT conceptual model, the last step
was the simulation and calibration of the simulation results in terms of direct work, coordination
work, and waste work. The simulation process consisted of modeling the performance of the project
organization, specifically actors such as the owner, architect, and constructor working on their assigned
activities, such as design and engineering, sharing information, attending meetings, and handling
design “exceptions”.

The calibration process aims to illustrate a possible scenario of project performance in terms of
these types of work, rather than to obtain a completely accurate prediction of the project organization
performance. The calibration process consisted of the following two steps:

1. Definition of the values of direct work, coordination work, and waste work: due to the lack of
information that supports the values of these types of work in both building projects, these values
were defined based on the experience and knowledge of the key participants that participated in
these building projects. Hence, the key participants defined a relative percentage for these types
of work, considering the duration of each stage, definition, and preconstruction.

2. Calibration of direct work, coordination work, and waste work: we used the suggested values
from the user guide of the software SimVision to determine information exchange probability and
project error probability [33]. These values were calibrated in order to get the relative percentage
defined in the first step. In other words, the values of these two probability values were changed
based on the range suggested by the user guide until obtaining an approximation to a relative
percentage for each type of work.

4. Case Illustrations

This section aims to describe the case illustration projects and present the information that was
collected in the interviews. This information introduces the main characteristics of the two building
projects regarding their project organization and project delivery process. This information is the basis
for creating the VDT model.

4.1. Case Study 1: Healthcare Project

The healthcare project, located in California, consists of 555 patient beds and 18 operating rooms,
14 floors, and 79,710 m2 approximately.

4.1.1. Project Organizational Structure

Figure 2 shows how the project organization is structured around an IPD team. The healthcare
project implemented an IPD team in order to support and achieve integration at the inter-organizational
and project levels. This level of integration is encouraged by a relational contract called Integrated
Form of Agreement (IFOA) [46].
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The IPD Team is comprised of the owner, the architect, the CM/GC, key consultants,
and subcontractors. According to the IFOA [46], the purpose of the IPD team is to facilitate collaborative
design, construction, and commissioning of the project. IPD team members are required to work together
and individually to achieve a transparent and cooperative exchange of information in all matters relating
to the project. They are also required to share ideas for improving project delivery, as contemplated in the
project evaluation criteria.

The owner, the architect, and the CM/GC who sign the relational contract form an integrated
governance, called the Core Group. The Core Group is responsible for the coordination and overall
management and administration of the project. In this case, the management and administration
were consistent with Lean Project Delivery principles. The Core Group is also required to exercise its
authority in the best interest of the project [46].

The IPD team is organized into interdisciplinary Cluster Groups. The Cluster Groups are
separated by design areas, (e.g., structural, interior, medical equipment). Each group is responsible for
coordinating their design area both internally and between other Cluster Groups. These groups have a
designated leader; however, everybody is empowered to act as a leader in a logical and reasonable
way. These groups are a dynamic group of people; the people who form a cluster change over time
according to the needs or requirements of the design tasks.

The healthcare project in Case Study 1 set up regular meetings for formal cross-functional
coordination and co-location of the entire IPD team and individual Cluster Groups. Four types
of meetings were defined: Target Value Design (TVD), Last Planner System (LPS), cluster, and
subcommittee meetings. The IPD team met in a “big room” [47] two times per week for approximately
two hours each meeting: once for the TVD meeting and once for the LPS meeting. The Cluster Groups
individually met two or three hours per week. These meetings were scheduled at different times so
that team members could attend other cluster meetings. Additionally, a Core Group meeting was
scheduled weekly [47].

4.1.2. Project Delivery Process

The healthcare project’s delivery process was defined to facilitate the TVD process. In comparison
with the traditional delivery process, this delivery process first establishes the target cost and constraints
in the definition phase. Then, the IPD team designs to the target cost and constraints [48].
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4.2. Case Study 2: Conference Center Project

The conference center project is a building project that consists of a conference center and a
multimedia resource center. The conference center is approximately 7014 m2 and provides 50 individual
rooms, living rooms, gardens, and an area for administration with a center for professional development.
The multimedia resource center includes a chapel for meditation, auditorium, interactive audiovisual
library, a scale model of Jerusalem, exposition of biblical artifacts, and an area for relaxation and meals.
The project is located in Jerusalem.

4.2.1. Project Organizational Structure

Figure 3 shows the project organization that is structured around a Collaborative Project Delivery
(CPD) team. The CPD team included the owner, the architect, and the CM/GC. The CPD team was in
charge of coordinating key consultants and key subcontractors. They were involved in different stages
and worked individually as functional groups.
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4.2.2. Project Delivery Process

The conference center’s project delivery process facilitated the definition and preconstruction.
The definition stage comprises the necessities’ programming and basic design. The target cost and
constraints are defined in this stage. The preconstruction stage comprises detailed engineering. The key
participants design to the target cost and constraints.

5. VDT Model

This section describes the VDT conceptual model of the two building projects. The first part
describes the graphical representation of the VDT model for both projects. The second part presents
a conceptual analysis of the VDT model. The VDT models were created based on the information
collected in the interviews (Section 4). According to this information, the authors’ purpose was to
capture the reality for both building projects in the simplest VDT model. For this reason, we assumed
that the VDT models only consider key activities and participants using a generic name. The VDT
model is read from top to bottom and from left to right. The project organization is at the top, and
the project process is at the bottom. The project process is from left to right. The VDT model is also
divided by stages to allow an easy interpretation and graphic representation of the evolution of the
project organization throughout the project delivery process.

5.1. Description of VDT Conceptual Model

This section presents a description of the graphical representation of the VDT model for both
projects. This conceptual model corresponds to the presentation of the interaction of the project
organization and the project delivery process. Hence, the description of each VDT model explains how
project participants are organized, the sequence of activities in the delivery process, and the connection
between the project participants and the delivery process.
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5.1.1. Healthcare Project

Figure 4 shows the VDT model of the healthcare project. The model is divided into two parts.
The first part comprises the definition stage that consists in validating the business planning. The second
part comprises the preconstruction stage that consists of designing to the target cost and other general
constraints. In the following paragraphs, we will explain the project organization and project delivery
process through each stage.
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Figure 4. The healthcare project’s VDT model.

The project organization is defined by the relationship between the Core Group and the Cluster
Groups. These groups are linked to each other with supervision links (black line). These links define
which position a group or individual would go to for information or to report an exception (e.g., design
change, error detected). These links do not represent the rank of groups or individuals within the
organization. The Cluster Groups are linked to the project delivery process with blue assignment links.
These links signify which group is responsible for which task. Additionally, the Cluster Groups and
the Core Groups are linked to TVD, LPS, cluster, and subcommittee meetings with meeting participant
links (black dotted lines). These meetings are scheduled throughout the project delivery process,
according to the description in Section 4.

The project delivery process that is defined by the TVD process begins with the definition
stage. This stage comprises the validation process of the business planning that was presented
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by the owner. The business planning milestone defines the start of the validation process. In this
process, the IPD team defines the target cost and constraints for the project. The Cluster Groups
develop activities in the validation process in parallel, considering information and work reciprocal
dependency [49]. A reciprocal information relationship (communication link) represents a mutual
information requirement dependency between two activities (green dashed line). Work reciprocal
relationship (rework link) describes whether an exception (e.g., design change, error detected) generated
within one activity will have any impact on the work of another (red dashed line). Due to the early
involvement of key participants, the regular meetings for formal cross-functional coordination, and the
co-location of the entire IPD team and co-location of individual Cluster Groups, the authors assumed that
this environment would encourage progressive and coordinative iterations than corrective iterations.

Once the target cost and constraints have been defined, the IPD team begins to work on the
preconstruction stage that is comprised of development design (e.g., architecture) and detailed
engineering. During the preconstruction stage, the IPD team designs to the target cost and constraints.
Like the validation process, activities of design and engineering are developed in parallel by Cluster
Groups, considering information and work reciprocal dependency. As a result of the preconstruction
stage, the IPD team defines the design that can be built within the target cost and constraints.

5.1.2. Conference Center Project

Figure 5 shows the conference center project’s VDT model. The VDT model is divided into two
parts. The first part comprises the definition stage that establishes the basic design. The second part
comprises the preconstruction stage that defines the detailed design. In the following paragraphs,
we will explain the project organization and project delivery process through each stage.
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The conference center’s project organization changes over the project delivery process, as different
key participants are involved. In the definition stage, project organization is defined by the relationship
between the owner and the architect. In the preconstruction stage, project organization is defined by
the relationship between the CPD team and key consultants. The CPD team is comprised of the owner,
the architect, and the CM/GC.

The owner, the architect, the CM/GC, key consultants, and subcontractors are linked to each other
with supervision links (black line). These links define which position a group or individual would
go to for information or to report an exception. They are also linked to the project delivery process
with blue assignment links. These links signify which group or specialist is responsible for which
task. Additionally, the CPD team and key consultants and subcontractors are linked to meetings with
meeting participant links (black dotted lines).

The project delivery process begins with the definition stage. This stage comprises the definition
of the necessities program and the basic design. The owner develops the necessities program, and the
architect develops the basic design according to the owner’s requirements that have been established
in the necessities program. These activities are developed considering a successor relationship
(start-to-start) with a lag. These activities are also linked to each other with communication links (green
dashed line) and rework links (red dashed line). As a result of the definition stage, the owner and the
architect define the basic design within a target cost and constraints. Once the basic design has been
defined, the CPD team begins to work on the detailed design.

In the preconstruction stage, the CPD team coordinates the design and the key consultants design
to the target cost and constraints. The design coordination and each of the engineering activities
are developed in parallel. The engineering activities are linked to the design coordination with
communications links (green dashed line) and rework links (red dashed line). There is not a direct
connection between the engineering tasks. As a result of the preconstruction stage, the CPD team and
key consultants define the detailed design that can be built within the target cost and constraints.

5.2. Conceptual Analysis of VDT Models

Even though the healthcare and conference center projects are IPD projects, they exhibit different
behaviors of integration at the inter-organizational and project levels, especially via organizational and
technological mechanisms of coordination (Table 2).

Table 2. Difference and similarities of the construction supply chains of the healthcare and conference
center projects.

Healthcare Conference Center

Project organization
Integrated Governance—Core Group Integrated Governance—CPD Team

Cluster Groups—interdisciplinary and
cross-functional groups Functional or specialized areas

Early participation of CM/GC and key
subcontractors from definition stage

Early participation of CM/GC on
engineering phase

Coordination mechanisms
Co-location No co-location

TVD, LPS, cluster and
subcommittee meetings CPD and design coordination meetings

Level of integration Integration at inter-organizational level Integration at inter-organizational level
Integration at project level No integration at project level

Contractual relationship Relational contract (IFOA) with
lean principles

Relational contract (Consensus 300) without
lean principles

Project delivery process Process of TVD with Validation phase Process of TVD without Validation phase

Operational system Lean Project Management Traditional Project Management
Tools: Target Value Design, Last Planner

System, Set-based design, A3 reports, BIM -
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The healthcare project integrated key participants at an inter-organizational and project level.
At the inter-organizational level, the healthcare project used the integrated form of agreement (IFOA)
as a mechanism of integration. This mechanism allowed involving the CM/GC and key subcontractors
with the owner, the architect, and key consultants from the validation phase.

At the project level, the early involvement of the key participants allowed to design the project
organization around an IPD team that was organized into a Core Group and Cluster Groups.
In order to coordinate the interdependence among the key participants, the healthcare project
created cross-functional teams and co-located them in the same office to maximize collaboration, as well
as to facilitate informal and formal interaction. The healthcare project also encouraged the use of BIM
and lean tools and set up an intensive plan for regular meetings for formal cross-functional work.

The healthcare project defined the project delivery process based on the process of Target Value
Design (TVD). During this validation process, the healthcare project defined the target cost and
constraints for the project and confirmed if the project that was defined in the business planning could
be delivered for the target cost and constraints. Then, in the preconstruction stage, the healthcare
project was designed to the target cost and constraints.

On the other hand, the conference center project only integrated key participants at the
inter-organizational level by the agreement ConsensusDocs 300 [50] in the preconstruction phase.
At the project level, the conference center’s project organization evolved as the key participants
became involved. In the definition phase, the owner and the architect were the only key project
participants. The owner was in charge of coordinating the basic design. Then, in the preconstruction
phase, the CM/GC started working with the owner and the architect. They formed a CPD team. Despite
having this integrated project team, the key consultants worked separately in the preconstruction
phase. The CPD team was in charge of coordinating design and engineering through a traditional
activity of design coordination. Key subcontractors did not participate in the early stages but started
working in the construction phase.

The conference center project defined the project delivery process based on the process of Target
Value Design (TVD) without the validation process. During the definition stage, the conference center
project defined a basic design within a target cost and constraints. Then, in the preconstruction stage,
the conference center project made the detailed design.

The difference in project organization stems from the involvement of the key project participants
in the early stages and the coordination mechanisms. The number of links among the key participants
reflects this difference (Figures 4 and 5). In the healthcare project, there is a large number of links of
communication and group meetings among the key participants; however, in the conference center
project, the number of links is smaller, especially in the preconstruction stage. Key consultants are not
connected to each other. They are connected through the coordination of the CPD team.

In summary, we found two IPD projects with different styles of project organization, project
delivery processes, and levels of integration. The main conclusion from this conceptual analysis is about
how both the healthcare and conference center projects were organized and integrated into the early
stages, especially in the preconstruction stage. The healthcare project created an integrated environment
among the key project participants, using coordination mechanisms such as a cross-functional team,
lean tools, co-location, and a big room to manage the information flow. However, the conference
center project was more traditional, creating a hierarchical environment. Each key consultant worked
individually under the coordination of the CPD team with Traditional Project Management.

6. VDT Simulation Model

In the previous section, we described a conceptual analysis that allowed for an understanding of
how each IPD project works in terms of the project organization and project delivery process. In this
section, we present a VDT model that simulates the interaction between the project organization and
project delivery process in order to measure the volume of work (time); that is, the sum of direct work,
coordination work, and waste work, and to explore how the key participants work specifically in terms
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of these types of works. For this research, direct work is the primary production work, e.g., design work
for a design team or construction work for a construction team. Coordination work is the information
flow among the project participants. It considers two types of communication: one-to-one information
exchange between project participants and group meetings [33]. Waste work is the work that has to be
redone because of corrective iterations and decision waiting time to report and how to deal with the
exceptions. These types of work are expressed in units of time (e.g., days, months).

Using the VDT conceptual model (Figures 4 and 5), simulations were made with the computer
software SimVision 4.4 [33]. The software requires some basic inputs about the project organization in
order to run the simulation. For this study, we consider the following main inputs [33]:

• Team experience: defines the relative degree to which the project team has successfully performed
the related project. The team experience can be set up in the range of low, medium, or high for
different levels of team experience.

• Centralization: defines the qualitative degree to which decision-making and exception-handling
responsibilities are decentralized to the individual responsible (low), or centralized to senior
project managers (high).

• Formalization: defines the relative degree to which communication among project participants
takes place informally (low), or through formal meetings and memos (high).

• Matrix strength: defines the extent to which project participants are located in skill-based functional
departments or areas and supervised directly by functional managers (low), or co-located with
other skilled specialists in dedicated project teams and with project supervision from a project
manager (high).

• Information exchange probability: measures the level of communication in the project among
project participants that are responsible for activities linked by communications (green) links.
The information exchange probability can be set up in the range of 0.2 (low) to 0.9 (high) for
different levels of communication.

• Project error probability: defines the probability that an activity will fail and generate rework for
all dependent activities connected to it by rework links. Project error probability can be set up in
the range of 0.05 (low) to 0.10 (significant but common) for different probabilities.

• Project complexity: defines the degree of complexity and uncertainty of activities of the project
delivery process. Activity complexity defines the number of internal project requirements that
the activity must satisfy and the amount of communication across communications links that are
required to perform a task. Project complexity can be set up in the range of low, medium, or high
for different levels of complexity.

Table 3 presents the project organizational characteristics for both projects. With the exception
of team experience, centralization, formalization, and matrix strength characteristics, the data for
information exchange, project error probability, and project complexity were gathered from the user
guide of the software SimVision [33].

Table 3. Project organization characteristics.

Inputs Healthcare Conference Center

Team experience Medium Medium
Centralization Medium High
Formalization Medium Medium

Matrix strength High Low
Information exchange probability High High

Project error probability Medium Medium
Project complexity Medium Medium
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The principal differences between the projects are centralization and matrix strength.
The healthcare project’s organization has a decentralized tendency, whereas the conference center’s
organization has a more centralized tendency. The level of matrix strength is high in the healthcare
project because key participants were co-located in the same place. However, in the conference center
project, the level of matrix strength is low because participants worked in separate locations.

The following sections present an analysis and discussion of the simulation results and a sensitivity
analysis of the main organizational characteristics.

6.1. Analysis of the VDT Simulation Results

This section presents the volume of direct, coordination, and waste work in the definition and
preconstruction stages. The volume of work is the result of the simulation of the project organization
characteristics, activities, and all links such as communication, responsibility, and meetings that define
the interaction between the project organization and the project delivery process (Figures 4 and 5).
For example, coordination work is the result of simulating communication links (green dashed line)
and meeting links (gray dashed line) or the activity of design coordination. The following paragraphs
explain the level of direct work, coordination work, and waste work at each stage. Due to the
difference in coordination mechanisms between both projects, the coordination work was divided into
cross-functional work and design coordination work to interpret the results easily.

Figure 6 shows the total work in terms of the level of direct work, design coordination work,
cross-functional work, and waste work in the definition and preconstruction stages for both projects.
For the definition stage in the healthcare project, direct work was 80% of the total work volume,
whereas cross-functional work was 20%, and waste work was 0%. This last case seems to be a very
extreme and unrealistic result. However, we will discuss the reason for this result in the next section.
In the conference center project, direct work was 62%, design coordination work was 15%, and waste
work was 23%.
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For the preconstruction stage in the healthcare project, direct work was 77% of the total work
volume, whereas cross-functional work was 23%, and waste work was 0%. In the previous case, we will
discuss this result in the next section. In the conference center project, direct work was 52%, design
coordination work was 36%, and waste work was 12%.

The results in Figure 6 provide insights into how the key participants worked in terms of direct
work, coordination work, and waste work in the definition and preconstruction stages. These results
complement the conceptual analysis from a quantitative point of view since each type of work expresses
a quantitative result of the links used in the conceptual model. In the next section, we will discuss
these results considering the previous conceptual analysis.

6.2. Discussion of the VDT Simulation Results

From the conceptual analysis, we know that the healthcare project’s key participants were
co-located and worked together in cross-functional teams in the definition and preconstruction stages.
However, in the conference center project, the architect worked individually under the coordination
of the owner in the definition stage. Then, in the preconstruction stage, the key consultants worked
individually under the coordination of the CPD team. These organizational and operational differences
between the healthcare and the conference center project created a different performance of the project
organizations; the projects have different types of coordination work and different levels of direct work,
coordination work, and waste work in the definition and preconstruction stages. The next paragraphs
explain the performance of the project organization for both projects.

The simulation results showed that the healthcare project presents levels of direct work,
cross-functional work, and a theoretical elimination of waste work. This project does not have
design coordination work. The level of direct work represents the primary work of validation
and design and engineering at the definition and preconstruction stages, respectively. The level of
cross-functional work represents the one-to-one exchange of information among the cross-functional
teams and the intensive plan of group meetings (i.e., cluster, subcommittee, TVD, and LPS meetings).
That is, the level of cross-functional work corresponds to progressive and coordinative iterations.
The theoretical elimination of the level of waste work represents the reduction of corrective iterations.

From the simulation point of view, this extreme result occurred because the activities in the
definition and preconstruction stages do not have rework links (red dashed line in Figure 4). The fact
that there are no rework links in the VDT conceptual model is due to the healthcare project’s use
of different lean tools, cross-functional teams, and co-location to eliminate corrective iteration and
decision waiting time and encourage progressive and coordinative iterations [31]. However, in our
opinion, this result should be validated in future research.

The simulation results showed that the conference center project features levels of direct work,
design coordination work, and waste work. This project does not feature cross-functional work.
The level of direct work represents the primary work of basic design in the definition stage and
detailed design in the preconstruction stage. The level of design coordination work represents the
owner’s activities to manage the development process of design at the definition stage, as well as
CPD’s activities to manage the same process in the preconstruction stage (progressive and coordinative
iterations). The level of waste work represents the corrective iterations and the decision waiting time
in the development process of the design. This amount of waste work is produced by different factors,
such as the coordination mechanisms used by the CPD team and the lack of integration at the project
level. The key consultants for design and engineering worked separately in the preconstruction phase
under the coordination of the CPD team through a traditional activity of design coordination.

In summary, the simulation results showed that the healthcare and conference center projects
show different performance regarding the type of work that each project developed in the definition
and preconstruction stages, especially regarding coordination work. The healthcare and conference
center projects have different types of coordination work; two types of coordination work that demand
different requirements. In the healthcare project, the core of the coordination work is the one-to-one
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exchange of information and the cluster meetings. Hence, coordination efficiency in the definition
and preconstruction stages depends on the efficiency of key participants in the process of sharing
information and making decisions and solving problems in the cluster meetings. In the conference
center project, the core of the coordination work is the activity of design coordination. Hence, the role
of the owner coordinating the architect is crucial in getting the basic design at the definition stage.
The role of the CPD team coordinating the key consultants is crucial in getting the detailed design at
the preconstruction stage.

6.3. Sensitivity Analysis

The VDT model provides advantages in studying the design and the performance of the project
organization. Although we do not have enough information to make a deep analysis of the healthcare
project’s and the conference center project’s organization, we will use the available information to
study how some main characteristics impact the performance of these project organizations. We chose
variables of centralization and matrix strength for the sensitivity analysis because they are the project
organization characteristics that differ between the two IPD projects. We also considered the impact
of project error probability and project complexity on project organization performance, as they are
independent variables of the project organization characteristics.

To illustrate this analysis, we will use the project organization of the conference center project at
the preconstruction stage. The analysis will focus on studying how the level of centralization, matrix
strength, project error probability, and project complexity impact the project organization’s performance.

Table 4 shows the project organization performance considering different scenarios, in which we
changed the level of centralization, matrix strength, project error probability, and project complexity.
The initial characteristics of the conference center project’s organization (Table 3) serve as the baseline
scenario, and they will be used to compare it with the other scenarios (Scenario 1).

Table 4. Sensitivity analysis of the conference center project’s organization at the preconstruction stage.

Project Org.
Characteristics Baseline Scenario 1 Scenario 2 Scenario 3 Scenario 4 Scenario 5 Scenario 6

Inputs

Team experience Medium Medium Medium Medium Medium Medium Medium
Centralization High Low High High Low High Low
Formalization Medium Medium Medium Medium Medium Medium Medium

Matrix Strength Low Low High Low High Low High
Info. exchange prob. High High High High High High High
Project error prob. Medium Medium Medium Low Low Medium Low
Project complexity Medium Medium Medium Medium Medium High High

Outputs

Duration (months) 24 23 24 22 21.5 25 22
Direct work 52% 54% 53% 57% 57% 50% 57%

Design coord. work 35% 35% 36% 36% 37% 35% 37%
Waste work 13% 10% 11% 7% 6% 15% 6%

Scenario 1 reduced the level of centralization from high to low. Under this scenario, the volume of
direct work increased by 2%, design coordination work had the same performance, and waste work
decreased by 3%. Additionally, the duration of the preconstruction stage decreased by one month.

Scenario 2 increased the level of matrix strength from low to high. Under this scenario, the project
organization had the same performance as the baseline scenario, except for the volume of waste work,
which decreased by 2%.

Scenario 3 reduced the level of project error probability from medium to low. Under this scenario,
the volume of direct work increased by 5%, design coordination work increased by 1%, and waste work
decreased by 6%. Additionally, the duration of the preconstruction stage decreased by two months.

Scenario 4 combined the changes in Scenarios 1 to 3. Under this scenario, the volume of direct
work increased by 5%, design coordination work increased by 2%, and waste work decreased by 7%.
Additionally, the duration of the preconstruction stage decreased by 2.5 months.
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Scenario 5 increased the level of project complexity from medium to high. Under this scenario,
the project organization had the worst performance. The volume of direct work decreased by 2%,
design coordination work had the same performance, and waste work increased by 2%. Additionally,
the duration of the preconstruction stage increased by one month.

Scenario 6 combined the changes in Scenarios 1 to 3 and Scenario 5. Under this scenario,
the volume of direct work increased by 5%, design coordination work increased by 2%, and waste work
decreased by 7%. Additionally, the duration of the preconstruction stage decreased by 2.5 months.

In summary, the simulation results showed that centralization, project error probability, and project
complexity are the most sensitive variables because they significantly impact the projects’ organizational
performance. The conference center project’s organizational performance could be improved
by reducing the level of project error probability and centralization and increasing the level of
matrix strength.

The project error probability is related to waste work (Scenario 3). The higher level of project error
probability, the higher the volume of waste work in terms of corrective iterations and decision waiting
time. For example, the project error probability is medium (0.075) in the baseline, which means there is a
7.5% chance of corrective iterations and decision waiting time occurring in the project. If the conference
center reduces the project error probability to low (<0.05), the volume of waste work decreases. In other
words, there is a 5% chance of corrective iterations and decision waiting time occurring in the project.
This reduction in the project error probability also reduces the duration of the preconstruction stage
(Scenario 3). Similarly to the healthcare project, the conference center project could use lean tools,
cross-functional teams, and co-location to eliminate corrective iteration and decision waiting time.
This is a practical way to reduce project error probability in a construction project.

Centralization is related to which level of the organization structure makes the decisions in a project
(Scenario 1). In the case of the conference center project, a high centralization in the baseline implies
that the CPD team makes the most decisions. Thus, when a key consultant detects an “exception,”
the key consultant reports the exception to the CPD team for a decision. This decision-making process
among the CPD team and key consultants becomes a scenario that generates waste work in terms
of corrective iterations and decision waiting time. Moreover, if the CPD team becomes backlogged,
they do not attempt to decide about exceptions fast enough. According to Pikas et al. [51], the main
problems in the design process are related to poor coordination, the inherent uncertainty in information
flows, and the lack of timely responses from clients. Therefore, if the conference center reduces
the level of centralization (i.e., the key consultants have more participation in the decision-making
process), the duration of the preconstruction stage and the volume of waste work significantly decrease
(Scenario 1).

Along with these previous alternatives, the conference center could also increase the level of
matrix strength (Scenario 2). The matrix strength is related to the extent to which project participants
are located in skill-based functional areas (low) or co-located with other skilled specialists in dedicated
project teams (high). In the case of the conference center project, a low matrix strength in the baseline
implies that key consultants were not co-located and worked individually in their functional area.
As previously discussed, the conference center project created a hierarchical environment in which each
key consultant worked individually under the coordination of the CPD team. Therefore, to improve
the project’s organizational performance, the CPD team could co-locate the key consultants in order to
maximize collaboration, as well as to facilitate formal and informal interaction [52]. Thus, corrective
iterations and decision waiting time could be reduced.

The conference center project could also consider the level of project complexity as an important
factor within the analysis of organizational performance (Scenario 5). Because of the initial characteristics
of the project organization, a high level of project complexity has a negative effect on performance due to
an increase in the duration and waste work (Scenario 5). The project complexity is related to the number
of internal project requirements that the activity must satisfy and the amount of communication among
project participants that is required to perform an activity. The higher the project complexity, the higher



Sustainability 2020, 12, 5092 18 of 21

the number of internal project requirements and the amount of communication. For example, a routine
activity with low complexity and uncertainty take less time to complete than a highly optimized
design with high complexity and uncertainty. Increasing project complexity increases the number
of exceptions.

Consequently, this affects activity duration and waste work [33]. One of the alternatives that the
conference center could consider to address project complexity is to reduce the level of centralization
and project error probability and increase the level of matrix strength (Scenario 6). The low level of
centralization and the high level of matrix strength allow for improving teamwork and maximize
collaboration to address the activity complexity and uncertainty. The low level of project error
probability allows a reduction in the volume of waste work in terms of corrective iterations and decision
waiting time.

7. Conclusions

This study presents a VDT conceptual model for studying the performance of the construction
supply chain in an IPD system. The VDT conceptual model captures, in a simple way, the reality of
these two IPD projects in terms of project organization and project process. This VDT model allowed
us to understand how key project participants are organized and how they work in the early stages of
an IPD project. In addition to this graphical representation, the VDT simulation allowed us to do a
quantitative analysis of the performance of the construction supply chain in terms of three types of
work: direct work, coordination work, and waste work.

The conceptual analysis of the VDT model showed different internal dynamics of integration
and performance of the construction supply chain between these two IPD projects, which means that
the IPD system can be structured in different ways from organizational and operational points of
view. Each configuration of the construction supply chain has its characteristics and requirements
regarding project organization, coordination mechanisms, and project delivery processes to support
the integration at the inter-organizational and project levels.

The integration at the inter-organizational and project levels requires adequate mechanisms
to support and encourage this integration. The use of a type of relational contracts, such as IFOA
or ConsensusDocs 300, enables the early involvement of key participants in the definition and
preconstruction stages. These contracts allow integration at the inter-organizational level; that is,
the relational contract creates a cohesive unit of different organizations with collaborative alignment of
process and cultures.

On the other hand, the use of lean principles and lean tools enables integration at the project
level. Additionally, lean principles and lean tools could be useful to improve the performance of
the construction supply by encouraging progressive and coordinative iterations and reducing the
corrective iterations.

The VDT simulation results showed how the project organization’s characteristics (e.g., centralization,
matrix strength) influenced the performance of the construction supply chain. This conclusion is consistent
with Christiansen’s statement, “the organization can implement a set of different mechanisms to increase
their ability to handle uncertainties, whether by reducing the information flow or increasing the ability to
process information” [37].

This research has limitations. The VDT conceptual model is a generic model that was built
from the experience of project participants in two IPD projects. The VDT model does not consider
other organizational characteristics, such as the roles and responsibilities of the key participants that
influence the design and the performance of the project organization in an IPD project. Furthermore,
the VDT model does not analyze the construction stage. It only analyzes the project organization
and delivery process in the definition and preconstruction stage. In future research, it would be
advisable to study, in more detail, other characteristics in the design of the project organization in an
IPD project. Additionally, it would be advisable to study the project organization and delivery process
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in the construction stage and how the types of project organization identified in this research affect the
performance in the construction stage.

Another research limitation is the fact that this study only considers the corrective iterations
as waste in design. There are other factors, such as design errors and non-value adding activities
in information and workflows, that negatively impact the maximization of value in design. Future
research should study how this kind of IPD project organization impacts the value generation and
waste reduction in the early stages.

Another research limitation is that the healthcare project supposes that there are no rework
links between activities. We assumed that there are not corrective iterations and decision waiting
time due to the application of different coordination mechanisms that avoid this type of waste work.
Theoretically, it could be true; however, future research should study the waste work that is generated
by cross-functional work.

The Architecture, Engineering, and Construction (AEC) industry is innovating in strategies to
integrate the supply chain in an attempt to achieve more collaboration and improve the process of value
creation. The servitization approach is a strategy that seeks to add a service component to increase the
value of their products [53–55]. As future research, we suggest studying how the construction industry
can incorporate the servitization strategy to integrate the construction supply chain and improve the
relationship between the client and specialized AEC firms during the development of the project.
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