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Abstract: There is qualitative evidence showing that design teams that use BIM-lean management
have a higher level of interaction than design teams that do not use this management approach.
However, there is no quantitative empirical evidence of this higher level of interaction. Therefore,
the objective of this paper is to present quantitative empirical evidence of the differences among
the various types of interactions of a design team. Two case studies were analyzed, and their
design management was assessed from a lean BIM perspective while their team interactions were
assessed using social network analysis (SNA). To achieve the aim of this paper, four steps were
performed: (1) case study selection; (2) description of the design management of the projects from
the lean design management and BIM perspectives; (3) assessment of design team interaction; and
(4) comparison using SNA. The results show that the project that applied BIM-lean management
exhibited higher levels of interactions among its design team members than the traditional team;
transparent, orderly, and standardized information flows; a collaborative, trusting, and learning
environment; and commitment management. None of these interaction elements were visible in the
project that did not apply BIM-lean management. It is suggested that an analysis be performed on a
representative sample of projects in the future so that conclusive statistical inferences could be made.

buildings11100447
Academic Editor: Patrick Dallasega

Keywords: lean design; management practices; BIM uses; building projects; interaction;
social network analysis

Received: 30 August 2021
Accepted: 28 September 2021
Published: 30 September 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affiliations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses/by/
4.0/).

1. Introduction
The architecture, engineering, and construction (AEC) industry has been criticized
for its fragmented approach to project delivery and its failure to form effective teams [1].
Additionally, the AEC industry has an adversarial nature, which has resulted in poor project
performance and a lack of innovation [2]. This fragmentation, caused by the isolation of
professionals and a lack of coordination between the individuals involved in design and
those involved in building, has impacted construction performance, leading to a lack of
integration, waste, low productivity, and low efficiency [3]. Additionally, certain barriers
to improved integration seem to stem from the historical fragmentation of project delivery
systems and the contractual and adversarial nature of construction project relationships [4].
Addressing this high degree of fragmentation requires better interaction between
the specialties of the industry [5]; the interaction of a work team is generated through
communication, coordination, and collaboration among the participants [6]. According
to Webster’s dictionary, interaction means the action on each other, “mutual or reciprocal
action or influence” [7]; in sociology, interaction is a dynamic sequence of social actions
between people (or groups) who modify their actions and reactions due to actions by their
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interaction partner(s); therefore, an interaction is a social exchange between two or more
individuals [8]. This interaction can be represented as the information flow between the
right people at the right time [9,10]. Integration occurs best when individual team members
view themselves as equals in the process and when the initial collaboration among them is
focused on exploring and defining the problem [11]. Hence, the building process cannot
be optimized without full collaboration and, ultimately, integration among all its project
members [11]. Therefore, team integration is critical to developing projects and achieving
value for the clients and stakeholders involved in these projects [12]. There are many ways
to understand interaction in design teams; the key dimensions of interaction can be divided
into traditional interaction and commitment management. Traditional interaction includes
social interaction, role knowledge, collaboration, and learning, among others [13]; while
commitment management is associated with each of the speech acts (i.e., requirements,
negotiation, declaration of completion, and declaration of acceptance) [14].
Poor interaction among specialists, clients, and other team members can have negative
consequences such as an inappropriate synthesis of the needs analysis of the project, which
results in a lack of value generation for the client and the end-users [12]. Consequently,
poor interactions among work teams can lead to poor performance, both in the implementation of each phase (namely, the phases of design, construction, maintenance, operation,
and deconstruction) and in the overall life cycle of the infrastructure [1]. Within the infrastructure life cycle, the design phase allows the client, engineers, architects, and other
specialists to establish the layout and definition of the overall project as well as its different
parts. Therefore, the design phase is particularly important because decisions made during
this phase can significantly affect the following phases, and the cost of making changes
during this phase is insignificant compared with the cost of implementing changes during
future phases [15].
As the interdependence and complexity of design tasks increase, the need for synchronous communication becomes vital; therefore, the efficacy and challenge of design
management is rooted in the appropriate management of its workflow [16]. It is critical
to consider the interactions within design teams and those between the design teams of
different disciplines due to the interdependent nature of the design phase [10]. Therefore,
managing the design workflow includes managing the people involved in the design
process as well as the flow of information between them to enable the progression of design
solutions [16]. The interactions among the professionals involved in the design team of
a construction project is fundamental to the performance of the project [17]. To analyze
the interactions of work teams, different tools can be used such as a survey, a frequency
analysis [18], an n × n matrix [19], a social network analysis (SNA) [20], and a design
structure matrix [21]. SNA has attracted attention in the AEC industry because it can be
used to examine the role of informal structures in their coexistence with formal structures;
an interaction can be formal information exchange such as approvals and monthly reports,
or informal exchange of opinions, request for information, report of a problem, sharing of
an improvement idea, etc. [22].
One of the challenges faced in this study is the determination of the methodologies
used to achieve this higher level of interaction. Many studies have recommended building
information modeling (BIM) as a workable option to address this issue [1], and lean
has also been applied to the design phase [23]. Additionally, lean practices and BIM
functionalities can enable a better design workflow through their focus on teamwork and
information integration and sharing [16]. One of the theoretical benefits of BIM and lean is
that errors in design can be better addressed in a way that reduces both their incidence and
their dissemination [10]. Additionally, BIM and lean principles improve the exchange of
information and create a more cohesive social network with increased collaboration and
connections within teams and between different teams [10].
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There is qualitative evidence showing that design teams that use BIM and lean have
higher levels of interaction than design teams that do not use these management and
technology support methodologies [11,24]; for instance, the application of BIM and lean
could improve the commitment management, team communication, the solution of interoperability issues [11], trust between design team members, creativity though the adoption
of more perspective and new solution suggestion [25], make better decisions and make
reliable commitments [26], among others. Therefore, these studies show the increase in
interaction from the global perception of the members of the design teams. However, there
does not seem to be any quantitative empirical evidence of this higher level of interaction;
thus, it is interesting to use SNA to have quantitative evidence of the different levels of
interaction of the design teams. Quantitative evidence of an increase in interaction when
applying BIM and lean methodologies, evaluated through SNA, would allow consultants
and design teams to analyze the organizational performance of their projects through interaction metrics and sociograms that would provide concrete evidence that could be used as
input to apply continuous improvement actions and evaluate the impact of these actions
on the design team interactions. A recent study used SNA and simulation to compare
traditional and BIM-lean practices for design error management [10]; however, this study
provided theoretical and not empirical evidence of design team interaction, in addition, it
only measured the information flows. Additionally, the interaction has not been studied in
depth to examine the dimensions of interaction in which this theoretical increase exists,
since there are multiple types of interaction within the design process such as work information flows, planning and solving problems, collaboration, and learning [13]. Therefore, the
aim of this paper is to present quantitative empirical evidence of the differences that exist
among the various types of interactions of a design team through a comparative analysis
of two case studies involving high-rise building construction projects in Chile. To assess
the interactions among the design teams of these projects, the researchers involved in this
study used social network analysis (SNA), since it allows for the extraction of qualitative
and quantitative information from each type of interaction through sociograms and graph
theory metrics that explain the behavior of the design team [27].
2. Background
2.1. Design Management
The design phase of any construction project involves several designers who exchange
information with each other, most often in an unstructured manner, throughout the design
phase [28]. Like any project, the design management process involves planning, organizing,
and managing people, knowledge, and flows of information to achieve specific project
goals and objectives [16]. Additionally, design management is fundamentally concerned
with value generation for the customer or client, which involves the integration of various
specialist knowledge and the accurate timing of critical decisions. These objectives are
achieved through an integrated team approach to the design, construction, implementation,
and management of a project [29].
Traditionally, the design phase of a project is characterized by a high level of uncertainty due to the ill-defined nature of its requirements, solutions, or outputs. The design
requirements of a project can be well understood, whereas the solutions and resulting outputs cannot be defined in advance and are generally vague at the beginning of a project [30].
Recent research has proposed that the design process should be studied through an evaluation of its performance [31,32], an implementation of integrated management systems and
visual management tools [33], and its optimization [16]. Nevertheless, there are still several
challenges in the design management of construction projects, for instance, the challenges
posed by the collaborative methodologies of various specialties and the use of technology [34]. Thus, it is important to facilitate the application of collaborative technologies
and methodologies to design management, considering that the extensive interdependence
of design information and the tasks of many trades that are involved in design increases
the complexity of this process. Furthermore, the design environment is built upon inter-
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action and communication among various multidisciplinary teams whose processes and
information are constantly dependent on one another [30].
2.2. Lean Design Management
Two decades ago, lean philosophy was proposed as a solution to improve the design
process by applying each of the principles of this philosophy in the design of construction
projects [35,36]. Lean design introduces several elements of the lean philosophy that are
fundamental to the design phase, for example, the active and systematic involvement of
clients during the early stages of a project, the maximization of the value generated, the
identification of the needs and objectives of all interested parties, the simultaneous design
of the product and the process, and the postponement of the decision-making step until
the last responsible moment to reduce reworks and unnecessary tasks [37]. The principles
of lean management and some of its tools have been applied in the design process. For
example, Fosse and Ballard [38] presented a case study that showed the change between
traditional planning and planning using the Last Planner® System (LPS) in a design phase.
Lean could be applied though lean tools and/or lean practices. A lean tool can be defined
as a structured technique or instrument that facilitates the implementation of the lean
principles [39] such as, the last planner system, 5S, big rooms, and collaborative process
mapping, among others. On the other hand, a management practice refers to concrete
actions associated with increasing productivity [40].
Herrera et al. [41] summarized 19 lean design management (LDM) practices for the
design phase of construction projects, namely, the early involvement of specialist designers and builders [42,43], the exhaustive definition of all the requirements of stakeholders
and systematic client participation [44,45], the simultaneous design of the product and
the process [46,47], the implementation of design planning activities [38,48], the collection of data for planning [49], collaborative and systematic planning, gradual planning,
constraint management [21,50], coordination among specialist designers [42,51], collaborative problem-solving, the causal analysis of problems, monitoring problem solving
processes [38,46], multiple option decision making, the examination of all available information for decision making, the collection of data for decision making [47,48], collaborative
decision making [52], and monitoring decision-making processes [53,54]. Problem solving
always requires decision making to solve the challenge, so in these cases, decision making
is reactive; however, there may be instances of proactive design decision-making in the
management requirements, programming, and design development process [55]. The summary developed by Herrera et al. [41] proposed a questionnaire that assessed the degree of
the implementation of each of these practices and defined a taxonomy of LDM practices. In
this way, the authors carried out an evaluation of the 19 lean design management practices
to 64 construction projects at the design phase where a high variability in the levels of
lean implementations could be observed. The most developed practices were requirement
management and active participation of the client, and the least developed were “builders
in early stages”, “decision-making until the last responsible moment”, and “multicriteria
decision-making” [41]. Table 1 presents a definition of these 19 LDM practices.
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Table 1. Lean design management (LDM) practices. Adapted from [41].
Category

Stakeholder management

Id

Definition

SM1
SM2

Specialist designers are involved during early stages of the project.
Builders are involved during early stages of the project.
The identification of requirements of the stakeholders is exhaustive, where requirements,
constraints, technical specifications and special requirements are defined.
The participation of clients in the design phase involves the systematic participation and
support during meetings concerning decision making and resolution of problems.
The design of the product and the construction process are carried out simultaneously.

SM3
SM4
SM5
PC1
PC2

Planning and control

PC3
PC4
PC5
PC6
DM1
DM2
DM3
DM4

Decision making

DM5
DM6
DM7
DM8

Project planning considers delivery dates, phases, milestones, task subdivision programs
and control instances. All of the above, immersed in a scheme in which gaps, buffers and
points are clarified, can be used to perform pull/push actions within the program.
With regard to project planning, this is considered information of internal and/or external
projects of the organization, generated through a benchmarking exercise.
Project planning is conducted collaboratively among various stakeholders.
Project planning is carried out at different levels (global, phase, intermediate and weekly).
The constraints in the design process are identified and registered collaboratively and
released by a responsible person. Then, the constraints are followed.
The coordination of project information between the different stakeholders is performed
through a single platform, which allows systematic updates and continuous communication
between stakeholders.
There exists a protocol to solve problems collaboratively.
The last planner identifies the problem and performs a causal analysis (e.g., the 5
why’s method).
The solution to the problem is implemented, monitored and documented, to verify that the
problem was solved.
In the decision-making process, options are evaluated, designed, and tested, and the results
validated and applied.
The moment to make decisions is the last responsible moment, and all the information that
could be gathered at that moment is used.
To make decisions, information of internal and/or external projects of the organization is
used, generated through a benchmarking exercise.
The decision-making mechanism is a meeting with all stakeholders involved, where a
specific technique is used, for example, Choosing By Advantages (CBA) or others.
After making the decision, specific actions are taken to verify whether satisfactory results
were obtained. In addition, the lessons learned are identified and documented.

2.3. BIM Uses in the Design and Plan Phases
BIM has positioned itself as a technology-supported methodology that promotes
the integration of and collaboration among work teams through its multiple uses [56].
Building information modeling is a project life cycle process using the provided model
and parametric building information to simulate virtually the physical, functional, and
task-related attributes of a project; it helps stakeholders make educated decisions and
execute the project with reduced costs, schedules, rework, and better quality [10]. The
use of a BIM is defined as a method of applying building information modeling during
a facility’s life cycle to achieve one or more specific objectives. Some examples of BIM
uses that are relevant for the planning and design phases of construction projects include
cost phase planning, site analysis, design review and authoring, and 3D coordination [57].
Rojas et al. [58] designed a BIM use assessment (BUA) tool to diagnose the application
of BIM uses; this tool allows companies and clients to identify the status of the BIM uses
of the project (i.e., the ways in which BIM uses are being implemented), and the design
team’s opportunities for improvement. The BUA tool has been used to evaluate the level of
BIM implementation in building projects in pre-construction phases (design and planning)
in countries such as Chile, Colombia, Spain [59], and Ecuador [60]. Thus, the high level
of execution of these BIM uses is aligned with the first BIM implementation efforts in the
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AEC industry [61]. Table 2 presents a definition of the ten BIM uses for the planning and
design of construction projects considered in this study.
Table 2. BIM uses for the planning and design of construction project. Adapted from [58].
Id

Use

Definition

U1

Cost Estimation

A BIM model is used to generate accurate quantity take-offs and cost estimates.

U2

4D Planning

A 4D BIM model is utilized to effectively plan, especially spatial planning, including
spatial clashes and paths.

U3

Site Analysis

BIM/GIS is used to select and evaluate a site location and to select a building position
on the site.

U4

Space Programming

A BIM model is used to design and analyze the project spaces and rooms and to assign
to each space a use and its measurements.

U5

Design Review

A process in which stakeholders interact with a BIM model and provide their feedback
to validate multiple design aspects

U6

Code Validation

A process in which code validation software is utilized to check the model parameters
against project-specific design or construction codes or norms.

U7

Sustainability
Evaluation

A process in which the sustainability of a facility is evaluated and tracked using a
sustainability metric system.

U8

Engineering Analysis

A BIM model and specialized software are used to conduct an engineering analysis to
identify the most efficient method or design.

U9

Design Authoring

A process in which 3D software is used to develop a building information model. A
project is designed in a BIM model, where the typical iterations of a project are made,
and everything is built directly in the BIM software.

U10

3D Coordination

A process in which 3D coordination software is used to identify 3D geometric conflicts
by comparing 3D models of building systems.

2.4. Dimensions of Design Team Interaction
The interactions among work teams have been studied from the perspectives of several
dimensions such as information flows, planning, coordination, collaboration, innovative
ideas, and learning. For instance, Herrera et al. [13] identified two perspectives of interaction dimensions: traditional interaction and commitment management. On one hand, the
traditional interaction perspective includes the concepts of social interaction, information
flow, problem-solving interaction, planning interaction, collaboration, innovative idea interaction, trust, and learning. On the other hand, the commitment management perspective
is critical to the design phase because this approach facilitates shared understanding in
multidisciplinary teams, thus supporting the discussion and negotiation that are common
during the design process [62] (Table 3).
Measuring the interaction of work teams is a challenge that has no single solution [65].
Valentine et al. [67] presented a literature review from 2012, where they found 39 instruments for assessing teamwork through surveys. Most of these instruments include
dimensions such as communication, coordination, and mutual respect. To analyze the
interactions of work teams, different tools can be used such as surveys frequency analysis,
n × n matrix, a social network analysis (SNA) [20], and a design structure matrix [21].
SNA has attracted attention in the AEC industry because it can be used to examine the
role of nonformal structures in their coexistence with formal structures [22]. The types of
interactions presented in Table 1 can be measured and evaluated through social network
analysis (SNA) [13].
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Table 3. Description of type of interaction.
Type

Metrics

Knowledge of roles and responsibilities

When person A knows the role and responsibility of person B, a one-way link is
created between the two people. This network is fundamental, since if the link
does not exist, it is difficult to make another type of interaction [13]

Global interaction

Refers to any type of interaction between two people, these include telephone
conversations, mail exchanges, conversations or business meetings [22]

Relevant work information

Relevant work information is that flow where person A sends necessary
information to person B that adds value to the project but is not
openly available [63]

Collaboration

Collaboration refers to the act of joint work between two or more people. It is
considered that working together implies working with another person on the
same task and at the same time, either in person or virtually [13]

Planning and problem solving

Collaborative planning and problem solving refer to the joint act of two or more
people to define and redefine tasks, schedules, resources, costs, risks, etc. [63]

Trust

When a person A trusts the work of a person B, a one-way bond of trust between
A-B is created [64]

Learning

When a person A learns something new from a person B, a learning link between
A-B is created. What is learned can be something technical related to knowledge,
some skill or competence, or even an attitude at work [65]

Request for requirement

The speaker (customer) is asking a potential performer for action around
a requirement [14]

Requirement negotiation

The customer and the performer clarify the requirement and define conditions of
satisfaction, based on time, cost and performance [66]

Declaration of compliance

The performer reports facts and is prepared to offer evidence about the compliance
of the requirement [14].

Declaration of satisfaction

The customer reports a level of satisfaction and feedback about the compliance of
the requirement [14]

SNA is the product of collaboration between mathematicians, anthropologists, and
sociologists. This tool involves the representation of organizational relationships as a
system of nodes or actors linked by precisely defined connections (networks) [27]. Each
network can be represented graphically with a sociogram and mathematical metrics such as
density, length, and diameter [19]. There are directed and undirected networks. In directed
networks, the relationship between two actors can be unidirectional or bidirectional. In
contrast, the relationships in an undirected network must be bidirectional [27]. Some of the
types of interaction that can be evaluated through SNA are explained below.
Global interaction refers to any type of interaction between two people, for example,
telephone conversations, mail exchanges, social conversations, or business meetings [22];
therefore, the use of a bidirectional link (i.e., an undirected network) is necessary. Relevant
work information flows from person A to person B. This information is necessary to the
project and adds value to it, but is not freely available [63]; therefore, it is not necessarily a
reciprocal link (i.e., a directed network). Collaboration refers to work jointly accomplished
by two or more people [13]; therefore, it is a necessary reciprocal link (i.e., an undirected
network). In the same way, planning and problem-solving is an undirected network
that refers to two or more people jointly defining and redefining tasks, schedules, and
resources, among other tasks [63]. Additionally, when a person trusts in the work of
another person, a one-way link of trust is created [64] (i.e., a directed network). In the
same way, when a person learns something new from another person, a one-way link is
created [65]. Originally the trust network, it was intended to measure the trust in personal
relationships within the organization [22]; however, in this research, it was adapted to
measure the trust in work relationships in terms of quality and schedule requirements [68].
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The commitment network approach emphasizes the actions that people take while
communicating, how language is used to create a common reality, and how activities are
coordinated through language [66]. The basic elements of this perspective are speech
acts, which comprise a set of rules for systematizing commitment management [69]. The
commitment cycle has four phases: (1) the request and proposal; (2) the negotiation and
agreement; (3) the declaration of compliance and performance; and (4) the declaration of
acceptance and satisfaction [70] (last four rows in Table 3). The request for requirements,
the declaration of compliance and performance, and the declaration of acceptance and
satisfaction can be depicted as directed networks, as they do not represent obligatory links
between two people. However, the negotiation and agreement phase should be considered
as a undirected network since at least two people must always be included [13].
2.5. Impact of BIM and Lean on the Performance
There is a strong synergy between lean construction and BIM [71], which has been
documented in many case studies where it is possible to visualize the interaction between
both methodologies [72]. BIM with its technology capability and lean with its theoretical
foundation can complement each other for better project efficiency [10]. Sacks et al. [72]
presented 56 distinct interactions between lean construction principles and BIM functionalities, which were grouped in a lean/BIM matrix. BIM will become increasingly essential
and an inextricably linked component to a lean construction process, especially within
the context of abundant geometric and semantic project information [73]. For example,
Schimanski et al. [73] described three practical case studies through BIM-based objectives
and outcomes and mapped these outcomes to the taxonomy of interactions described by
Sacks et al. [72]. Based on the synergies of BIM and lean, specific tool applications have
been developed such as the Digital Obeya Room framework [74]; “VisiLean”, which uses
BIM as the visual platform and enables pull flow scheduling on the construction site [75];
“BeaM!”, which allows a joint application of BIM and the Last Planner® System (LPS) [73];
and “KanBIM”, which mixes Kanban and BIM [76].
Based on data from 64 projects, Herrera et al. [59] performed an association analysis
between each pair of variables (i.e., 10 BIM uses and 19 LDM practices). The analysis of
the relationship between LDM practices and BIM uses allows for empirical evidence of the
LDM practices that are present in each BIM use in the design phase of construction projects
to be obtained. Additionally, if a project applies a higher proportion of BIM uses, it will
tend to apply a higher proportion of LDM practices; however, this relationship is not as
clear the other way around [59]. By understanding the benefits of BIM and lean interactions,
the design errors can be handled better in an attempt to reduce both their incidence and
their dissemination [77]. Some of the benefits of using an integrated BIM and lean approach
in the design stage of construction were summarized by Dave et al. [78] and included
reducing the design development life cycle, reducing rework, increasing the number of
iterations for value improvement, improving the predictability of investment and life cycle
costs (4D scheduling), and enhancing the ability to engage with stakeholders. To realize
the full potential benefit of BIM and lean methods, both need to be used collaboratively
in a project [11]. Theoretically, it has been demonstrated that the use of BIM and lean
management would allow a reduction in design errors through more effective interaction
between design team members [10]
3. Materials and Methods
To achieve the main aim of this research, a comparative analysis of two case studies
was conducted involving high-rise building construction projects in Chile. In this research,
we analyzed how the application of a methodology based on BIM and lean impacts on
several interactions that can be generated in a design team. The case study research method
was used in this paper, following the recommendations of Yin [79]. Two case studies were
analyzed, and their design management was assessed from a lean BIM perspective while
their team interactions were assessed using SNA. To achieve the objective of this paper, four
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steps were performed: (1) case study selection; (2) description of the design management of
the projects from the LDM and BIM perspectives; (3) assessment of design team interaction;
and (4) comparison of design team interaction using SNA.
3.1. Case Study Selection
The selection of projects was intentional and aimed to facilitate literal and theoretical
replication. The authors defined a list of 10 comparative criteria to select the two case
studies (Table 4). To facilitate literal replication, cases were selected to predict similar
results [80], therefore, two projects with similar features in relation to the first nine criteria
in Table 4 were chosen. To facilitate theoretical replication, cases were selected to predict
contrasting results, but for theoretical replication [80], the research team ensured that
the two selected projects exhibited opposing characteristics in relation to at least one
characteristic criterion [79]. First, according to the project coordinator, the use of BIM was
the opposite characteristic between both projects (see criterion 10 in Table 4). Additionally,
according to the project coordinators, neither applied lean tools, but they did not know if
they applied any LDM practices. Nevertheless, the project that uses a higher proportion of
BIM uses at the same time is likely to be applying a higher proportion of LDM practices [59].
Therefore, during the research process, the researchers characterized the actual application
of LDM practices and BIM uses in both projects to validate the project manager’s reporting
regarding lean BIM management. Project A was chosen due to its use of traditional,
informal design management without the methodological and technological support of
BIM, while project B was chosen because of its use of BIM methodology. Both projects
had the following design team members: client representative (CR), project manager (PM),
architect (A), geotechnical engineer (GE), structural designer (SD), electrical specialist (E),
plumbing specialist (P), gas specialist (G), irrigation designer (ID), and landscape designer
(LD). Additionally, project B included a BIM manager (BM) and a construction company
representative (CO); therefore, there are ten and twelve design team members in projects A
and B, respectively.
The number of projects studied is related to the complexity of the expected results [79].
Yin’s approach shows that for a descriptive theory such as the theory used in this research,
two cases can suffice [79]. Based on the projects studied, the domains to which the research
results could be generalized are: (1) the design phase of the infrastructure life-cycle;
(2) building construction; (3) large and medium-sized companies; (4) small temporary
organization of less than 50 people [81]; and (5) varying degrees of application of LDM
practices and BIM uses.
3.2. Description of Design Management
To describe the design management of each project, the researchers conducted two
interviews with the client representative (CR) and the project manager (PM) in each project,
and a third interview with the BIM manager, but only in project B. The instruments used for
these interviews were the LDM practices questionnaire [41] and the BIM uses assessment
(BUA) tool for design and planning [58]. Both instruments were subjected to a construct
validation, a reliability validation, and a concordance analysis of the responses [41,58].
These tools were applied using recorded interviews (audio was recorded with the
consent of the interviewee) with the CR, PM, and BIM manager, covering all the topics
addressed in each questionnaire and following the criteria established by Woodside [82].
Then, the researchers listened to these recorded interviews and rated each item on each
questionnaire for both projects using a 5-point Likert scale. Each LDM practice and BIM
use was qualified with a five-level assessment rubric. The qualification could have a certain
degree of subjectivity by the evaluator; therefore, to mitigate this subjectivity, the following
procedure was conducted: (1) two researchers listened to the recorded interviews and
individually qualified; and (2) in a collaborative session, the two researchers discussed the
final qualification of each LDM practice and BIM use.
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Table 4. Characteristics of projects A and B according to the selection criteria.
Selection Criteria

Project A

Project B

1. Type of project: high-rise building

X

X

2. Delivery method: design-bid-build

X

X

3. Client and constructor are the same corporative group

X

X

4. Size of client: large [81]

X

X

5. All specialists and designers are from different organizations

X

X

6. All design team members are located in Santiago, Chile

X

X

7. Project location: Santiago, Chile

X

X

8. Project size: numbers of floors (m2 )

22 (14,200)

24 (15,000)

9. Explicit Lean tool application (as reported by the client company)

x

x

10. Explicit BIM application (as reported by the client company)

x

X

The LDM practices questionnaire uses a five-point scale to measure the 19 practices
(Table 1) [41]. Each LDM practice followed the method of Bloom and Van Reenen [83];
namely, a description is provided for scores 1, 3, and 5, while scores 2 and 4 are defined
as intermediate points between scores 1 and 3 and 3 and 5, respectively. The general
descriptions for each score are (1) traditional management practice; (3) initial lean design
management practice; and (5) developed lean design management practice [41]. The BUA
questionnaire also rates each use on a scale from one to five, where the first level (1) denotes
a traditional method with a 2D model (i.e., no use of BIM); the second level (2) denotes
a low use of BIM and includes little BIM-related information in the model; and the third
level (3) denotes a medium use of BIM and sufficient information for its implementation;
the fourth level (4) denotes a high use of BIM; and the fifth level (5) denotes a full use of
BIM (i.e., the best methods and tools are utilized). The above is a general description of
each BUA level; however, different features and levels of automation were evaluated for
each BIM use in the planning and design of the projects [58]. Finally, a benchmark was
established for projects A and B using other projects evaluated with the same instruments.
The projects used for the benchmark in this study were derived from the studies of
Rojas et al. (2019) (who assessed the BIM uses in 25 projects) and Herrera et al. (2020b) (who
assessed the LDM practices in 64 projects). The benchmark will allow a relative assessment
of the case studies in comparison to projects with similar characteristics, allowing us to
identify whether the LDM practices and BIM uses of the two case studies were in the lower
or higher percentiles of application with respect to the studied sample; in this way, it will
also be possible to visualize some BIM uses and LDM practices that could not apply at the
highest level according to the theory. However, the case studies could be in the highest
percentile of application with respect to similar projects
3.3. Interaction Assessment and Case Study Comparison
An interaction assessment was conducted, although the method for understanding the
interaction of the members of design teams on construction projects proposed by Herrera
et al. [13]. This method recommends the use of SNA to analyze the data obtained via surveys conducted with all the members of the design team. The perceptions of interactions
evaluated in this study were knowledge of the roles and responsibilities, global interaction,
flow of relevant information, planning and problem solving, collaboration, trust, learning,
and commitment management (request for requirement, requirement negotiation, declaration of compliance, and declaration of satisfaction). The method consisted of four main
stages: (1) definition of the initial conditions; (2) information capture, (3) data processing;
and (4) information analysis. The survey used in this study was subjected to a construct
validation and coherence analysis before being applied in the two projects studied [13].
Additionally, SNA has been carried out in design teams with participants from different
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companies using information obtained from BIM log files that are registered in collaborative design software and emails [84]; however, this methodology can only be used in
BIM design environments, and can only measure the information flow type of interactions,
hence it cannot assess other dimensions of the interactions such as collaboration, learning,
planning, among others.
During the stage involving the definition of the initial conditions, the researchers
detailed the assessment procedure. First, a 12-week interaction evaluation period was
defined including representatives from both projects; this period was consistent with
the detailed design stages of both projects, in other words, all questions asked about
interactions during the last 12 weeks (information was captured only once per project,
and the question asked for interaction during the last 12 weeks). The evaluation of both
projects was prior to the coronavirus pandemic outbreak. Then, for both projects, the
use of online surveys was chosen as the method to be used for collecting data, given the
non-collocated nature of the various members of the design team. Third, the participants of
the study were defined; as previously mentioned, projects A and B had 10 and 12 members
in their design teams, respectively. Fourth, because data capture was conducted through a
survey of project team members, there will always be some amount of subjectivity of the
input data; therefore, an analysis of the coherence of the input data must be performed
before the SNA [68]. This coherence analysis can be performed in undirected networks
in which, theoretically, there is a correspondence between the responses of the people
involved, so that if person A wishes to interact with person B, then person B must indicate
the same [68]. Therefore, it is possible to calculate a percentage of valid connections
(PVC) as the proportion between the valid connections and the total connections (valid
and invalid) [13]. In these cases, the minimum percentage of valid connections (PVC) to
consider the responses valid was set at 80%, given that this is a typical confidence level
used in risk analyses involving the construction industry [85,86]. Finally, it is necessary to
select a software to process the data, graph the sociograms, and calculate the SNA metrics.
In this study, Gephi was selected as the software to be used for the calculation of metrics
and the realization of sociograms, given the precedence set by prior researchers regarding
the use of this tool. Gephi is an open-source software for graph and network analysis. With
this software, traditional SNA metrics can be computed such as input and output degree,
closeness and betweenness of each node, mean degree, number of connected components,
density, and diameter of the network, among others [87]. Table 5 shows the definition of
some traditional SNA metrics.
Table 5. SNA metrics.
Type

Node

Network

Metric

Definition

Degree

How many other nodes a node is connected to [22].

Betweenness

How many pairs of individuals are connected through a node with the least
number of steps: brokerage role [88].

Closeness

How close a node is to other nodes; depends on the shortest average length [10].

Density

How many actual links exist between nodes divided by the number of total
possible links in the network [22].

Mean degree

How many other nodes a node is connected to, on average [22].

Clustering

How clustered groups of people are compared with the rest of the network; the
existence of closed triads and small communities [88].

Average path length

How many steps on average nodes require to reach each other [10].

Diameter

How many steps nodes require to reach each other (maximum) [10].

Modularity

How dense are the connections between nodes within groups compared with
nodes with another group [88].
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The second stage (information capture) consisted of two activities: the design of the
survey and the actual data collection. Certain types of interactions, namely, knowledge of
roles and responsibilities, global interaction, trust, learning, and request for requirements
allowed for yes or no responses. Other types of interaction, namely, relevant information
flow, planning and problem-solving, and collaboration were answered using the following
frequencies: never, monthly, weekly, and daily. The remaining types of interaction, namely,
requirements negotiation, declaration of compliance and performance, and declaration
of acceptance and satisfaction were answered using the following frequencies: never,
sometimes, frequently, and always. Each participant in the study responded according
to the type of interaction they had experienced with all the other design team members.
Finally, the survey was required to have a 100% response rate to be used for the analysis.
In the third stage of data processing, the first step is to verify that the PVC exceeds
the minimum of 80% and the response rate is 100%. Then, the metrics are calculated
(Table 6), and the sociograms for each type of network are created. Some metrics are
directly extracted after processing in Gephi software, whereas others are calculated from
the metrics obtained from this software. Table 6 indicates which network is directed or
undirected. A directed network could be unidirectional or bidirectional links; in contrast
undirected networks must be bidirectional interactions; therefore, the number of input and
output links will always be equal in an undirected network (degree), while in a directed
network they could be different, hence there is a difference between the input degree (indegree) and the output degree (out-degree) [89]. Finally, in the fourth stage, a comparative
analysis of both projects is carried out.
In summary, Table 7 presents the overall structure of the research, where it presents
the sources of information, the data collection instruments, the number of responses for
each instrument, and the analysis tools.
Table 6. Metrics for each network. Adapted from [13].
Type

Metrics

Knowledge of roles and responsibilities (directed)

In-degree of each node (total number of other nodes that have links directed
towards it); mean in-degree of the network

Global interaction (undirected)

Degree of each node (total number of other nodes that are incident to the node);
mean and range degree of the network; # of connected components

Relevant work information (directed)
Learning (directed)
Planning and problem solving (undirected)

Percentage of bidirectional links; in-degree and out-degree of each node (total
number of other nodes to which it directs links); mean and range degree of the
network; # of weakly connected and of strongly connected components

Collaboration (undirected)

Percentage of bidirectional links; degree of each node; mean and range degree of
the network; # of connected components

Trust (directed)

# of links in the trust network/# of links in the knowledge of roles network

Request for requirement (directed)

Requirement links

Requirement negotiation (undirected)

Negotiated links/requirement links

Declaration of compliance (directed)

Compliance declaration links/requirement links

Declaration of satisfaction (directed)

Satisfaction declaration links/requirement links
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Table 7. Overall research design.
Activity

Tool

Source of Information

BUA tool

Project A: 1 interview with project manager and
client representative
Project B: 2 interviews with project manager, client
representative and BIM manager
Data from [58].

Assessment of 19 LDM practices (Table 1) and
benchmark with 64 projects

LDM practices questionnaire

Project A: 1 interview with project manager and
client representative
Project B: 1 interview with project manager and
client representative
Data from [41].

SNA: information capture of 11 types of
interactions (Table 3)

Survey of types of interactions [13]

Project A: 10 responses (all design team members)
Project B: 12 responses (all design team members)

SNA: data processing. Calculate of PVC,
software processing, create sociograms and
calculate metrics (Table 6)

Gephi
Recommendations from [13]

Project A: 10 responses (all design team members)
Project B: 12 responses (all design team members)

Interactions’ assessment and comparative
analysis of two case studies

Gephi
Comparative analysis

BUA tool responses
LDM practices questionnaire responses
SNA metrics and sociograms

Assessment of 10 BIM uses (Table 2) and
Benchmark with 25 projects.

4. Results and Discussion
4.1. BIM Uses Assessment
Figure 1 shows the results of the BUA application in both projects. The evaluation
of project A shows that BIM uses were not applied in this project, as mentioned by the
project manager during the project description. The unique application of BIM at the initial
level corresponds to a 3D coordination between the architecture and the structural model.
Therefore, project A was entirely designed using traditional methodologies (i.e., the use of
CAD and non-BIM technologies). On the other hand, project B showed some level of BIM
application for each of the BIM uses considered in this study, as mentioned by the project
manager and the client representative during the project description. All the BIM uses in
the planning and design phases were applied at the initial level, five out of 10 were applied
at an intermediate level, two out of 10 were applied at a high level, and one was applied at
a comprehensive level.
Projects A and B can be contrasted with the results of a study regarding 25 projects
in Chile, Colombia, and Spain [58]. Project A consistently corresponded to the minimum
application of BIM exhibited by the projects in the aforementioned study. However,
project B in the maximum values of application in the BIM uses: “4D planning” and “3D
coordination”; it was in the 75th percentile in the uses of “cost estimation”, “site analysis”,
“space programming”, “design review”, and “engineering analysis”; and it was in the
50th percentile in the uses of “code validation”, “sustainability evaluation”, and “design
authoring”. Therefore, the results of the BIM use assessment demonstrate that project A
did not use BIM methodology in its planning and design; however, project B used BIM
methodology and stood out in its use of these methods even among similar projects.
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practices could have been applied to project A without significant complications. The LDM
practices of the exhaustive collection of requirements from all stakeholders and the client’s
systematic participation were implemented at the initial level of lean application; given
the company’s experience with this type of project and their closeness to the client, they
could have used both of these conditions to improve the design process in addition to
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implementing other LDM practices. Project A did not exhibit any LDM practices at the
4th and 5th application levels, and only seven of the 19 LDM practices were implemented
at the initial level of lean application. The project manager and the client representative
responded that their company did not have standardized practices that facilitated the
management of their projects in the design phases, and each project manager managed
according to their level of experience. In addition, they were not familiar with the concept
of lean design, although they were familiar with lean construction due to their application
of the Last Planner System during the construction phase of other projects.
The project manager of project B did not know if he was applying lean practices
in his management; however, this project applied several lean practices at a high level
of implementation. Six out of the 19 LDM practices were fully implemented including
exhaustive management requirements, systematic client participation, gradual planning,
coordination of specialists, and monitoring problem solving and decision-making processes.
At the beginning of project B, the design team, which was led by the project manager and
the BIM manager, defined the workflow using the participation times of each designer
and/or specialist, and they scheduled weekly meetings for planning and problem solving.
Additionally, a BIM common virtual data environment was used in project B, in which all
the team members could make notes and propose changes to the project. All of these factors
allowed the team to exhibit high levels of implementation of lean practices. However, two
LDM practices were implemented at low levels: the simultaneous design of the product and
the construction process and the use of a database to record the lessons learned regarding
planning and decision making. This project was the first in the company to have involved
the builders in the early stages of the project. According to the client and construction
company representatives, this project provided a useful experience that they planned
to standardize for use in other projects. In addition, they stated that the next project
would implement the simultaneous design of the product and the construction process
as a pilot test. However, the company did not have an organized database of lessons
learned regarding project planning and decision making yet, so both of these practices
were assessed at the initial levels of implementation.
Projects A and B can be compared with the results of a study regarding 64 projects
in Chile, Colombia, and Spain [41]. The levels of LDM practice application in project A
were all practice applications in the 25th percentile or lower when compared to the projects
in the aforementioned study. Additionally, nine of the 19 LDM practices in project B
exhibited the best performance among the aforementioned projects, another five were
ranked in the 75th percentile, three were ranked in the 50th percentile, and only two were
ranked in the 25th percentile among these 64 projects. The practices in the last category
mentioned consisted of practices related to the simultaneous design of the product and the
construction process and the use of databases for decision making. Therefore, the results of
the LDM practices assessment demonstrate that project A did not apply LDM practices,
while project B applied LDM practices and stood out in its use of these methods even
among similar projects. The above exemplifies that a project that has a high percentage of
BIM uses, will at the same time be applying a high percentage of LDM practices [59], even
if it is not applying any lean tool explicitly.
4.3. Interaction’s Assessment and Comparative Analysis of Two Case Studies
An interaction analysis was conducted with the survey responses from all the members
of the project design teams of projects A and B (10 and 12 members, respectively); thus, the
degree of the node metrics is proportional to the total number of the members of each team.
The consistency analysis of the responses using the global interaction network showed
that 90.32% of the interaction in project A was valid, as was 91.18% of the interaction in
project B; therefore, the input data were reliable for performing SNA according to the 80%
limit proposed in this research. This percentage was even higher than the 85% obtained
in the pilot study where the evaluation methodology is explained [13]. To analyze the
global interaction network, the collaboration network, the planning and problem-solving
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initial
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while
project B
B
engaged
in gradual
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The project
manager
of project
B
engaged
in gradual
andand
systematic
planning.
The project
manager
of project
B conducted
a kick-off meeting for the team to become acquainted, and the use of the BIM common
data environment was explained during this meeting; thus, this event became the first
instance of interactions among the design team. The kick-off meeting generated additional
role-knowledge links for this project (not shown in the paper); project B had twice as many
role-knowledge links as project A. This is a major difference, considering that project A only
had two fewer members than project B. Additionally, in project B, weekly collaborative
meetings were organized with a permanent team (namely, PM, CR, CO, and BM), and
certain designers were invited depending on the topics to be addressed in the meeting.
During these meetings, the attendants reviewed the progress of the project, monitored
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The boxplot in Figure 5 shows that project B, which was the project that applied LDM
The boxplot in Figure 5 shows that project B, which was the project that applied LDM
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On
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other
hand,
project
B
exhibited
a
low
frequency
of
daily
interaction. On the other hand, project B exhibited a low frequency of daily interactions
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since
the
project
team
forced
these
interactions
to
occur
during
the
weekly
since the project team forced these interactions to occur during the weekly meetings with
® System advises that projects
® System
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with thespecialists.
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specialists.
The Last
Planner
the appropriate
Last Planner
advises
that projects should apply
daily huddles as part of the planning process; however, in project teams that are not
co-located, daily practice could be complex to implement. Project A had daily informal
meetings involving a limited number of design team members, while project B had a
smaller percentage of daily interactions, forcing interactions to occur weekly when the
design team was co-located.
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simply comparing
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examining
value of project B was similar to the maximum value of project A is an indication of this
the boxplots and the in- and out-degrees of both projects. The fact that the minimum
important difference. In addition, in contrast to the previous networks, the nodes that exin-degree value of project B was similar to the maximum value of project A is an indication
hibited the greatest interaction were not those representing the administrative roles but
of this important difference. In addition, in contrast to the previous networks, the nodes
rather the technical roles, especially those of the architect, the structural engineer, the BIM
that exhibited
theconstruction
greatest interaction
not those Therefore,
representing
administrative
roles
manager,
and the
company’swere
representative.
thisthe
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bebut
rather
the
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especially
those
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architect,
the
structural
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BIM
manager,
and
the
construction
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representative.
Therefore,
this
comparison
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between both projects shows that the application of LDM practices and the implementation
of BIM uses promotes organizational learning in design teams, even when they are noncollocated. This is particularly important, given that there are studies that associate the
lean philosophy with organizational learning, since the lean culture can have a positive
impact on the transfer and categorization of information among specialists [92], which can
be strengthened when the BIM methodology is applied complementarily [93].
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tions (Figure 8). The requirements of negotiation interaction (i.e., the scope, quality, sched(Figure 8). The requirements of negotiation interaction (i.e., the scope, quality, schedule,
ule, and resources of a project) occurred least frequently in both projects, confirming that
and resources of a project) occurred least frequently in both projects, confirming that this
this was the least-executed interaction in the commitment management cycle of the AEC
was the least-executed interaction in the commitment management cycle of the AEC indusindustry [94]; this behavior is not recommended for the development of a network of retry [94]; this behavior is not recommended for the development of a network of reliable
liable commitments among the members of the project team. The declaration of complicommitments among the members of the project team. The declaration of compliance with
ance with requirements exhibited the most significant difference between the projects;
requirements exhibited the most significant difference between the projects; specifically,
specifically, this difference occurred between the never and always options of the questhis
difference occurred between the never and always options of the questionnaire, since
tionnaire, since the results indicated that more than half of the requirements of project A
the
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of the
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exhibit this
action, even
it is
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completing
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Therefore,
by applying
LDMthough
practices
and
using BIM to
completing the commitment cycle. Therefore, by applying LDM practices and using BIM
methodology, project B achieved many interactions among the members of its design team;
transparent, orderly, and standardized information flows; a collaborative, trusting, and
learning environment; and commitment management. None of these interaction elements
were visible in project A, where BIM-lean methodologies for design management were
not applied.

Buildings 2021, 11, 447

methodology, project B achieved many interactions among the members of its design
team; transparent, orderly, and standardized information flows; a collaborative, trusting,
and learning environment; and commitment management. None of these interaction elements were visible in project A, where BIM-lean methodologies for design management
were not applied.

21 of 25

Figure
management
metrics
according
to their
frequencies:
Project AProject A and
Figure8.8.Commitment
Commitment
management
metrics
according
tointeraction
their interaction
frequencies:
and project B.

project B.

5. Conclusions

5. Conclusions
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This study presented quantitative evidence of increased team interaction by applying
BIM-lean design management. To achieve this, the authors first evaluated the level of imBIM-lean
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This study showed that clients, designers, and builders of infrastructure projects with
a BIM-lean management approach generated higher interaction among the members of the
design teams. Therefore, the different tools presented in this study can be used for the selfanalysis of the projects of these professionals and for the assessment of the organizational
impact of the management practices, methodologies, and technologies applied in their
projects. These concepts apply to any team involved in a construction project; specifically,
it applies to project teams that are temporary organizations and not necessarily collocated
(although it could also be used in the context of collocated projects).
The first limitation of this research is that a comparative study of two projects was
conducted; thus, for future research, it is recommended that a similar analysis is performed
on a representative sample of projects so that conclusive statistical inferences can be drawn

Buildings 2021, 11, 447

22 of 25

about the impact of BIM-lean management on the interaction of design teams. The second
limitation of this research is that project performance and productivity indicators were not
measured; therefore, it is not possible to empirically analyze the impact of a higher level
of interaction on a project’s productivity throughout its life cycle. This type of analysis is
particularly complex for two reasons: there is no precedent of measuring indicators during
the design phase, and a long period of time is required to evaluate a project’s performance
throughout its life cycle. However, for future research, it is recommended that performance
indicators are evaluated during the design and construction phases so these indicators can
be contrasted with the organizational performance of the project during its early phases.
Additionally, the interactions’ assessment only included the number and the frequency
of the interactions; however, the metrics do not measure the quality of the interactions;
therefore, for future research, we recommend studying the metrics of quality of small
social networks.
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