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ARTICLE INFO ABSTRACT

There has been a growing demand for engineer-to-order (ETO) prefabricated building systems, in which a unique
product must fulfill the requirements of specific clients. Although industrialized building systems can potentially
simplify the production process, there is usually a high level of complexity in ETO production systems, such as
uncertainty in client demands, short lead-time, overlapping between project stages, and resources that are
shared among different projects. In this context, logistics management plays a key role in terms of achieving
project goals related to cost, time and safety. This research work proposes the combined use of principles from
the Lean Production Philosophy and Building Information Modeling (BIM), as a mechanism to cope with the
complexity involved in those types of projects. Although these can be regarded as two separate approaches for
improving the performance of production systems in the construction industry, there are evidences that there is
much synergy between them. This paper reports the development of a logistics planning and control model for
site assembly of ETO prefabricated building systems using BIM 4D modeling. The main theoretical contribution
of this research work is the understanding of the synergies between Lean principles and BIM functionalities that
are applicable to site logistics management, providing an example of how this body of knowledge can be ex-
panded. This investigation also provides some practical contributions on how to carry out logistics planning and
control at different hierarchical levels, with the support of BIM 4D modeling, aligning this process with the Last
Planner System of production control. Design science research was the methodological approach adopted in this
investigation, and the proposed model was developed and tested in empirical studies carried out in a steel
fabricator company that designs, fabricates and assemblies steel structures.
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to-stock (MTS), in which there is much repetition and products are mass
produced, so that customers are able find these products right away [9].

1. Introduction

The potential benefits from prefabricated building systems are many
and diverse: increase in productivity [1,2], improvement in working
conditions [3], better quality, opportunity for producing complex
building components at a lower cost [4], reduction of construction
waste [5], and higher sustainability performance [6].

Differently from the idea of mass-producing off-the-shelf parts, there
has been a growing demand for Engineer-to-order (ETO) prefabricated
building systems, in which a unique product must fulfill the require-
ments of specific clients [7]. ETO production systems can be defined as
the ones in which the customer order decoupling point is located at the
design stage, i.e. the customer order is delivered at the beginning of the
design phase of a product [8]. Such production systems are funda-
mentally different from the ones that produce to a stock, namely make-
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Although industrialized building systems can potentially simplify
the production process by reducing the number of steps, parts and
linkages [10], there is usually a high level of complexity in ETO in-
dustrialized building systems: (i) the lead-time often needs be short,
requiring some degree of overlapping between project stages [11]; (ii) a
high level of uncertainty usually exists as it is necessary to define de-
livery dates at the early project stages, when the product is not com-
pletely defined yet [7]; (c) like any other construction project, there are
several unanticipated conflicts among different trades on-site [12]; (d)
it is usually necessary to deal with a complex supply chain that involve
several companies or business units [13]; and (e) some resources, such
as manufacturing plants and assembly equipment and crews, must be
shared among different construction projects [14].
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A common mistake in the management of ETO production systems
is to assume a high level of predictability, neglecting the complexity
that exists in such environments [7,15,16]. In that situation, goals tend
to be based on long-term estimates of demand and performance, and
control consists of checking the adherence in relation to those goals
[17]. In the case of industrialized building systems, a major con-
sequence is that inventories tend to be large as the components are not
produced and shipped to the construction site according to the as-
sembly sequence, but following prioritization policies that favor large
batches and freight optimization [3]. Another common problem is that
planning and control is carried out separately for each production phase
(design, manufacturing, logistics and assembly), increasing the project
lead time [18]. This fragmentation tends to affect downstream flows,
making the assembly process less reliable due to delays in the delivery
of components, and the need to solve problems related to the poor in-
tegration of parts [19].

The focus of this paper is on logistics management, which plays a
key role in the context of ETO prefabricated building systems [20], both
at the preconstruction and construction phases [21]. Different types of
activities are involved in logistics management of prefabricated
building systems, such as the coordination of the delivery of compo-
nents on-site, planning loading and unloading operations, defining the
location of temporary facilities and equipment on-site [22,23], plan-
ning storage and handling of materials [24], and making decisions in
situations that involve conflicts related to space or time [25]. In this
context, logistics management must consider the need to pull the pro-
duction and supply of components to the construction site from the
assembly process, so that the share of non-value-adding activities (in-
cluding inventories) is reduced. At the same time, logistics operations in
prefabricated building systems must be efficient and reliable, especially
when there are long distances between the manufacturing plant and the
construction site.

This research work proposes the combined use of concepts and
principles from the Lean Production Philosophy and Building
Information Modeling (BIM). Although these can be regarded as two
separate approaches for improving the performance of production
systems in the construction industry, there are evidences that there is
much synergy between them [26].

Lean Production is a production philosophy originated in the au-
tomobile industry, which has been adopted in several different sectors,
such as aerospace, consumer products, metal processing, construction
and health-care [27]. The underlying concepts and principles of this
philosophy provides a distinctive approach for logistics management. It
emphasizes the reduction of waste, understood as resources or tasks
that do not add value, such as transportation and inventories [28]. In
the context of the construction industry, the Last Planner System®,
proposed by Ballard and Howell [29], has been widely used as a col-
laborative planning and control model, being founded on a set of core
Lean ideas, such as reduction of variability, pull planning, and con-
tinuous learning. In fact, Last Planner System® seems to be suitable for
the context of ETO prefabricated building systems: (a) collaborative and
decentralized planning seem to be more adequate in highly complex
projects [30]; (b) it is possible to have confirmation points at the
medium-term planning level, based on information collected in down-
stream processes in order to deal with uncertainty in demand [14]; (c)
planning and control can be undertaken in a hierarchically organized
set of meetings [31], making it possible to integrate planning and
control among different processes and managerial levels.

BIM can be described as a set of tools, processes, and technologies
that are facilitated by digital machine-readable documentation about a
building, including its performance, construction plans, cost estimates,
among other information, being able to provide the basis for new
construction capabilities and changes in the roles and relationships
among project team members [32]. Regarding construction logistics,
one of the most relevant uses of BIM is to create 4D virtual simulations
of the construction phase. Indeed, 4D models can support decision

249

Automation in Construction 98 (2019) 248-264

making, allowing the identification of possible problems in the con-
struction phase, which may affect project performance in terms of cost,
time and safety [33]. Numerous research studies have investigated the
use of 4D modeling to support production management, such as testing
alternative sequences of tasks [34], predicting logistics problems [35],
detecting spatial conflicts between tasks [36], analyzing conflicts re-
lated to health and safety [37], monitoring progress discrepancies [38],
improving site layouts [39], planning resource utilization [40], and
analyzing workspace congestion [41].

However, none of those studies have fully addressed logistics
management in industrialized construction, including the design of
loads, detail planning of unloading and assembly operations, and con-
trol of inventories in construction sites. Only few and very specific as-
pects of logistics have been discussed so far, mostly related to positional
planning of inventories and workspaces [39-41]. Moreover, in previous
studies little emphasis has been given to the interactions between the
implementation of Lean Production principles and BIM functionalities
in logistics management of prefabricated building systems. In fact, in
many practical situations 4D BIM models are simply a translation of the
output of a CPM (critical path method) network [42,43] that contains
only value-adding activities, a practice that has been widely criticized
from the Lean Production perspective.

This paper reports the development of a logistics planning and
control model for site assembly of ETO prefabricated building systems
using 4D BIM. The main theoretical contribution of this investigation is
to provide an understanding on the interactions between Lean
Production principles and BIM functionalities, in the context of site
logistics management. The matrix proposed by Sacks et al. [26], that
contains 56 interactions between Lean Production principles and BIM
functionalities, was used as a starting point for understanding this sy-
nergy. The scope of this research work is limited to construction site
logistics, due to the important role played by the assembly process in
that type of building system in terms of pulling upstream processes.

The proposed model was developed and tested in empirical studies
carried out in a steel fabricator company that designs, fabricates and
assemblies steel structures, mostly for industrial buildings, warehouses,
supermarkets, and high-rise buildings. In those studies, 4D BIM was
used to support logistics planning and control at different hierarchical
levels.

2. Literature review
2.1. BIM functionalities for logistics management

Based on the matrix of interactions between Lean principles and
BIM functionalities proposed by Sacks et al. [26], a set of functionalities
was selected as the most applicable ones to site logistics management
for ETO prefabricated building systems.

In the functional area of “rapid generation and evaluation of con-
struction plan alternatives”, two functionalities are relevant for logistics
management: “construction process simulation” and “4D visualization
of construction schedules”. Regarding the simulation of construction
processes, 4D models can be generated at multiple levels of details by
connecting scheduled activities to 3D BIM models [32]. Alternative
scenarios can be rapidly generated by 4D models, which allows the
comparison and the simultaneous viewing of different alternatives for
the sequence and pace of construction activities [44]. The functionality
“4D visualization of construction schedules” is related to the capability
that 4D models have to reduce the need for mental representations of
how each co-builder schedules relate to each other on-site. It is possible
to generate an overall view of the construction process, as well as the
detail design of some key site operations [12]. Moreover, it is possible
to use 4D models for integrating traditional construction plans, that
include value adding activities only, with 3D representations of the
existing conditions, including temporary facilities, equipment, and in-
ventories, in order to identify conflicts [12].
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In the functional area of “collaboration in design and construction”,
another functionality concerned with logistics management is “mul-
tiuser viewing of merged or separate multidiscipline models”.
Multidisciplinary coordination between disciplines is facilitated by the
visualization of BIM models, enabling early identification of conflicts.
Multidisciplinary models are already used in some proprietary software
tools to check the coherency of design decisions from different dis-
ciplines [45]. In this respect, performing clash detection can contribute
to enhance work flow reliability during the construction phase and,
therefore, reduce rework in the field [46,47].

Another BIM functionality that can be associated to lean principles
is “automated generation of drawings and documents”. As construction
progresses and changes in the plans are made, workers and operational
managers need to have access to some consistent up-to-date informa-
tion so that proper control can be undertaken [46]. In fact, logistics
management is concerned not only with the flow of goods, but also with
the flow of information. BIM can provide some support in that respect,
as a single representation of the building model is made available, from
which all reports can be produced automatically [32]. Therefore, au-
tomated generation of drawings, as well as images or videos from 4D
models can be pulled in small batches by production managers [26].

Besides the BIM functionalities proposed by Sacks et al. [26], a new
one is proposed in this research work: “visualization of flow activities
and temporary objects”. Flow activities are related to the space needed
for the movement of people, equipment and materials, including un-
loading of materials, pathways, inventory areas, and working areas for
the labor-force (e.g. pre-assembly and assembly areas in the case of
prefabricated systems). Regarding the temporary objects, there are
different types of equipment (e.g. crane, trucks), inventories, collective
safety equipment, and temporary facilities that need to be considered in
4D BIM models. Those models can be used not only to visualize value-
adding work, but also the flows and temporary objects that are relevant
for site logistics.

A number of research studies have explored some of these BIM
functionalities. The detection of conflicts between workspaces using the
functionality “4D visualization of construction schedules” was analyzed
by Chavada et al. [41]. Moreover, the analysis of simultaneously pro-
gress of parallel activities located in adjacent spaces using the same
functionality was investigated by Moon et al. [48]. Trebbe et al. [12]
explored the use of 4D models to coordinate different construction
designs and schedules of co-builders using the functionality “colla-
boration in design and construction”. Golparvar-Fard et al. [38] in-
vestigated the use of 4D photographs to visualize and analyze con-
struction progress and workspace logistics. Said and El-Rayes [49]
explored the use of BIM to facilitate automated detection and retrieval
of construction site spatial data, which was used in a system to integrate
and optimize material supply and site layout decisions. Chin et al. [50]
explored the use of 4D with radio frequency identification (RFID)
technology, to support the logistics and progress management of
structural steel works.

Therefore, several previous studies have focused on specific pro-
blems, such as the use of 4D models to detect conflicts between
scheduled production activities, monitor construction progress, and
support the coordination of activities. Moreover, although 4D models
has been used for simulation and analysis of production systems, it has
been used mostly during the preconstruction phase, and rarely to sup-
port production control during the construction phase [50]. Although
several researchers have investigated the use of BIM for supporting
logistics management, none of them have focused on the specific pro-
blems faced by ETO production systems, such as the need to pull pro-
duction, cope with uncertainty, as well as planning and controlling non-
value adding activities. In fact, temporary objects such as inventory,
pathways, equipment, flow of materials have received far less attention
by research on BIM than value-adding activities [51].
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2.2. Lean principles for logistics management

This section presents a set of Lean principles that were considered as
relevant for site logistics management, using the matrix of interactions
proposed by Sacks et al. [26] as a starting point.

The “reduce variability” principle is frequently suggested in the
literature as one of the core principles of the Lean Production
Philosophy [28,52]. Sacks et al. [26] emphasize that it is necessary not
only to reduce product variability, but also upstream flow variability,
which is particularly important for ETO industrialized building systems,
as variability in logistics processes may have a negative impact in the
assembly process on-site. The “standardize” principle can be regarded
as one of the means to reduce process variability [28]. In the case of
Logistics Management, it is important to point out that not only to
standardize transformation activities (value-adding work), but also lo-
gistics operations, which are often neglected for being considered as
non-value-adding [10].

It has been argued that the Last Planner System® is an effective way
for protecting production from variability [53]. It is able to increase the
reliability of short term planning by shielding planned work from up-
stream variability, and by seeking conscious and reliable commitment
to plan execution by the leaders of the work teams involved [29]. At the
medium-term level, constraints are identified and removed: the pre-
requisites of upcoming assignments are systematically identified, with
the aim to ensure that the necessary inputs, such as materials, in-
formation and equipment are available [54].

“Introduce continuous improvement” is another the core principle
of the Lean Production Philosophy: it is an internal, incremental, and
iterative effort to reduce waste and to increase value that must be
carried out continuously [10]. In complex projects, the principle of
“decide by consensus” is also highly applicable, as it is necessary to
work in multidisciplinary teams and to decentralize decision making
[30,55].

In ETO prefabricated building systems, the “use pull systems”
principle plays a key role in logistics management. Both the design and
the production of components should be pulled from site assembly, in
order to keep a low level of work-in-progress, as well as to consider
demand variability that typically exists in site assembly [14]. Moreover,
this also contributes to the application of the “reduce inventory” prin-
ciple both at the manufacturing plant and in the construction site [14].
In that context, the extended definition of pull production, i.e. work
released according to the system status rather than based on the de-
mand by the customer, proposed by Hopp and Spearman [56], seems to
be more applicable.

Reduction of work in progress is also strongly related to the “reduce
batch sizes” principle, especially in relation to the need of transferring
batches between different crews [56]. The application of the principles
of “reduce batch sizes”, “simplify” by reducing the number of steps,
parts and linkages, and “use parallel processing” contribute to the ap-
plication of the “reduce production cycle durations” principle, which
creates favourable conditions for learning from mistakes in previous
cycles (“continuous improvement” principle) [10].

The principle of “use visual management” is concerned with making
the production process observable in order to facilitate control and
improvement [57]. Visual management has an important role to play in
providing clarity and availability of information [58]. In complex
projects, it can be used to support the coordination of a large number of
stakeholders and the execution of highly interdependent tasks, as well
as to provide some degree of flexibility to adapt to short-term changes
in product specification, workload balancing and personnel assign-
ments [59].

2.3. Interactions between BIM functionalities and lean principles

Table 1 shows all interactions identified by Sacks et al. [26] for the
BIM functionalities and Lean principles pointed out in the previous
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sections. However, only five of them were initially chosen to be ana-
lyzed in this investigation, because these were considered as relevant
for site logistics management of ETO prefabricated building systems: (i)
“rapid generation and evaluation of construction plan alternatives”
with the lean principle of “reduce cycle times” (interaction #25); (ii)
“4D visualization of construction schedules”, with the Lean principles of
“use visual management” and “standardize” (interactions #40 and
#17); (iii) “4D visualization of construction schedules” and “colla-
boration in design and construction”, with the Lean principle of “design
the production system for flow and value” (interaction #49); and (iv)
“automated generation of drawings and documents” and the principles
of “reduce batch sizes”(interaction #53).

2.4. Selected interactions between BIM functionalities and Lean principles

The interactions #1, #2, #11, #13, #22, #24, #29, and #52 were
not considered relevant because these are concerned with the design
process, while the interactions #15 and #37 are out of the scope of this
investigation because they are only related to discrete-event simulation.
The case study presented bellow explores some additional interactions
between Lean principles and BIM functionalities that have not been
pointed out by Sacks et al. [26].

3. Research method
3.1. Research strategy

Design Science Research was the methodological approach adopted
in this investigation. It is a way of producing scientific knowledge that
is different from the research strategies that are often adopted in the
Social Sciences, such as Case Study and Action Research. A major dif-
ference is that Design Science Research has a prescriptive character,
involving the development of solution concepts, named artefacts, that
are meant to solve classes of problems [60]. By contrast, Case Study and
Action Research are descriptive research strategies, which aim to ex-
plore, describe, explain existing social systems [61].

This research project was carried out in close collaboration with the
managerial staff of a company (named here Company A), being similar
to the research process that is usually conducted in Action Research. As
suggested by Jarvinen [62], some Design Science Research projects
involve implementing changes in close collaboration with members of
an organization over a matter which is of genuine concern to them.
However, a major difference is that in Action Research the outcome of a
research project is not the development or evaluation of an artefact. In
this investigation, the intervention carried out in Company A was re-
garded as a means to devise an artefact. This approach was named by
Sein et al. [63] as Action Design Research.

Fig. 1 presents an outline of the research design.

March and Smith [65] suggest that Design Science Research projects
usually have a set of outcomes: (i) constructs, which form the con-
ceptualisation in a specific domain, being used for describing a problem
and specifying possible solutions; (ii) a conceptual model, i.e. a number
of premises that express relationships among constructs or concepts;
(iii) a method, which is a set of guidelines or steps for performing a task;
and (iv) instantiations, which can be described as the implementation
of a combination of constructs, models, and methods, with the aim of
assessing the proposed solution [64]. In this research study, the pro-
posed artefact, the site logistics planning and control model, is a
method (or process model) that can be regarded as a practical con-
tribution for companies that deliver engineer-to-order- prefabricated
building systems. This method is founded on a set of Lean principles
which interact with BIM functionalities. The main theoretical con-
tribution is a conceptual framework that explains the synergies between
those principles and functionalities. Three instantiations were produced
in different construction projects for devising and testing the method.

This investigation was divided into the following stages: (a)
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literature review; (b) understanding the problem; (c) development; and
(d) analysis and reflection, as shown in Fig. 1.

In the “understanding the problem” phase, two exploratory studies
were carried out in different projects, focused on the analysis of site
logistics problems faced by Company A, considering unloading opera-
tions, inventories, transportation of components on-site, and assembly
operations. The aim of those studies was to get a deep understanding of
the existing logistics management problems faced by that company, as
well as to obtain the first insights for devising the model.

In the “development” phase, the main empirical study of this in-
vestigation was developed, in which the model was fully devised and
implemented. As in most design science research projects, the devel-
opment of the solution involved several cycles of planning, execution,
data collection, and analysis. At each cycle, logistics plans were revised,
based on feedback from site operations and also due to additional de-
mands of information from site managers.

At the “analysis and reflection” phase, an evaluation of the proposed
artefact was undertaken, and the practical and theoretical contributions
of this investigation were depicted.

While descriptive theories need to be validated, in Design Science
Research the proposed artefact must be assessed against criteria of
utility [65] and usability [64]. In this investigation this was based on
the multiple sources of evidence used in the empirical studies. More-
over, some generalizable lessons learned from the development and
implementation of the artefact, mostly related to the interactions be-
tween Lean principles and BIM functionalities, have been drawn.

3.2. Description of the company and choice of projects

Company A is a large steel fabricator in Brazil that had more than
2000 employees, 3 manufacturing plants, and around 200 simultaneous
contracts when this research study was carried out. Short delivery times
and design flexibility are two key competitive dimensions for this
company.

At the beginning of a project, the building(s) is(are) divided into
stages with the aim of reducing batch size and keeping a low level of
work in progress. This division also allows this company to have similar
production batches at least in some parts of the project, which should
make it easier to detect errors, as well to establish a relatively stable
pace of work. Each stage of the project is divided into sub-stages, which
consist of building modules that can be assembled independently from
each other (e.g. primary structure, secondary structure, roof, finish-
ings).

Table 2 presents a brief description of the three projects involved in
this research work as well as the main challenges involved in site lo-
gistics in each of them. Those challenges were the main reasons for
choosing those projects. In all of them, it was necessary to improve site
logistics planning and control, and for Company A the implementation
4D BIM and the Lean principles represented improvement opportu-
nities.

Project 1 was chosen due to the fact that the construction site had
fierce limitations of space for moving equipment and material storage.
Therefore, the focus of this study was to define the position and size of
inventories and the type of equipment to be used in site assembly.

Project 2 was a large automotive site, comprising a car factory, park
vendors, training center, research and development center, and test
track. Company A was in charge of building the steel structure for nine
industrial buildings. This study was chosen because of the challenge of
supplying components to several buildings located sparsely in a very
large construction site.

Project 3 consisted of a car manufacturing building, which was
chosen because the client organization was very demanding in terms of
schedule, safety and organization of the construction site. Moreover,
this car manufacturing company was also strongly engaged in terms of
improving the performance of the assembly process. In contrast with
the practice often adopted by Company A of using a wide variety of
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Fig. 1. Research design.

components for minimizing the weight (and the cost) of steel primary
(beams, frames) and secondary (space trusses) components, the client
organization demanded the structural design to be modified in order to
reduce the number of different space trusses from 50 to 17 types. From
one hand, this action resulted in an increase in the total weight of the
structure and in the cost of materials. On the other hand, the processes
of handling and assembling components became simpler.

3.3. Modeling process

BIM was not used at the design stage in any of the projects.
Therefore, 3D BIM models were produced by the research team from
the existing 2D drawings, using the ArchiCAD® software tool.
Regarding the development of 4D models, the Synchro Pro® software
tool was chosen. Long term plans, similar to a line of balance, were used
as the starting point for the modeling process. The BIM model contained
not only information about the steel structure components and as-
sembly activities, but some temporary elements of the construction site
were also included, such as cranes, articulated boom lifts, trucks,
pathways, and position of inventories.

Several 4D BIM simulations were generated in each project, in order
to support decision making in planning meetings. As suggested by Leite
et al. [66], the intended use of a BIM model affects substantially the
richness of the information embedded in it. Considering that logistics
planning and control was carried out at different hierarchical levels,
different levels of development (LOD) were used. In the case of the 4D
BIM model, an important question that was addressed in this in-
vestigation was the LOD that a BIM model must have for different tasks
involved in logistics planning and control.

3.4. Description of the empirical studies

The first exploratory study was divided into six phases, as shown in
Table 3. Initially, an analysis of logistics management processes at the
company level was made. Then 3D and 4D BIM models were produced,
based on the analysis of project documents and site conditions, con-
sidering the existing long-term plan. After that, a site logistics plan was
produced, including the site layout and the main flows of components
and equipment, based on eight meetings held with the project co-
ordinator and the site manager. The 4D BIM model was then refined in
several meetings with the site manager, and the resulting logistics plan
was partially implemented. At the end of the study, site visits and
participant observation in planning and control meetings were carried
out for assessing the implementation of site logistics plans.

The main phases of the second exploratory study are shown in

Table 4. After a visit to the construction site and analysis of project
documents, 3D and 4D BIM models were produced. A site logistics plan
was then produced, based on four meetings held with the site manager.
After that, the 4D BIM model was refined in several meetings with the
site manager. The resulting logistics plan was partially implemented
and three site visits and participant observation in planning and control
meetings were undertaken for assessing the implementation.

The main empirical study was divided into seven phases, as shown
in Table 5. A visit to the construction site was initially conducted to
analyze site conditions, and to have a meeting with a client re-
presentative in order to understand the main client requirements. In the
next phase, 3D and 4D BIM models were produced, considering the
existing long-term plan and project documents. A site logistics plan was
then produced, including the site layout and the main flows of com-
ponents and equipment, based on four meetings held with the site
manager and a client representative. Moreover, a loading plan was
produced based on four meetings with the team responsible for ship-
ping components. The 4D BIM model was then refined in several
meetings with the site manager and a representative of the assembly
subcontractor. The logistics plan was fully implemented and refined in
this study. Participant observation was carried out in planning and
control meetings, and fifteen site visits were carried out for assessing
the implementation of site logistics plans.

4. Results
4.1. Existing site logistics planning and control system

Based on exploratory studies 1 and 2, the conclusion was made that
Company A did not use to carry out logistics planning and control
formally. In fact, the company did not have standard operations for site
logistics, and most decisions were made informally, based on the ex-
perience of site assembly subcontractors.

In exploratory study 1, the location of inventories was defined by
site management staff mostly at the time of arrival of components on
site. Therefore, there were several problems related to site logistics,
such as inadequate location of inventories, mixing of components from
different project stages, and time-consuming transportation operations.
Moreover, large inventories of components were unnecessarily stored
on-site, which was critical due to the fact that this construction site was
small and narrow. Fig. 2 illustrates these problems, showing the in-
adequate position of steel components, and a large inventory of thermal
insulation parts which were delivered on site two weeks before being
installed. Direct observation in the construction site indicated that
productivity was negatively affected by the lack of site logistics
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Table 2

Brief description of the projects.

Duration

Main challenges in site logistics

Area (m?)

Type of project

Project

7 months
3 months
5 months

7000 Lack of space to store materials and handling equipment
200,000

Eight-floor hotel building and four-floor garage building

1

Large land plot, being necessary to avoid unnecessary transportation operations, and mixing materials to be used in different buildings

Nine industrial buildings in a car manufacturing complex
Single floor industrial building for a car manufacturing

company

Need to coordinate logistics with the aim to avoid mixing sub-stage components on-site and flow conflicts with other suppliers. Client

organization required a low level of inventories of components on-site.

20,000
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planning.

In exploratory study 2, large inventories were particularly common
on site, mostly due to the fact that the logistics department often mixed
components from different buildings or stages in the same load due to
the goal of minimizing freight costs. As this project had nine different
buildings located sparsely in a large construction site, the task of or-
ganizing inventories adequately was very time consuming: a large
number non-value-adding activities were necessary, mostly related to
internal transportation and identification of components, before the
assembly of steel structures. It is worth mentioning also that some
components (e.g. ventilation and roof parts) were fragile and the need
to move them around often caused damages.

4.2. Empirical study 3

In this construction site, some elements of the Last Planner System
were implemented. Production planning and control was divided into
three different hierarchical levels. A master plan was defined at the
beginning of the project, in which there was an initial division of the
steel structure into assembly stages. There were look-ahead planning
meetings every two weeks involving the site manager and re-
presentatives of the assembly teams. At the short planning level, a
weekly meeting was informally held between the assembly sub-
contractor manager and members of the assembly team.

Based on the master plan, a long-term logistics plan for the whole
construction site was defined. Five meetings were held on-site to devise
the overall layout of the construction site, based on the general se-
quence of assembly stages, including the position of inventory areas and
temporary facilities, as well as equipment and pedestrian routes. Those
meetings had the participation of the project coordinator (responsible
for managing several projects simultaneously), representatives of the
logistics department (in charge of defining shipping loads), the site
manager, and client representatives (in charge of monitoring the pro-
ject).

Some construction plan alternatives were rapidly generated and
evaluated in planning meetings by using BIM 4D simulations. Those
alternatives were analyzed by considering their impact in the logistics
operations and site layout. Using a collaborative approach, the long-
term logistics plan was refined several times, with the aim of elim-
inating non-value adding work and reducing cycle time.

Fig. 3 presents a long-term logistics plan, which includes the main
stages and the overall layout of the construction site. The inventory
area was located close to the preassembling area in order to reduce
unnecessary transportation activities and increase productivity. This
area was divided into zones according to the assembly stages to prevent
mixing of materials.

Using the long-term logistics plan as a starting point, an action was
taken to improve the delivery of components from the factory. In close
collaboration with the research team, the Logistics Department of
Company A became engaged in producing a detail plan for each ship-
ping load, considering constraints related to weight and size of com-
ponents. The first step was to refine the assembly sequence by detailing
the components involved in each assembly stage (Fig. 3). The content of
each load was defined according to the subdivision of project stages
into sub-stages.

Three main assumptions were adopted when devising loading plans:
(i) each load should only contain components of the same assembly
batch (sub-stage); (ii) the position of each component in each load must
not cause any damage on others (e.g. fragile components should be on
the top); and (iii) when possible, the position of components should
consider the unloading operation and the assembly sequence. Fig. 4
shows the main steps for developing the loading plans, starting from the
project design, separating each component size and shape, distributing
them in truck layers, and finally analyzing toppling risks. Among the
different types of sub-stages, the loading plans of the primary structures
were the most difficult ones to be designed, as these involved
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Table 3
Activities and sources of evidence of exploratory study 1.
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Activities

Sources of evidence

Analysis of logistics management processes at the company level

Open interviews with project coordinator and site manager

Open interviews with representatives of the logistics department
1 visit (3h) to the prefabrication plant and the plant yard

Analysis of site conditions and of the assembly process

Analysis of project documents (2D drawings, assembly instructions manuals)

1 visit (1 h) to the construction site

Development of a 3D and 4D BIM models, considering the existing
long-term plan
Production of a site logistics plan

Analysis of project documents: manufacturing and architectural design drawings, long-term plan

8 meetings (1 h each) with the site manager and project coordinator for defining the site layout and the

main flows of components and equipment
Refinement of 4D model based on the analysis of different scenarios

Implementation and refinement of logistics plan
Control and assessment of the logistics plan

Participant observation in 8 weekly planning and control meetings (30 min each)
9 visits (30 min each) to the construction site

components of several different sizes and weights.

In addition, color labels were adopted to identify the component
batches for each stage. Those visual devices adopted the same colors
used in the BIM 4D models. The aim of using those color codes was to
increase process transparency both in the preparation of loads at the
plant yard, and in the organization of inventories at the construction
site.

Using the BIM functionality “automated generation of drawings and
documents”, some visual devices were also produced from screenshots
taken from 4D models (Fig. 5). These devices were placed on boards
located near the assembly area, and in both Company A and client's site
offices. Direct observation in the construction site indicated that those
boards were used to monitor the assembly process and deviations in the
position and size of inventories. They also supported discussions and
facilitated the exchange of information about production plans and site
layout, being used by different stakeholders, including the site man-
ager, client representatives and subcontractors.

The implementation of site-logistics plans was monitored during a
period of three months. Several unloading operations were observed, as
well as the movement of equipment and workers. The aim was to
identify the main causes of deviations and, when necessary, to revise
logistics plans at the look-ahead planning level.

In one of the look-ahead planning meetings, the decision was made
to produce a logistic plan for one repetitive assembly batch by using 4D
BIM. This plan was named batch logistics plan, and the level of detail
was higher than the long-term logistics plan. Stage 6 of the project was
selected due to the fact that the previous stages had already been as-
sembled and existing data on productivity and durations could be used
to produce this logistic plan. The pre-assembly and the lifting of space
trusses were specific processes considered in this plan, due to its im-
portance in the assembly process, in the perception of Company A
managers.

The existing look-ahead plan for the pre-assembly activities had to
be revised, due to the large amount of work in progress. Besides re-
ducing the batch size, a detail plan of this operation was produced in
order to standardize and increase the efficiency of this process

Table 4
Activities and sources of evidence of exploratory study 2.

(including preassembly, lifting and assembly). The 3D BIM model was
improved at this stage, including space trusses components at a level of
development similar to LOD 350. The storage area and the assembly
area were modeled in detail, and the schedule of the activities involved
was represented in a 4D BIM model. Based on the measurement of the
duration of different types of operations, the exact number of trusses to
be assembled before a lifting operation was defined. The components
were organized in line and positioned as close as possible to the pre-
assembly area to avoid long transportation distances (Fig. 6).

This process was simulated by using 4D BIM several times as a
virtual prototype, with the aim of having uninterrupted operations and
a minimal inventory of trusses to be lifted. Using the tacit knowledge of
both the site manager and the assembly subcontractor, an initial design
for this operation was proposed. Client representatives also participated
in the discussions, with the aim of considering their requirements. By
visualizing construction schedules in 4D, the assembly process was re-
fined in three look-ahead planning meetings. A further refinement of
the 3D model was made in a first run study (as a physical prototype), in
which the assembly team had the opportunity of suggesting improve-
ments. Once this process was fully standardized, some visual devices
were produced, based on screenshot images taken from the 4D model
(Fig. 7).

A comparison was made between the performance of the assembly
process before and after the implementation of the batch logistics plan,
using three metrics: (i) number of assembled trusses in the storage area
(work-in-progress); (ii) number of man-hours spent in the transporta-
tion of components, and (iii) the average distance walked by the as-
semblers. These metrics were monitored by a period of one week using
a chronometer and videotaping, and compared to existing data in the
company. As shown in Table 6, the average storage of assembled trusses
was reduced in 60% and the number of men-hours spent in transpor-
tation operations was reduced in 38%, mostly due to the reduction of
walking distances (on average 88%).

Fig. 8 illustrates some similarities of the preassembly and assembly
areas in the virtual model and in the real construction site. Fig. 8(a) and
(b) shows that the assembly and pre-assembly areas are near to each

Activities

Sources of evidence

Analysis of site conditions and of the assembly process

Analysis of project documents (2D drawings, assembly instructions manuals)

Open interview with site manager
1 visit (1 h) to the construction site

Development of a 3D and 4D BIM models, considering the existing long-
term plan
Production of a site logistics plan

Analysis of project documents: manufacturing and architectural design drawings, long-term plan

4 meetings (1 h each) with the site manager for defining the site layout and the main flows of

components and equipment
Refinement of 4D model based on the analysis of different scenarios

Implementation and refinement of logistics plan
Control and assessment of the logistics plan

Participant observation in 3 weekly planning and control meetings (30 min each)
3 visits (30 min each) to the construction site
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Table 5
Activities and sources of evidence of empirical study 3.
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Activities

Sources of evidence

Analysis of site conditions and of the assembly process

Analysis of project documents: 2D drawings, assembly instructions manuals

Open interviews with the site manager and the project coordinator
1 visit (2h) to the construction site

Understand the client requirements

Development of a 3D and 4D BIM models, considering the existing
long-term plan

Production of a site logistics plan

1 meeting (1 h) with a client representative and the site manager
Analysis of project documents: manufacturing and architectural design drawings, long-term plan

4 meetings (1 h each) with the site manager and a client representative for defining the site layout and the

main flows of components and equipment
Refinement of 4D model based on the analysis of different scenarios

Loading plans development

4 meetings (1 h each) with the team responsible for shipping components to the site; analysis of project

documents (2D drawings)

Implementation and refinement of logistics plan

Participation observation in 4 weekly planning and control meetings (30 min each) with the site manager

and client representatives
2 meetings (1 h each) with the site manager and a subcontractor representative
Refinement of 4D model

Control and assessment of the logistics plan

15 visits (30 min each) to the construction site

other in order to reduce transportation waste. Fig. 8(c) and (d) shows
that the storage of components is near the pre-assembly area. Further
direct observations on-site have confirmed that assembly process be-
came much more standardized due to the collaborative refinement
cycles of the medium-term (batch) logistics plan.

5. Logistics planning and control model

A schematic representation of the proposed site logistics planning
and control model for ETO prefabricated building systems, with the
support of 4D BIM, is presented in Fig. 9. This model divides logistics
planning and control in different hierarchical levels (long-term,
medium-term and logistics control), similarly to Last Planner System®.
Table 7 explains the scope of each activity at different hierarchical le-
vels.

At the higher level, a logistics long-term plan is produced. The main
decisions involved are: (i) revision of the project assembly stages; (ii)
definition of the overall layout of the construction site; (iii) analysis of
conflicts between plans from different crews or companies working on-
site. Although the model proposes a sequence steps to be followed, as
each process is defined, previous decisions might need to be revised.
For instance, if a conflict between different crews is detected, the as-
sembly sequence may be revised.

The first decision in the long-term logistics plan is the revision of the
sequence of project batches that were defined in the beginning of the
project. This revision is typically based on local constraints, inter-
ference from other teams, and priority changes by the client. 4D BIM
simulation can be used to support this decision. Then, the overall layout
of the construction site is defined by using 3D BIM, including the space

needed to perform the main activities, inventory areas, temporary fa-
cilities, equipment and pedestrian routes. It is suggested that inventory
areas should be divided according to project stages, in order to avoid
mixing of components. The selection of the equipment should take into
account not only the capacity needed to carry out logistics operations,
but also the availability of space.

4D BIM simulation should also be used to detect conflicts between
plans from different crews or companies working on-site. Such a si-
mulation model must have the project assembly stages, flow activities,
and the main construction site artefacts, such as equipment (e.g. crane,
trucks), inventories, collective safety equipment, and temporary facil-
ities.

This long-term logistics plan does not require a very high level of
detail. Components can be represented generically, with approximate
quantities, size, shape, location and orientation. It is suggested the use
of LOD 200, considering that there is not much information available
for defining detail logistics operations.

Some conflicts between moving objects can be detected by visual
observation of the 4D BIM model. However, considering that the visual
inspection may have failures, the use of time-based clash test to auto-
matically detect conflicts is suggested. This functionality is available in
some 4D BIM software tools.

Based on the definition of the long-term logistics plan, the detail
design of transportation batches can be produced. Those batches should
be delivered only when pulled by the construction site, based on look-
ahead plans. In fact, the sequence of batches might be changed in case
of emerging local constraints, interference from other teams, and
changes demanded by the client organization. Therefore, there must be
confirmation points before delivering transportation batches in the

Fig. 2. Problems found in exploratory study 1: (a) inadequate location of steel component inventories and (b) a large inventory of thermal insulation parts.
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STAGE 3

STAGE 4

STAGE 1

STAGE 2

Fig. 3. Long-term logistics plan.

construction site, demanding effective communication between site
managers and external logistics managers. Each load should only con-
tain components of the same assembly batch (sub-stages), and some
criteria for positioning the components in the load should be defined, in
order to avoid damages and facilitate unloading operations and site
assembly, rather than simply considering the need for freight optimi-
zation.

The medium-term logistics planning level involves three main ac-
tivities: (i) refine the site layout; (ii) produce a detail design of opera-
tions, named batch logistics plan; (iii) refine the batch logistics plan by
using both virtual and physical prototyping.

The refinement of site layout consists of making some detail deci-
sions regarding the position and routing of equipment, position and size
of inventories, and the movement of crews in the working area.

Based on the look-ahead production plan, a 4D BIM model is used to

represent the batch logistics plan, as a virtual prototype of this set of
operations. LOD 350 was considered to be suitable to represent the
components at this level of logistics planning, containing the precise
location and necessary geometrical level of detail. This 4D BIM model
must be refined on a sequence of look-ahead planning meetings and
also in first run studies (physical prototypes).

At the short-term level, the control of the logistics plan should be
conducted. This phase involves the production of visual devices for
controlling both the completion of tasks and the status of site logistics.
Among possible visual devices to be used, screen images captured from
4D BIM models can be used to support the work of different stake-
holders (e.g. site managers, assemblers, and client representatives).

Moreover, unloading operations as well as the movement of
equipment and workers must be monitored according to existing lo-
gistics plans. When necessary, logistics plans at the look-ahead planning
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Fig. 4. Schematic representation of the development of loading plans.
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\WEEK 5

WEEK 1

WEEK 6

WEEK 2

WEEK 7 WEEK 11

WEEK 8 WEEK 12

Fig. 5. Visual devices produced from screen-shots of the 4D BIM model.

level should be revised, and the causes of deviations must be identified. participation among the people involved in decision-making re-
garding internal logistics. Visual plans and 4D models were sys-
6. Model evaluation tematically used to encourage discussions and to make explicit the
impact of decisions, creating a common understanding among

6.1. Utility project participants;
(ii) Generating alternative assembly and logistics plans: the fact that
The utility criteria aim to assess the artefact in practical use and its the model was divided in hierarchical levels created opportunities
ability to accomplish its objectives. Four different criteria were defined for producing alternative assembly and logistics plans, which were
for the proposed model: discussed by the main stakeholders. Moreover, some of those plans
were refined as more information from the construction site was
(i) Supporting collaboration in logistics planning and control: parti- made available. As a consequence, those plans become more reli-

cipant observation in planning meetings provided evidences that able;

the model has contributed to improve communication and (iii) Increasing process transparency: several visual devices were used

el s e
Transport flpw

Truss preassembly { Component
area 3 storage area

Fig. 6. Organization of components based on the batch logistic plan.
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Components preparation - line organization

Truss preassemble and portico lifting

Truss lifting

Portico lifting and truss preassemble

Portico and truss lifting

Portico and truss lifting

Truss liting

Truss liting

Finalized stage

10

Fig. 7. Visual device produced from the batch logistics plan.

in the construction sites, besides the use of images displayed in
computer screens. Open interviews, and direct observation in the
construction sites indicated that the dissemination of information
has improved among construction managers, assembly teams, and
client representatives;

(iv) Increasing effectiveness of the planning and control process:
formal planning of logistics operations at both long- and medium-
term production planning levels reduced the number of decisions
that had to be made in short-term planning meetings. As a con-
sequence, less improvisations were observed in transportation
tasks and inventories, contributing to the elimination of non-value
adding activities. Data from Empirical Study 3 provided some
evidence of performance improvement.

6.2. Usability

Participant observation in planning meetings and open interviews
with managers provided evidences that Company A became interested
in incorporating some elements of the proposed logistics planning and
control model in the existing managerial system. In fact, after that
project, the company decided to change the way loading plans were
produced at the Logistics Department.

Table 6

Due to limitations of time and resources, it was not possible to test
or adapt the model to other companies. It is likely that for other pre-
fabricated building systems, such as concrete structures or light steel
frame, some changes need to be made in some of the tasks involved in
the logistics planning and control model, as the number of components
delivered to assembly sites tend to be much smaller than for the type of
structural system adopted by Company A.

Regarding the effort involved in producing 4D models, the number
of hours spent in were relatively small in all three projects (less than
65 h per projects), despite the fact that no 3D models were available at
the beginning of the research study. This was due to the simplicity of
some logistics plans (e.g. site layout), and also to the fact that detail
logistics plans were only produced for critical processes, such as as-
sembly and erection of trusses. The full implementation of the model
would probably require a more intensive modeling effort, but this in-
vestigation suggests that this would still be negligible compared to the
potential improvement of performance in the logistics and assembly
process.

7. Theoretical contributions

Based on the description of Empirical Study 3, it is clear that the

Impacts of the implementation of the batch logistics plan (based on one-week observation).

Performance measures

Before implementation After implementation

Level of work in progress
Productivity (for each truss) Transportation of components
Inspection

Preassembly

Distance

Total number of trusses in the inventory

Average walking distance for each assembler

14 trusses
2.0 man-hours
0.2 man-hours
4.4 man-hours

5m

36 trusses
3.2 man-hours
0.2 man-hours
4.4 man-hours

40 m
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(b)

Fig. 8. Comparison between the virtual model and the real construction site: (a and b) preassembly and assembly areas, (c and d) storage of components.

model has contributed to improve the performance of the project in two
different ways: (i) elimination of waste (non-value-adding activities),
which include “reduce inventories”, as well as other types of waste,
such as transport operations and rework; and (ii) value generation, by
making the process more reliable, and creating an environment in the
construction site that was required by the client organization (e.g. well
organized, low level of inventories). The elimination of waste con-
tributes to increase efficiency (and therefore reduce costs), and to re-
duce lead time.

The main contribution of the model towards achieving those goals is
strongly related to the implementation of two core Lean Production
principles. The first is the reduction of variability, focused on logistics
operations, which are often neglected in production management, as
these are non-value-adding activities [10]. Several elements of the lo-
gistics plan have been standardized, such as site layout, position and
size of inventories, transportation operations, and transportation bat-
ches. Those standards have not been defined at the beginning of the
project, in a top-down fashion, but have been gradually established,
with the participation of managers, assembly team members, and even
client representatives, considering changes that are necessary in an ETO

LOGISTICS

PRODUCTION

Revise batch
assembly sequence
| ]

environment.

The second core principle is pull production, according to the de-
finition of Hopp and Spearman [56], discussed in the literature review
section. By using three different hierarchical levels, similarly to the Last
Planner System®, logistics plans should be gradually detailed and, if
necessary, changed, according to up-to-date information about system
status, such as site conditions, interference by other processes, or
changes in client demands. The delivery of transportation batches to the
construction site should be pulled by the site assembly process at cer-
tain confirmation points. In Empirical Study 3, the confirmation of the
sequence of batches and expected delivery dates was made at the look-
ahead planning level (every 14 days).

At a lower level, three other principles contribute to the reduction of
variability and to the implementation of pull production:

(i) “Reduce cycle time” was clearly implemented at the batch logistics
planning process, by eliminating non-value-adding activities and
by controlling work in progress. It is a major requirement for the
implementation of pull production;

(i) “Reduce batch size” was implemented both at the assembly

Inputs for 4D model

LONG-TERM
PLAN

DEVELOP 4D

BIM 3D MODEL HopIEL

- Architectural design
- Inventory areas definition

- Equipment selection

- Temporary facilfies definition
- Pedestrian routes definition

Inputs for 4D model

MEDIUM-TERM
PLAN

LONG-TERM LONG-TERM
PLANNING LOGISTICS
PLANNING
-—

|

|

|

|

|

|

|

|

___________________________________________ (T

|

|

MEDIUM-TERM BATCH |

PLANNING [ » LOGISTICS |

PLANNING :

|

Analyse process to
be improved

MODEL IN
BIM 3D MODEL DETAIL

- Detalled structural design
- Inventory areas for the pracess
- Equipment used in the process
- Pedestrian routes definition

Prototype

SHORT-TERM

PLANNING

Generate visual Inspection/Analyse | !
LOGISTICS devices logistics plan J
CONTROL

I
I
I
I
I
I
I
I
I
i
I
I
I

DEVELOP 4D t
I
I
I
I
I
I
I
I
I
I
l
I
I

T I
R e
VISUAL
DEVICES

Fig. 9. Proposed logistics planning and control model.
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Table 7
Scope of each hierarchical level in the logistics planning and control model.
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Last planner level Logistics planning level Scope of each activity

Long-term planning Long-term logistics

planning

Revise batch assembly sequence, considering local constraints and new demands from the client
Define the overall layout of the construction site including the space needed to perform the main activities, the inventory

areas and temporary facilities on-site, the equipment and pedestrian routes by using 4D BIM modeling
Analyze conflicts between plans from different crews or companies working on-site

Medium-term planning Batch logistics planning

Define the detail layout of specific areas, including the areas for assembly operations, equipment and pedestrian flows, the

exact position of component inventory for each production activity by using 4D BIM modeling

Refine the overall layout

Discuss with the crew opportunities for process improvement, and build a virtual prototype by using 4D BIM

Short-term planning Logistics control

project batch

Generate visual devices from logistics plans with screenshots images taken from 4D model, using colors to identify each

Collect data and analyze logistics processes based on site inspections

Refine batch logistics plans

process, and at the Logistics Department, by planning assembly
activities and transportation loads according to predefined stages
and sub-stages. Moreover, as suggested by Koskela [10], the re-
duction of batch size at both long- and medium-term planning
levels contributes to cycle time reduction; and

(iii) “Institute continuous improvement” was adopted by implementing
a set of practices: collaborative planning, establishing control cy-
cles at medium- and short-term planning levels, and using site
logistics indicators. Besides contributing to the reduction of
variability, this principle also has a positive impact in the reduc-
tion of cycle time and in the reduction of batch size.

Finally, at the lower levels of abstraction, the remaining principles
are the ones that had a direct interaction with the BIM functionalities:

(i) The principle “standardize” is strongly related to the reduction of
variability, as mentioned in the literature review, but also has af-
fected positively the implementation of the principles “reduce
batch size”, and “institute continuous improvement”. Both 3D and
4D BIM models communicated standards such as assembly batches,
position and size of inventories, pathways, and transport opera-
tions. Those standards can be used to control site logistics opera-
tions. Therefore, this principle has a strong interaction with two
BIM functionalities: “Rapid generation and evaluation of con-
struction plan alternatives”, and “Collaboration in design and
construction”;

(ii) “Decide by consensus, consider all options” was implemented at
different planning levels with the aim of improving and standar-
dizing logistics operations, i.e. that principle has a positive impact
in other principles, such as “standardize” and “continuous im-
provement”. 4D BIM was used to support collaborative processes,

Reduction
of variability

Continuous
improvement

Decision by /N

consensus

Standardize

Reduce
batch size

Use visual
management

involving different stakeholders (e.g. site managers, assembly team
member, and client representatives). Therefore, the “Decide by
consensus, consider all options” principle also had a strong inter-
action with two BIM functionalities: “collaboration in design and
construction”, and “rapid generation and evaluation of construc-
tion plan alternatives”.

(iii) The “simplify” and “use parallel processing” were mostly involved
in the effort of process improvement, by eliminating non-value-
adding activities and reducing distances, which had a direct impact
in the reduction of cycle time. Those improvements were defined
mostly in collaborative planning meetings, being positively influ-
enced by the “decision by consensus” principle. In those meetings,
4D models were visualized and construction processes were si-
mulated. The “visualization of flow activities and artefacts” func-
tionality was particular important due to the focus on logistics
operations; and

(iv) “Use visual management” was implemented for both reducing
variability, by adopting visual devices for controlling batch size
and inventory level, and supporting “pull production” by using
color-coding to identify transportation batches and inventories. As
suggested by Santos [67], there is a strong interaction between the
“standardize” and “use visual management” principles. Some of
the visual devices used were print-outs of the 4D BIM model, i.e.
concerned with the functionality “automated generation of draw-
ings and documents”.

Fig. 10 represents the hierarchical relationships and the interactions
that exist between the Lean Principles. This figure does not represent all
Lean Principles, neither all possible interactions that may exist between
them, but only the most important principles that were identified
within the scope of this research study. It indicates that the high-level

Pull
production

Reduce
cycle time

Use parallel

Simplif
LOEY processing

\\_///

Fig. 10. Hierarchical relationships and interactions between Lean principles.



R. Bortolini et al.

Table 8
Synergies between Lean principles and BIM functionalities.

Automation in Construction 98 (2019) 248-264

Lean production principles BIM functionalities

Rapid generation and evaluation of construction plan alternatives

Collaboration in design and
construction

Automated generation of
drawings and documents

4D visualization of
construction schedules
13)

Construction process
simulation (12)

Visualization of flow
activities and temporary
objects

(8)
Multiuser editing of a merged or
separate multidiscipline model

(10)

Standardize (J)
Decide by consensus,
consider all options (W)
Simplify
™)
Use parallel processing
(@]
Use visual management Z
L, M)

RS
= N

< N

principles are more abstract and depend on the implementation of the
ones from the lower levels. There are also interactions between prin-
ciples at the same level.

Table 8 represents three synergies (X, Y, and Z) between some Lean
principles and BIM functionalities described above. These were con-
sidered as the most relevant ones in the context of site logistics planning
and control for engineer-to-order prefabricated building systems:

(i) Synergy X: it involves two Lean principles that are highly inter-
dependent — “standardize” and “decide by consensus, consider all
options” and two different BIM functionalities: “collaboration in
design and construction”, and “rapid generation and evaluation of
construction plan alternatives”;

(ii) Synergy Y: it refers to the “simplify” and “use parallel processing”
principles and the “rapid generation and evaluation of construction
plan alternatives” BIM functionality. Although, this synergy is
mostly concerned with to process design (e.g. sequencing of tasks),
the application of those two principles become much more effec-
tive if decisions are made by consensus, considering several op-
tions;

(iii) Synergy Z: it is between the “visual management” principle and
BIM functionalities that are related to the production of visual
devices, either virtual (e.g. visualization in a screen) or physical
(e.g. print-outs of BIM models). As mentioned above, the im-
plementation of visual management has a strong interaction with
the “standardize” principle.

It is worth pointing out that none of the three synergies (X, Y, and Z)
involve a one-to-one relationship between a Lean principle and a BIM
functionality, as suggested in the matrix proposed by Sacks et al. [26].
Those synergies seem to be better explained by clusters involving sets of
Lean principles and BIM functionalities (as shown in Table 8) that need
to be implemented together in order to be effective.

8. Conclusion

This paper has two main contributions: (i) the development of a site
logistics planning and control model based on a set of Lean Production
principles and BIM functionalities; and (ii) a theoretical framework that
provides an in-depth analysis of the synergies between Lean principles
and BIM functionalities in this context.

The proposed site logistics planning and control model is a practical
contribution. It can be used as a reference for companies that deliver
ETO prefabricated building systems. As a mechanism for coping with
the uncertainty involved in this type of project, a hierarchical approach
for logistics planning and control was adopted, similarly to the planning
levels that exist in the Last Planner System®. Three planning and control

262

levels were suggested: (i) long-term logistics planning; (ii) batch lo-
gistics planning; and (iii) logistics control. Each of those three planning
levels can be associated with distinct and specific roles regarding the
logistics management. Existing commercial tools for 3D and 4D BIM
have been used in the exploratory and empirical studies. However, the
main contribution of the proposed model is concerned with a set of
managerial tasks that must be carried out for planning and controlling
site logistics, based on Lean principles.

This research work has also emphasized the importance of colla-
borative planning as a way to overcome the complexity involved in ETO
production systems. In the empirical study carried out in this in-
vestigation, 4D BIM has played an important role in terms of improving
process transparency, by supporting collaboration in planning and
control meetings. In fact, several stakeholders took part in planning
meetings, such as the site engineer, the project coordinator, logistics
managers, assembly subcontractors and client representatives. At the
look-ahead planning level, logistics plans were refined and BIM 4D
models were revised, making it possible to systematically pull the de-
livery of components from the manufacturing plan by site assembly.
Therefore, this study provided empiric evidences on how the combi-
nation of Lean principles and BIM functionalities helped aligning in-
dividual objectives of different stakeholders in a construction project:
controlling the cost of shipping (logistics department), increasing the
reliability in the delivery of components (site management), increasing
productivity of site assembly (subcontractors), keeping inventories or-
ganized on-site, and reducing lead-time (client).

This research work also pointed out the importance of detail design
of transportation loads when shipping prefabricated components to
construction sites. The sequence and the content of transportation loads
need to be based on an updated version of the assembly plan, which is
defined at the look-ahead planning level. Moreover, a number of re-
quirements need to be considered in the design of transportation loads,
such as avoiding damages to components during transportation, and
defining an unloading sequence that facilitates the organization of in-
ventories in the construction site.

Data from Empirical Study 3 suggest that the implementation of the
model has contributed substantially to the reduction of work-in-pro-
gress (61%); increase in productivity, due to reduction of man-hours
spent in transportation operations (38%); and reduction in the average
walking distance for each assembler (88%). A major limitation of this
investigation is that those benefits were measured in a single empirical
study. Further work is necessary to refine the model and assess its
benefits in a wide range of situation.

Some further limitations of the model should be pointed out: (i) the
4D BIM models used in this investigation were relatively simple and no
sophisticated programming techniques or libraries of objects were used
for automating the generation of models, or for simulating logistics
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operations in a stochastic way; (ii) logistics planning was carried out
from the perspective of a steel fabricator in charge of delivering
structures — other processes that were being undertaken in the same
construction site were not included in the plans.

Regarding the theoretical contribution of this investigation, al-
though this investigation used the matrix of interactions between Lean
principles and BIM functionalities proposed by Sacks et al. [26] as a
starting point, it makes a contribution towards understanding those
interactions in more detail:

(i) The synergies between Lean principles and BIM functionalities
should be represented in a more complex way, compared to the
matrix proposed by Sacks et al. [26]. Instead of one-to-one re-
lationships, there seems to be clusters of Lean Principles and BIM
functionalities that need to interact in order to have synergy.

(ii) There are hierarchical relationships between Lean principles that
need to be considered. The most abstract ones are at the top of the
hierarchy (e.g. reduce variability, pull production), while the most
instrumental ones, at the bottom, are the ones that have a direct
connection to BIM functionalities.

(iii) An additional BIM functionality was considered to be relevant for
site logistics management, namely “visualization of flow activities
and temporary objects”. This functionality is very relevant for
companies involved in the implementation of Lean principles, due
to the need of planning and controlling both value-adding and non-
value-adding activities.

As suggested by Sacks et al. [26], this research work makes a con-
tribution towards closing some gaps regarding the understanding of the
synergies between Lean principles and BIM functionalities. The re-
search work presented in this investigation can be regarded as an ex-
ample of how this body of knowledge can be expanded, based on em-
pirical studies carried out in specific contexts. Further research should
address other processes that could explore other synergies, such as
safety management, quality management, collaborative design, among
others.
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