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Abstract

Building construction is known for its one-of-a kind production and its
complexity caused by high interdependencies of logistical and construction
processes. Especially in the outfitting phase, there is a high diversity of
trades involved who require a wide variety of materials and have to share
logistical resources. Traditional planning approaches based on analytical
tools and experience values gained from historical project data reach their
limits at evaluating different logistical strategies. Therefore, the present work
aims at the development of a user-friendly simulation model which considers
the entire material and waste management through a third-party logistics
partner in addition to interdependencies between logistical and construction
processes on a building construction site in the finishing phase. The simula-
tion model is designed in a modular approach to achieve adaptability to
multiple construction projects using repetitive layouts in their building design.
The simulation model is implemented using a standard software and verified
on a real hotel building project. Within a parameter study, multiple logistical
factors are varied, and a kitting solution is evaluated as an alternative supply
system to eliminate multiple material handlings on site.



Kurzfassung

Der Hochbau ist bekannt fir seine Unikatbauwerke und seine Komplexitat,
die durch hohe Abhangigkeiten von logistischen und baulichen Prozessen
entsteht. Insbesondere in der Ausbauphase ist eine hohe Vielfalt an Gewer-
ken beteiligt, die unterschiedlichste Materialien benotigen und sich logisti-
sche Ressourcen teilen. Traditionelle Planungsansatze, die auf analytischen
Werkzeugen und Erfahrungswerten aus historischen Projektdaten basieren,
stol3en bei der Bewertung unterschiedlicher logistischer Strategien an ihre
Grenzen. Ziel der vorliegenden Arbeit ist daher die Entwicklung eines anwen-
derfreundlichen Simulationsmodells, das das gesamte Material- und Abfall-
management durch einen externen Logistikpartners sowie die Interdepen-
denzen zwischen Logistik- und Bauprozessen auf einer Hochbaustelle im
Ausbau bertcksichtigt. Das Simulationsmodell ist modular aufgebaut, um die
Anpassungsfahigkeit an mehrere Bauprojekte mit sich wiederholenden
Grundrissen in der Gebaudeplanung zu erreichen. Das Simulationsmodell
wird mit Hilfe einer Standardsoftware implementiert und an einem realen Ho-
telbauprojekt verifiziert. Im Rahmen einer Parameterstudie werden mehrere
logistische Faktoren variiert und eine Kommissionierlosung als alternatives
Versorgungssystem evaluiert, um mehrfachen Materialumschlag auf der
Baustelle zu vermeiden.
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1 Introduction

1.1 Initial Situation and Motivation

Simulation is a tool which can help to support planning processes, to deeply under-
stand processes, identify bottlenecks in advance, and increase planning quality by
quantitively analyzing future projects.

In the manufacturing industry, simulation is already widespread and a well-accepted
tool [Wen-2013]. Managers were able to significantly reduce waste in their processes
such as unnecessary material handling or poor coordination processes by implement-
ing new methods. In the construction industry, the level of waste is still very high as
57% of the processes on a construction site can be regarded as waste [Bla-2008; cited
from Tri-2014]. To be able to eliminate waste, simulation also gains interest within the
construction industry. 88% of the respondents of a survey conducted by Leite et al.
regard simulation as a promising research within the next decade [Lei-2016]. Also, the
industry partner of this project emphasizes the need for digital tools that can support
planning processes.

However, a simulation model cannot be simply transferred from a manufacturing envi-
ronment to construction projects as they differ from manufacturing in certain points. In
building construction, each building and each construction site is unique. Moreover,
the production itself differs. In construction, there is an on-site production whereas in
manufacturing the products are usually produced within company-owned buildings.
Additionally, the effort to coordinate people, resources, and processes is considerable
high resulting in high complexity. [Baj-2017]

This especially applies to the outfitting phase of a project due to the great variety of
trades involved, the shared logistical resources, and the resulting high coordination
effort [K6n-2007]. The finishing trades represent the largest part (about 36%) of the
construction volume in building industry in Germany in 2019 [BBR-2020]. Therefore,
the finishing phase is a highly relevant phase in a construction project.

However, Boennert and Blomke stated that in the finishing phase 30 % of the working
time is spent for construction logistics such as transportations, searching for materials,
rearranging materials, clearance, and others. They estimate that 10 % of the total work-
ing time could be saved as insufficient logistics planning is a major cause for disturb-
ances within construction processes [Boe-2006; cited from V0i-2008].
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Moreover, Lindén and Josephson stated that costs could be reduced by approximately
20% if material handling is organized by a logistics plan which is executed by a third-
party logistics partner [Lin-2013].

To get a sophisticated solution of this highly complex system, it is necessary to con-
sider the interdependencies between logistics and construction processes. It has al-
ready been detected early that planning from a logistical point of view can contribute
to productivity enhancements [Aga-1998]. Nevertheless, a partial optimization can be
counterproductive [Voi-2010]. Analytical tools and traditional planning methods based
on experiences of the managers and historical data from previous projects cannot
solve these multidimensional problems.

1.2 Objectives of Research

To address the abovementioned issues, this work aims at developing a simulation tool
that is suitable to support planning processes within building construction, emphasizing
logistical aspects. Thereby, all the logistical process on site are considered — from the
point of material supply to the point of disposal of waste and empty pallets. Additionally,
the relevant aspects from construction processes regarding logistical processes are
included in the scope of this work to take account of the interdependencies between
logistical processes and construction processes. The visualization of the construction
processes itself is not part of this work.

To enhance the use as a planning tool, the simulation model aims at a modular imple-
mentation to be able to use the model for multiple projects without great programming
effort. The user interface should be designed user-friendly in order to provide the tool
for users without extensive training in the simulation software. The effort to generate
and import required input data should be reduced as much as possible under the as-
pect that no direct data connection to further digital tools has been available. Moreover,
the most relevant statistics should be presented automatically in order to provide quan-
titative measures of the future project. Therefore, managers can make decisions based
on data obtained from the virtual future project rather than historical data and experi-
ences. These measures concentrate on logistical aspects in relation to supply, utiliza-
tion, and cost, rather than on construction duration.

Lastly, the impact of logistical parameters, such as kind of transportation means, logis-
tical personnel, or supply strategy, should be analyzed, based on the data of a real
project conducted by the industry partner of this work.
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1.3 General Approach

Conducting a simulation follows certain defined steps, see Figure 1-1.

Is DES the appropriate tool for the problem at hand

Definition of scope and of specific questions that the model should answer

Define the model for the operation

Collect and synthesize data about the operation to suit the model

Verification of the model and data

Validation of the model

Design and execution of simulation experiments

Analyze the output of experiments

Document and present results

Use results for decision making

Figure 1-1: Framework based on Martinez [Mar-2010]

In chapter 2, relevant literature and research is presented regarding general charac-
teristics and optimization trends within building construction, including planning pro-
cesses. Afterwards, the conceptual model of the present work is described in chapter
3, including the considered processes and certain requirements that have been elab-
orated. The implementation of the defined model is described in chapter 4, followed by
a parameter study of certain logistical parameters based on the data obtained from a
real building construction project in chapter 5. Chapter 6 discusses the results of the
parameter study and the general application of the implemented simulation model. In
chapter 7, this work is concluded, and possible further research areas are shortly men-
tioned.
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2.1 Building Construction

Processes within building construction are associated with unique characteristics
which are described in the following chapter. Furthermore, current planning objectives,
practices, and challenges are investigated. Finally, various aspects regarding lean con-
struction and supportive digital tools are summarized to show recent optimization ap-
proaches within building construction.

2.1.1 Characteristics

Construction is defined as a “complex logistic system of people, machinery, tools, and
materials” [Ber-2013]. In contrary to other industries, the product itself, the building, is
immobile and the workstations, the trade employees, move through the building to
complete their tasks [Bal-2012]. The construction industry is characterized by so-called
one-of-a-kind projects which are realized within a unique environment [Tom-1999].
Even if the logic of building can be transferred across several projects, influencing fac-
tors like location, required tasks, or available worker skills are exclusive for each pro-
ject [Beh-2015].

The organizational complexity of construction projects derives, among other things,
from the orientation towards subcontracting [Mou-2021]. This results in a great frag-
mentation and high specialization across the involved participants, which are often only
combined to carry out one specific project [Arb-2004; Weg-2001]. Another factor in-
creasing complexity is the close connection between construction and logistical pro-
cesses, needing a high degree of coordination due to strong interferences [Ber-2013].

Construction processes are characterized by a high variety of trades involved, espe-
cially in the finishing phase [Ber-2013; Vo0i-2008]. The different tasks are highly inter-
related and constrained to a certain order of precedence, to the availability of required
resources (personnel, equipment, and space), and to a desired level of resource con-
tinuity. Especially in the finishing phase, the execution is organized by combining cer-
tain activities to repetitive sets. The repetitive operations are performed unit by unit by
the same crew within a certain time window. [Sri-2008; Beh-2015]
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2.1.2 Construction Logistics

Construction logistics is regarded as an independent function and as a basis for con-
struction processes [Fei-2016]. The point of transfer between logistics and construction
activities is defined at the installation location [Voi-2014]. Construction logistics is re-
sponsible for planning, operating, and controlling all resources (equipment, material,
and employees) and all related information throughout the entire construction process
[Sam-2013; Tis-2013]. The main goal is to ensure the delivery of the right product in
the right quality in the right amount to the right place at the right point of time, also
referred to as the “5R”s of logistics [Ham-2007].

In general, three different areas can be defined with regard to the material flow (see
Figure 2-1): procurement logistics reaching from procurement tasks to the supply of
materials to the site, production or site logistics including all tasks related to material
handling, storing, and allocating at the construction site, and finally disposal logistics
describing the disposal and recycling of waste [Ran-2005; Tis-2013; Voi-2014]. Addi-
tionally, information logistics is necessary to ensure a smooth and continuous material
flow [Sam-2013].

Procurement logistics Production logistics Disposal logistics

Procurement -  Site equipment - Disposal concept

Supply strategies - Internal straffic control
g External traffic control - On-site tranportations
o On-site traffic - Material handling
© Warehousing
ﬁ Material distribution and allocation
]
-

Information logistics
Coordination, interface management, information exchange

[
&
n .

Procure Suppl Handle Allocate Process Dispose/Recycle
‘s > swy > > > DisposelRecyde >
s ,
o E Boundary of construction site !
2 Site Building Intermediate |
2 i depot storages (per floor)
) i
@ waiting Supply Loading
o area area area
-

Procurement Construction Sales
market site market
Figure 2-1: Areas of construction logistics [V0i-2014]

Procurement logistics

Materials are supplied to the site in response to orders placed by those responsible at
the construction site. To ensure a timely arrival corresponding to the construction
schedule, supplies to the construction site have to be planned carefully, also consider-
ing the overall supply chain, traffic patterns and transportation permits [Tom-1999; Vri-
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2000]. The degree of coordination effort needed depends on the size and the phase of
the construction project and the amount of logistical equipment at site [Mou-2021].
During outfitting, the diversity of required materials is particularly high. It is common
that materials are delivered separately per trade by relatively small trucks or trucks that
combine supplies across multiple sites [V0i-2008]. To reduce the number of trucks, the
installation of so-called “logistics centers” gains more and more interest among general
contractors [Mou-2021]. A logistics center represents a central point for material sup-
pliers. Hence, material supplies to different sites can be prepared by preloading, which
minimizes the number of trucks, the required packaging and the handling effort at the
site [Ran-2005; Mos-2007]. Moreover, logistic centers can contribute to decrease the
effort of on-site logistics and to improve the overall quality of logistics, e.g. by offering
modern information and tracking services, kitting, damage control, or e-commerce
[Ham-2007]. However, consolidation centers are rarely used in practice and still rela-
tively unexplored within the construction industry [Hsu-2018; Mou-2021].

Production and information logistics

Efficient material management is the main task of production logistics. If there are large
volumes of materials supplied to the site, it is common to stockpile the materials on
site before they are transported to their installation location [Ran-2005]. Therefore, the
positions, sizes and organization within the site depot and the intermediate storage
areas on the floors have to be planned considering the limited availability of space and
the spatial variability caused by continuously changing working areas [Vo0i-2010]. The
necessary equipment, including vertical and horizontal transportation means, is usually
provided by superior structures, e.g. the general contractor [V0i-2008]. The logistical
tasks on site can be performed by a hired third-party logistics partner (TPLP) or by the
employees of the trades themselves [Sob-2005].

Due to the numerous suppliers and subcontractors involved, communication and co-
ordination is crucial, especially in the urban environment characterized by very tight
space [Tom-1999; EI -2021]. When developing logistical strategies, the on-site material
and waste flow has to be studied in detail in advance to identify arising interfaces and
needs for information coordination to attain a reliable and robust logistical system that
can meet the material demand of construction processes [Lu-2018].

Disposal logistics
Disposal logistics already start on site. An efficient construction planning resulting in a

high productivity increases the waste per time unit [Lip-1999]. The logistics service
6



2 Review of Literature and Research

partner is responsible to provide multiple bins to prepare a separate waste manage-
ment. The partner has to control an appropriate separation of material according to the
defined waste fractions and to organize both the central collection and the final disposal
according to previously set waste management processes and to legal provisions [Tis-
2013]. A lack of explicit rules regarding cleaning can lead to disorder and possibly
unsafe working conditions [Ran-2005]. Consequently, a waste management regulation
has to aim at a noticeable improvement of the working environment to achieve a higher
acceptance by all participants [Lip-1999].

Overall, the organization of a construction site is associated with a high degree of un-
certainty and numerous risks which is reinforced by the high time and cost pressure
during all phases. As non-coordinated processes result in a disorganized material stor-
age, a high amount of non-productive actions, and an overall disturbed work flow [Voi-
2010], a significant improvement of the overall productivity can be achieved if the build-
ing processes are planned from a logistical point of view [Aga-1998]. The savings from
well-planned logistics quickly compensate potential additional effort and costs [Mou-
2021]. To identify potential areas of improvement, typical planning objectives, con-
straints, and current activities are investigated in the following.

2.1.3 Planning Process

The planning of construction projects is a highly complex organization problem which
has to consider multiple objectives and interrelations and must be adapted individually
to each construction project [Voi-2010; Ber-2013]. The main objective is an efficient
allocation of available resources to provide a temporal feasible and robust project
schedule under minimization of risks and uncertainties in construction [Ber-2013]. To
be able to manage the complexity of a one-of-a-kind project, an in-depth and superior
planning including the influences by logistical processes is required to ensure an opti-
mal material and waste flow, a high utilization of personal and equipment, and to avoid
cost overruns and delays [Wen-2013].

Planning has to consider multiple constraints like technological dependencies (se-
guence of work steps), capacity (amount of employees and equipment), availability of
storage area, safety criteria regarding employees, and equipment [K6n-2007]. Moreo-
ver, laws, regulations, and further unique conditions of the construction site have to be
taken into account [Ber-2013]. Furthermore, planning operations face difficulties
through high levels of risk and uncertainty and incomplete information about interrela-
tions between the individual processes. Also, frequent design changes and high time
and cost pressure are major challenges during the planning phase [Abo-2011].

7
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Planning decisions have to be made based on a large number of data sets from differ-
ent sources. Oftentimes, the information is not readily available. Significant effort is
needed to collect and clean up the needed data from the different involved parties
[Abo-2011; Lei-2016]. The match of demand and supply on site is another common
challenge specifically for logistic processes as both, demand and supply, can vary
throughout the construction period. A mismatch will cause an ineffective project man-
agement, increasing cost and delay [Arb-2004].

In traditional planning, the focus is primarily set on total project time, total costs, and
on the final product design rather than on value generation during building production
[Nin-2017; Baj-2021]. To plan on-site logistics, several analytical methods are applied,
e.g. Critical Path Method, Location-based Management for Construction or Earned
Value Analysis [Beh-2015]. Additionally, managers use structural process plans
including milestones, gantt-charts, excel sheets and production plans to plan and
control construction processes [Wen-2013]. Nevertheless, managers still rely on data
collected during earlier projects and expert judgements [Akh-2013]. Jeong et al. found
that for new projects, historical data is complemented by characteristics of material and
available machinery to calculate project plans and overall costs and duration [Jeo-
2016]. Afterwards, the involved individuals heuristically adjust the calculated plans
based on their experiences. Additionally, the reserachers propose to also include fur-
ther complexity details, learning curves, and the coordination process to identify bot-
tlenecks at an early stage. However, historical data and heuristics can hardly
incorporate all aspects of the new project or react properly to constantly occuring
modifications [Fei-2016; Jeo-2016]. Even if 69% of all participants in the study of Leite
et al. stated that they use visualization during planning [Lei-2016], a systematic analy-
sis and optimization of different process sequences and variations of resources isn’t
conducted in a systematic manner but largely following the principle of “trial and error”
[Ste-2010; Abd-2020].

The increase of size and complexity combined with problems of multidimensional op-
timization reaches the limit of analytical tools [Fei-2016]. However, optimizing only par-
tial aspects can be counterproductive [Voi-2010]. For further improvement of construc-
tion planning, a holistic approach is required which considers all relevant data within
the ERP-system and supports an interdisciplinary communication and transparency
[Wen-2013]. Recent approaches for optimizations can be found within the lean con-
struction philosophy and new digital developments which will be further discussed in
the following.
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2.1.4 Lean Construction

Lean is a production philosophy developed within the automotive industry by Ohno
[Ohn-1988]. It describes a fundamental management ideal of customer-focused pro-
duction which follows certain principles, systematically eliminates wastes in the pro-
duction process and applies several methods to perfectly match supply and demand.
Koskela first linked the term “lean” to the construction industry in 1992 [Kos-1992].

The main principles of lean were compiled by Brodetskaia et al. and Bajjou and Chafi
[Bro-2013; Baj-2021]: “specify value” means classifying activities based on their value,
“‘map the value stream”, “make value flow without interruptions”, and “pull value” de-
rives the identification of waste and opportunities within the process in order to improve
it where possible, and finally “pursue perfection” which refers to the continuous im-

provement principle of lean.

According to Bajjou and Chafi, activities can be divided into three categories: value-
adding activities add value from a customers’ perspective, e.g. processing construc-
tion material. Non-value adding but required activities directly support VA activities,
e.g. by positioning or inspecting material. Non-value adding activities are specified as
waste because of their missing contribution to value creation for the customer [Baj-
2021]. Following the seven kinds of wastes defined by Ohno [Ohn-1988], several
non-value adding activities were identified in the construction industry, e.g. oversized
use of material or equipment (overproduction), goods awaiting process or consump-
tion (excess inventory), unnecessary transportations of goods or movements due to a
non-optimized logistic flow or displacements, or waiting of employees for predecessor
activities to be finished or material to be delivered [Baj-2017] .

The waste rate of the construction industry is still at a high level of 57% (compared to
26% in manufacturing industry) [Bla-2008; cited by Tri-2014]. To eliminate the identi-
fied wastes, several methods are proposed within different process dimensions. For
the construction processes, exemplary methods include root-cause diagrams, the five
why method, or the Last Planner System (LPS) to improve the process performance
[Bam-2019]. LPS supports managing reliability and variability within project planning
and project control. LPS has already been developed in 1992 in response to major
discovered deficits in scheduling as only almost half of the tasks have been completed
in time due to unplanned changes in schedule and later rework [Bal-2012]. Using LPS,
weekly workplans are developed based on definition, soundness, sequence, and size
of the tasks, and further aggregated to the overall project schedule [Bal-2012]. How-
ever, the system cannot support pull control or further logistical aspects [Bro-2013].
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For the organization of the site, 5S has been proven to be an effective method as both
material and equipment are assigned to a place. Thereby, visual management is
improved, and non-value adding searching activites are reduced [Baj-2017].

For logistical processes, Just-in time (JIT) supply and kitting have been often proposed
in the literature. Tommelein and Weissenberger describe the JIT approach as delivery
of materials to the site to be installed immediately without any storaging. The orders
are triggered rather by the construction management (pull) than by fixed scheduled
delivery plans (push). However, a strategically sized buffer is necessary in practice
[Tom-1999]. Furthermore, the probability of success decreases for a high number of
supply systems coordinated by each subcontractor and by truckload [Arb-2004; Sep-
2016].

Kitting is a solution that gains interest within the more recent literature, especially for
urban projects [Mou-2021]. Construction logistic centers (CLC) are installed to receive
the supplies of different subcontractors in a multi-project view. Material packages are
separated and kitted considering the exact material requirements by each construction
site. Afterwards, a minimum number of packages is delivered to the site consolidating
multiple trades [Whi-2018]. Therefore, non-value adding activities, such as material
unpacking or separating, can be reduced on site [Mou-2021].

The effectiveness of these methods has been proven in several case or simulation
studies, e.g. [Bam-2019; Mou-2021]. Since the cost- and quality-related benefits have
been quantitatively investigated, the acceptance of the proposed methods increases
within the construction industry [Bam-2019]. However, finding the optimal combination
of different strategies considering site specific influencing factors is still challenging
[V0i-2008].

2.1.5 Digital Tools

To improve the quality decisions within construction planning processes, managers
often refer to supportive digital tools. To maintain a high-performance standard despite
the increasing competitiveness and complexity of construction industry, supportive
tools represent a great opportunity to increase productivity [Abd-2017]. Leite et al. con-
ducted a survey on an expert task force from academia and industry to identify, among
others, current benefits and challenges of visualization and information modeling. In-
formation modeling faces major challenges with respect to data format and interoper-
ability issues and missing big data resources. For visualization, the survey participants
also stress problems arising from different output formats and mediums and budget

10



2 Review of Literature and Research

limitations. The benefits of using information models and visualization were indicated
in planning for productivity management and progress monitoring. Hence, Leite et al.
see high potential for application in domains like planning, control or spatial and tem-
poral conflict resolution. [Lei-2016]

A rapid pace of enhancements in IT has been observed within the past several years.
New approaches have been developed and partly integrated in current planning pro-
cesses, e.g. Building Information Modeling (BIM), remote sensoring, and simulation
[Jeo-2016]. The aim is to create a “digital construction site” where construction and
logistical processes can be modeled, visualized, and simulated in advance of construc-
tion start [K6n-2015].

BIM is an accurate virtual model of the construction site including information about
geometric properties (3D) evolving over time (4D) and required materials and costs
(5D) [Gom-2016]. Therefore, BIM represents a consistent and transparent data plat-
form which can enhance collaboration and communication through an effective infor-
mation exchange [Nin-2017; Wic-2020]. Moreover, the consistent and accurate data
stored in a BIM model allows for further analysis, e.g. simulations, in order to evaluate
different planning alternatives [K6n-2015]. BIM is still continuously developed by add-
ing dimensions like energy efficiency and life cycle analysis (6D) and logistics, pro-
curement, and contracting (VD) [Gom-2016].

Further digital developments relate to sensoring, tracking, and automation within the
production control. Sensors allow for gathering diverse and detailed data which can be
used to evaluate, for example, the durability of buildings [K6n-2015]. Tracking and trac-
ing systems, like RFID or bar codes, can be included in real time engineering to inves-
tigate the actual material flow and logistical movements [Lee-2013; Sam-2013].
Akhavian and Behzadan give a short overview of recent developments [Akh-2013].

To achieve a further integration of digital tools in the planning process of the construc-
tion industry, the large amount of data must be available for planners for the entire
production process including dynamic interactions in a comparatively short time [Ber-
2013]. As a result, the data can be used to develop a high-detail process model which
can be analyzed by simulation with regard to behaviors in future without interference
with the actual operations [Arb-2004; Kir-2013].

Simulation in building construction is another digital tool which is described in the fol-
lowing.
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2.2 Simulation in Building Construction

In the following, simulation is classified as a mathematical solution approach associ-
ated with general benefits corresponding to an application within the construction in-
dustry. Afterwards, there is a short overview of the development of simulation within
the construction industry and current researches of simulations in building construc-
tion. Last, identified challenges of current approaches are grouped in four categories
together with proposed requirements to overcome these.

2.2.1 Classification and Opportunities

Simulation is defined as follows: “Simulation is the reproduction of a real system and
its dynamic processes in a model. The aim is to achieve transferable findings for reality.
In a wider sense, simulation means preparing, implementing and evaluating specific
experiments using a simulation model.” [VDI-3633]

Simulations are classified regarding three dimensions: static vs. dynamic, deterministic
vs. stochastic, and continuous vs. discrete. Within static models, also referred to as
Monte Carlo Simulation, a system is represented in a particular point in time, whereas
in dynamic models the system evolves over time. In deterministic models, the same,
known input always generates the same unique output while stochastic models include
at least some random input values which result in an estimation of the true output of
the model. However, deterministic models can be a defined as a special case of sto-
chastic models. If state variables of the model only change their value at discrete points
in time, the model is defined as a discrete model. If states change continuously over
time, the model is called continuous. [Ban-2010; Law-2015, S.5]

Simulations are applied if performing experiments within the actual or physically similar
system is too costly or not feasible without biases. In these situations, the system can
only be analyzed by mathematical models. If a model cannot be solved optimally by
an analytical approach, simulations have to be used instead [Law-2015, S.5]. This of-
ten appears if systems are uncertain, complex, or include evident repetition, and if
models require flexibility, special detail or an integrated solution [Abo-2010]. Within the
construction industry, 88% of the participants in the survey conducted by Leite et al.
described simulation as a value-adding research direction [Lei-2016]. Simulations in
construction are characterized as computer-based representation of the construction
system which is investigated under different sets of parameters to understand the be-
havior of the system [Abo-2010; Fei-2016].
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In the planning process, a simulation can support the understanding of interdependen-
cies in the system which leads to an efficient knowledge acquisition. Through the con-
sideration of all influencing factors, the construction project can be analyzed in detail
without having to be present at site. The layout of the construction site can be designed
in a way that avoids bottlenecks. For both logistical and construction processes, re-
source allocation and usage can be optimized to eliminate waste. The impact of pos-
sible disruptions can be studied through experiments with different parameter sets.
During the execution phase, simulations can enhance production control. If deviations
occur, the impact and, if necessary, potential solutions can be quickly calculated to
enable a reasonable reaction. [Abo-2010; Spi-2010; Ber-2013; Beh-2015]

Simulations can support decision-making numerically and graphically which can im-
prove decisions throughout all project stages. Hence, project plans can be enhanced
and faster developed which leads to minimized cost and project duration [Cha-2005;
Abo-2010]. Within project coordination, simulations can provide a visualization of sys-
tems over time whereby stakeholders can better understand the system [Abd-2020].
This leads to an increased credibility and acceptance and a better communication be-
tween the involved parties [Cha-2005; Abo-2011].

2.2.2 Development of Simulation Tools in Construction

First, Halpin introduced CYCLONE as an intended general-purpose simulation system
[Hal-1977]. CYCLONE was able to model cyclic networks but was limited to its inability
to model resources [Abo-2010]. Since then, several researches introduced multiple
tools attempting to improve the simulation quality within construction industry. The
most important steps can be seen in STROBO-SCOPE, introduced as a special pur-
pose modeling and simulation tool adaptable to numerous construction systems [Mar-
1994], and Simphony, a simulation language capable to model e.g. tunnelling, earth-
moving, and dewatering construction projects [Abo-1998].

Following the new opportunities identified, research was attempting to integrate other
tools, like visualization, within simulation. Xu and AbouRizk extended Simphony
through an integration of AutoCAD models [Xu-1999]. Kamat and Martinez introduced
a new approach called Vitascope, which is capable of planning construction operations
by a DES for construction followed by an integrated 3D visualization [Kam-2003; Abo-
2011].

Current developments have focused on the model quality and applicability in the con-
struction industry. AbouRizk and Hague introduced COYSE which is applicable to
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multiple sites as it enables the reuse of certain components and a collaborative devel-
opment [Abo-2009]. Konig et al. adapted a specific purpose simulation toolbox from
the shipbuilding industry which allows for further generalization over multiple construc-
tion sites [K6n-2007].

2.2.3 Application in Building Construction

In the past, several research studies have applied simulation tools in order to investi-
gate different influencing factors of building construction and to achieve an improve-
ment of construction and/or logistical processes. In the following, the most significant
studies regarding the present research are briefly summarized.

Table 2-1: Overview of researches applying simulation in Building Construction

Author/ Construction Software Objective

Research group Phase/Project

Weber Shell construction  Enterprise Verify logistics strategies
[Web-2007] + Oultfitting Dynamics (supply and warehousing strategies)
SIMoFIT Outfitting STS Develop a feasible construction
e.g. [Kdn-2007] schedule under consideration of

constraints regarding material,

space, and efficiency

Mefisto 1) Hotel building STS Develop a block library for
[Spi-2010] 2) Gate 1) logistics and

construction 2) construction processes
Bamana et al. Erection of Simio Investigate effect of lean construction on
[Bam-2019] wood shell construction duration
Kugler Shell construction CiSmo Develop a user-friendly tool with high de-
[Kug-2012] gree of automation within data acquisition
Simject Windmill simAssist + Simulation-based and logistic-integrated
[Gut-2014] Plant project planning and scheduling

Simulation

Voigtmann Outfitting STS Investigate influencing factors on construc-
[V0i-2014] tion logistics by considering the variability of

construction and logistical processes

The research of Weber 2007 aimed at developing a digital tool which supports planning
activities of managers regarding logistical strategies. He used the software enterprise
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dynamics (Fa. INCONTROL GmbH) to model logistic processes including material
supplies to the construction site, potential material storage, and supply to the installa-
tion locations. Quantities of required materials are obtained from the 3D-CAD-modell
of the planned hotel building and subsequently linked to construction processes.
Schedules are considered within the simulation to determine timing and destination of
material transportations. Construction processes are not further investigated as the
main objective of the study is the dimensioning of unloading zones and transportation
means in the early planning stage.

The research partnership SIMoFIT (Simulation of Outfitting Processes in Shipbuilding
and Civil Engineering) transferred the Simulation Toolkit Shipbuilding (STS) to building
constructions as they described significant similarities between the interior construction
processes of shipbuilding and building construction [Ste-2010]. The focus of simulation
studies within this partnership was set on predecessor-successor-relationships of
works during outfitting depending on the availability of required resources such as per-
sonnel and material [K6n-2007; Ste-2010]. However, the logistic processes have been
limited to statistical distributions of material availability without further investigating the
transportations at the site.

The research alliance Mefisto developed a block library for assembly and logistic pro-
cesses within the construction industry based on the existing STS [Spi-2010]. Con-
struction processes have been investigated for a hotel building construction project
considering a detailed schedule whereas the logistical processes are based on supply
systems within gate constructions in early planning stages with only rough schedules.
A combination of both libraries in building construction did not take place.

A lean focused approach was developed by Bamana et al. [Bam-2019]. Logistical pro-
cesses were taken into account regarding material supplies, material storage, and lifts
to installation locations. Construction processes were only implemented to determine
the quantity and timing of required material at the site and at the working areas. The
impact of certain lean methods (prefabrication, 5S and JIT) have been studied for a
six-story wooden building in Canada using the software Simio. Even though Bamana
et al. only considered the erection phase of the building construction project, the de-
tailed modeling of transportations, storage issues and of movements of workers of both
logistics and trades provide an accurate understanding of important logistical pro-
cesses.

Kugler aimed at providing a tool with a high degree of automation in data acquisition
and a simple user interface which can be applied to any kind of building construction
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projects [Kug-2012]. However, he concentrated on direct production logistic processes,
neglecting all kinds of procurement and disposal logistics [Voi-2014]. To validate his
software prototype CiSmo, he applied the agent-based simulation model to two real
projects, a passive trakt housing project (four houses including 22 single-family homes)
and a senior center with three floors.

From a project planning point of view, the research alliance simject developed a “de-
monstrator for a simulation-based and logistic-integrated project planning and sched-
uling” especially for small and medium-sized companies [Gut-2014]. The project pro-
vided an entire IT-architecture which includes both logistical processes (from material
supply until the point of installation) and construction schedules connected to required
resources. To combine both processes, the researchers used the software simAssist
in combination with Plant Simulation from SimPlan AG to optimize schedules of a build-
ing construction. Even though the researchers investigated a case study for a windmill
plant in detail, the researchers promise a wide application potential in building con-
struction [Gut-2014]. However, the logistical processes and the construction processes
are optimized in two separated simulation models.

The dissertation of Voigtmann published in 2014 can be regarded as the most relevant
study relating to the present work [Voi-2014]. Her objective was to provide a simulation-
based planning tool which considers all project participants and resource constraints
to evaluate the impact of different scheduling variants and logistical strategies within a
dynamic production environment. She implemented a modularized, constrained-based
simulation approach using the modular STS block to investigate logistical processes
during the outfitting phase in building construction, specifically tested for a multi-story
office building. Construction processes are modeled variably, only constrained by pre-
decessor-successor relationships and resources requirements. The logistical pro-
cesses are considered from the point of material supply to the point of material instal-
lation. Even though she mentions that disposal tasks have to be considered to get a
complete understanding of the logistical processes at a building construction site, she
assumed that the material is delivered in the exact needed amount and neglected pos-
sible arising blend. Therefore, disposal logistics are not considered.

2.2.4 Challenges and future Requirements

Though simulation has been investigated in academia for decades, there has been no
widespread adoption of discrete-event simulation in the construction industry [Abo-
2010; Lee-2013]. This is especially true for small and medium-sized companies [Fei-
2016]. Nevertheless, there is limited use in early planning and design stages [Akh-
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2013; Os0-2020]. Within literature, there have been identified several challenges,
which can be grouped into four main categories: challenges related to the stakehold-
ers, to the modelled projects, to the simulation model itself, and to the required input
data.

Challenges related to the stakeholders

Stakeholder-related issues can arise from a lack of expertise in using simulation tools
[Bar-2015]. Missing training leads to a lack of trust in the effectiveness of simulation
tools [Lei-2016]. Low confidence may also be caused by too little involvement of stake-
holders in the phase of conceptual modeling. Therefore, the model may not comply
with their expectations referring to the desired level of detail and, again, leads to
missing knowledge about the modeling logic [Mar-2010; Abd-2017]. Hence, most prac-
titioners perceive simulations as a “black box” which can decrease their perceived
value of opportunities through simulation and reduce their willingness to invest [Beh-
2015]. This is even more crucial as stakeholders in a survey conducted by Leite et al.
stated a limited budget as the greatest barrier [Lei-2016]. This fact is enhanced if the
use of a simulation is evaluated as an investment for a single project rather than a
series of projects [Fei-2016]. As management decisions are primarily cost-based, sim-
ulation will only be integrated within the curricula of a company if a cost advantage is
seen [Lee-2013] and if management has accepted simulation as a valuable tool to
support planning [Ber-2013]. Nevertheless, the lack of integration in the company pro-
cess is claimed by several researchers as limiting factor of simulation application [Kug-
2012; Beh-2015; Gut-2015].

Challenges related to the project

Challenges related to the modeled project are mainly based on the unique and com-
plex nature of construction projects. Due to the uniqueness, each project may require
a new simulation model in an extreme case [V0i-2008]. Wegelius-Lehtonen compared
a new project to prototyping in manufacturing industry [Weg-2001]. Therefore, valida-
tion against the real world in its original meaning is difficult to realize [Lee-2013]. A
simple reuse of simulation models across multiple projects is not possible due to
strong, complex, and site-specific interdependencies between the different processes
and resources [Spi-2010]. These interdependencies are often specified manually
which is an elaborate and error-prone process [Kon-2012]. Moreover, a high degree of
alternation, especially in the finishing phase, enlarges the effort for modeling [Ste-
2010; Bar-2015].
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Challenges related to the simulation model

The simulation model itself might also contribute to the lack of adaption within the con-
struction industry. As there is no simulation tool especially for the construction industry
[Ste-2010; Bar-2015; Abd-2020], modeling is associated with high effort, relatively high
cost, and a unique set of skills [Abo-2011]. If there are no graphical representations or
navigation schemes included within the model, simulations tend to be abstract and
confusing [Haj-2002; Oso0-2020].

Moreover, there is a tradeoff between accuracy & reliability and efficiency & program-
ming effort. Accuracy and reliability can be enhanced through a more detailed repre-
sentation of the processes, tested across several projects [Fei-2016]. However, if there
are more process details and data included than required, modeling effort is increased,
and efficiency is decreased [Kug-2008; Ail-2008]. Another challenge can be seen in
the high effort required to adapt the simulation model either towards changes of the
current project or a new construction site [Akh-2013; Fei-2016].

Furthermore, the output of the simulation is often statistical and in text format [Oso-
2020]. To improve user-friendliness, the output has to be relevant and efficiently pre-
sented in an understandable format [Kug-2008]. Finally, the model has to enable en-
gineers to investigate typical planning problems in an appropriate manner [Fei-2016].
Testing interventions and adjustments have to be easily undertaken [Ber-2013].

Challenges related to the required input data

Data is often not readily available to be immediately imported into the simulation.
Hence, a great effort is needed for data collection and data clean-up [Abo-2011; Ber-
2013]. To obtain an accurate representation of the construction project, a large amount
of data from many different sources is required [Os0-2020]. As there is currently no
suitable linkage of data corresponding to schedule planning, logistical processes, and
construction progress [Gut-2015], the required data are often collected by several peo-
ple, each having his/her own “human judgement” regarding relevance. Moreover, data
are often collected for a different objective. Therefore, obtained data are heterogene-
ous and not independent, identically distributed due to lack of consistency during data
collection. [Mar-2010; Ste-2010]
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2.3 Conclusion

Construction projects are characterized as unique and complex due a great number of
participants involved and a high interconnection of construction processes and logistics
processes. Traditional planning processes are mainly based on experience, heuristi-
cally adapted historical data, and analytical methods. The increasing complexity, un-
certainty, and time and cost pressure call for innovative approaches to optimize pro-
cesses at the construction site and to support decision-making.

One approach is to integrate the lean construction philosophy to systematically identify
non-value adding processes. Through a targeted use of lean tools such as 5S, JIT, or
kitting, waste can be eliminated. Additionally, new opportunities arise through the de-
velopment of digital tools. Current digital tools only support a central data management
and, hence, a better communication between involved individuals. A great potential is
seen in simulating the processes before construction begins.

A simulation can support the decision-making as it allows for testing different strategies
in a virtual environment, already at an early planning stage. Discrete-event simulation
is the most used approach in the literature for addressing building construction. Re-
search is mainly concentrated on scheduling problems. Logistical processes are often
analyzed within the shell construction phase or only for production relevant logistical
means. So far, Voigtmann has presented the most sophisticated approach analyzing
building construction projects within outfitting considering logistical processes [Voi-
2014]. However, the simulation model neglected disposal logistics which is an im-
portant part of logistical processes.

To the author’s knowledge, there is no literature until now which developed a simula-
tion for building construction which also consider disposal tasks. Therefore, the pre-
sented simulation approach considers the entire material and waste flow which is co-
ordinated by a TPLP. Within the modeling approach, this work addresses the challenge
of user-friendliness to achieve a greater adoption within the construction industry. Fur-
thermore, the work deals with the 5S lean philosophy, and its methods, such as kitting,
to optimize the current processes.
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3.1 Process Description

The conceptual model represents a simplified and generalized model of the real sys-
tem and is independent of the used simulation software [Pos-2016]. This work is based
on the construction and logistical processes of a real hotel building project conducted
by the industry partner Ziblin AG. To achieve a wider application area, the layout and
the processes have been generalized towards arbitrary hotel and office buildings shar-
ing the same internal characteristics as the example project. The conceptual model
has been developed in close cooperation with the contact persons of the industry part-
ner.

In order to improve readability, only the male form is used in the text, nevertheless all
information applies to members of all genders.

3.1.1 Construction Site Layout and logistical Equipment

The represented building design is characterized by multiple upper floors which are
designed in a repetitive way using the approximately same layout. Hence, each floor
which is designed using this layout is referred to as a “standard floor”. Each standard
floor is zoned into several units, so-called “working areas” or “takt areas”, which repre-
sent a combination of several rooms. Takt areas are characterized by similar resource
requirements regarding material quantities and work expenses of construction pro-
cesses.

In this work, the ground floor represents a lobby, a foyer, or an entrance area. The
layout characteristics greatly vary across several projects. The processes are com-
monly organized largely independent from the rest of the construction site. Therefore,
the construction processes of the ground floor are not further considered in the present
work.

To follow the 5S lean approach, certain areas are specifically classified and marked
within the layout of the construction site (see Figure 3-1). On the ground floor, an un-
loading zone, a material storage combined with a separate area for reusable, empty
pallets, and a recycling center are defined. Trucks arriving at the construction site park
in the unloading zone during loading processes. Material storage is regarded as tran-
sition area for the supplied materials. After unloading, materials are only temporally

stored within this area until they are transported to their installation location. Within the
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recycling center on the ground floor, containers are placed next to each other. The
number of containers depends on considered waste fractions for the construction pro-
ject. Each container is assigned to a fixed waste fraction.

On each standard floor, one logistics area is defined. The area is divided in a recycling
center and an area for empty pallets. One bin of each waste fraction is positioned within
the recycling center. The material storages are defined as transfer areas between the
third-party logistics partner (TPLP) and the respective trade, located at the center po-
sition of each takt area.

The arrangement of all moveable elements within a fixed area is assumed to follow the
lean construction philosophy “5S”, too. The positioning of materials, bins and contain-
ers is well organized to minimize the occupied area and to avoid long searching times.
Boundary of construction site
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Figure 3-1: Construction site layout

The transportations required through logistical processes are performed by horizontal
and vertical transportation means (TM). In the following, the vertical transportation
means are referred to as “elevator” in order to describe the transportation behavior.
Once a transportation using an elevator is finished, the elevator remains at its position
until the next transportation is requested. Furthermore, there are no intermediate stops
between the original floor and the destination floor during a transportation. Moreover,
each horizontal TM is assigned to specific parking areas, again following the lean prin-
ciples defined as 5S.
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At least one freight elevator is positioned on the fagcade of the building which mainly
transports material and persons. In the inside, there is an indoor elevator placed in the
future elevator shaft of the building. As the shaft size is limited, the indoor elevator is
too small to be able to transport material on their handling units. Therefore, it can only
be used to perform disposal transportations, e.g. bins or empty pallets. The use by
persons can be restricted by the site manager.

On the ground floor, there is at least one outdoor TM and one indoor TM. An outdoor
TM can be parked next to the freight elevator or next to the material storage. The park-
ing position of an indoor TM is located next to the indoor elevator. Additionally, there
is at least one horizontal TM per standard floor which is parked next to any elevator.

3.1.2 Construction Process

The construction processes are repeatedly performed by the trades’ employees, po-
tentially by multiple crews per trade. The crews are organized within a so-called “train
of trades” of which each wagon represents a set of tasks performed within one week
in one takt area. The sequence of the wagons is described within the construction
schedule. Therefore, the construction schedule gives a structured overview of which
tasks are performed per week and takt area throughout the considered construction
phase. The order of the tasks must be followed due to strict predecessor-successor
relationships.

To adequately model each construction task, it is necessary to determine the work
expenses per task based on the duration of processing one unit respectively. The def-
inition of the unit depends on the type of task performed, e.g. a unit of length, area, or
one material unit. The work expense per task ( t;4s) iS calculated by the amount of
units required within one takt area ( x ), the work expense for one employee processing
one unit ( t,,;;) and the amount of employees available to perform the task per takt
area at the construction site (n).

X tynit

Ltask =

(3-1)

Equation 1: Work expense per task

The employees of the trades use the elevators to get to their working floor in the morn-
ing, and to get back in the evening. Additionally, there are two breaks per working day,
a morning and a lunch break. However, the employees spend their breaks on different

22



3 Conceptual Model

locations due to cultural habits. Some stay on their working floor whereas others use
the elevator to get to the ground floor to spend the break in the personnel containers.

Every Monday the crews move on to the next takt area according to the construction
schedule. They start to work if all predecessor tasks are finished and if all materials
required are readily available within the working space. Throughout the construction
process, remaining empty pallets are centrally collected within the takt area. At the end
of each task, the workers consolidate potential surplus material to one package.

3.1.3 Logistical Processes

Logistical processes are performed by a third-party logistics partner (TPLP) hired by
the general contractor to increase productivity as the trades can fully concentrate on
construction activities. The TPLP is aware of the construction schedule and of the re-
quired materials per wagon to be able to support the construction processes. The TPLP
is responsible for both supply and disposal tasks. Transportations of materials and
waste are carried out by one employee using available transportation means and bins.
Figure 3-2 shows the flow of materials, waste, and empty pallets.

Construction Site
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Construction traffic Transports on construction site |:| Construction traffic
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ﬁ| Unloading Material Reusable pallets [One-way pallets ~ | Rec¥eling |
| zone |__storage | center |
Procurement logistics | Production logistics | Disposal logistics
|:| Recycling center —>» Material transportations
@ Installataion Locations Empty pallets transportataions
(exemplary)
Waste transportations
Figure 3-2: Logistic processes (based on Voigtmann [Voi-2014] and Boenert and Bloemke

[Boe-2003])
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Material supply to the construction site

The required materials are ordered by each trade separately and delivered to the site
in the preceding week. The orders have to be placed timely considering the delivery
time of the materials.

Truck arriving, : . Truck leaving
Supply . _ | Unloading of Loading of .
scheduled shunting, | materials 7| empty pallets construction ®
parking site

Figure 3-3: Material supply

The materials, loaded on handling units, are delivered to the site by trucks, which po-
tentially shunt after arriving at the construction site, and park in the defined unloading
zone. First, the trucks are unloaded by an employee of the TPLP, one handling unit at
a time, using an outdoor TM. The duration of unloading one handling unit depends on
the kind of handling unit and on the kind of TM. The materials are placed in the material
storage which is often located in close proximity to the unloading zone. After having
unloaded the material intended for the construction project, the employee potentially
loads empty pallets on the truck, having stacked up to five pallets per transport.
Thereby, the maximum loading area available on the truck is determined by the area
that has been needed by the materials delivered to the site. The remaining area may
be occupied by materials ordered by other construction sites. When the loading pro-
cess is finished, the truck leaves the construction site.

Material delivery to the takt areas

The TPLP delivers material from the material storage to each takt area according to
the required materials per wagon scheduled in the next week. The transportations are
performed per handling unit separately. If a task is scheduled over two weeks, the
required material is completely delivered in the first week. Particularities regarding po-
tential separation of handling units are further discussed in chapter 3.1.4.

Deliver Get material Load material Lift material Transport Place
ordery from material | onfreight || to destinated |»| materialto e materialin =@

storage elevator floor takt area transfer area

Figure 3-4: Material supply to takt area

The employee gets the material to be supplied from the material storage using an out-
door TM on the ground floor. Then, he brings the material to and loads it onto a freight
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elevator. He parks the outdoor TM in the assigned parking lot and gets on the elevator.
As soon as the elevator arrived at the destination floor, the employee reaches out for
a TM on the standard floor respectively. He unloads the elevator, transports the han-
dling unit to the destination takt area, and places the material in the transfer area of
the takt area. If another task has to be completed on the same floor, the employee
starts the next task. Otherwise, he brings the TM back to its parking position next to a
freight elevator and gets back to the ground floor.

Handling of surplus material

Surplus material arises if a trade has not processed all material units loaded on the
delivered handing unit. As soon as a trade has finished processing the material, it no-
tifies the TPLP in case there is surplus material left in the takt area. An employee of
the TPLP checks where the material is required in the following week and determines
the next destination of the surplus material according to the following priority rules:

1) Subsequent takt area on the same floor
2) Any takt area on the same floor

3) Any takt area on a subsequent floor

4) Any takt area

Surplus Get material Transport Place
material with new from takt same floor >—Yes—*| material to »| materialin @
destination area takt area transfer area
no *

|

Lift material to
yes—=| destinated

Load material

. needed in
on freight |

elevator floor
no
Place material
material to in material  |—=@@
ground floor storage
Figure 3-5: Handling of surplus material

If there is no need for the surplus material in the current takt area, the employee gets
the material from the takt area using the TM of the floor respectively. Then, he either
transports the material to the next takt area, potentially using the freight elevator, or he
brings it back to the material storage on the ground floor.
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In case there is already a partly filled handling unit of the same material stored in the
material storage, the employee consolidates both packages by transferring material
units onto the already stored handling unit until the new delivered handling unit is empty
or until the maximum capacity of the stored handling unit is reached. Potentially arising
empty pallets are appropriately handled.

Handling of waste

As the TPLP knows which material is processed in which takt area, the employees can
evaluate where waste is produced per day. Waste is collected daily, starting in the
afternoon according to the assumed waste management regulatory. Furthermore,
there is a defined maximum filling level defined at which a container or a bin has to be
emptied. This is necessary as a disposal mean cannot be perfectly filled, there is al-
ways a certain degree of air pockets. Moreover, completely full disposal means are
difficult to handle, as material could drop during transportations. Therefore, an appro-
priate defined maximum filling level is taking account for these issues.
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Figure 3-6: Handling of waste

The waste collection per floor is performed by one employee. First, the employee gets
the bin of a waste fraction of which there is waste on the floor. Then, he pushes the
bin to all takt areas where he needs to collect waste. He searches for waste in every
room of the takt area and loads it into the bin. After having finished the collection, he
returns the bin to the recycling center and potentially gets the next bin of another waste
fraction to continue collecting waste.
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If the bin is full, the employee empties the bin into the corresponding container on the
ground floor and continues the collection process once he returns. If the filling level of
the container is over determined level after emptying the bin, the employee requests
an exchange of the container. The container exchange takes place on next working
day. If the container is full before the bin is completely emptied, the bin is temporally
stored in the recycling center on the ground floor. As soon as the container is ex-
changed, the bin is emptied and brought back to its origin floor.

Handling of empty pallets

Similar to the handling of waste, empty pallets on each floor are centrally collected by
one employee of the TPLP on a daily basis, starting in the afternoon. At first, the pallets
are temporally stacked on the floor, as the indoor elevator should not be blocked just
because of one pallet brought to the ground floor. However, space is a limited resource
within building construction. Therefore, a maximum number of four pallets is allowed
to be temporally stored on the floor. Furthermore, transportation means can transport
up to five empty pallets simultaneously.

l

Em allets Collect up to Place pallets Park TM next
(frt]yﬂpom ‘ 5 pallets »| in the recycling in the recycling nos=| toafreight —w@
simultaneously center elevator
Get 5 pallets Load pallets Bring Tranport pallets either to
from the »| on the indoor - palletsto |—| recycling center or to
recycling center elevator ground floor reusable pallets storage
Figure 3-7: Handling of empty pallets

If there are empty pallets within the takt areas on the floor, an employee gets a TM on
the respective floor and collects the empty pallets which are centrally stored within the
takt areas. He can stack up to five pallets on the TM per drive before he brings the
pallets to the recycling center and stores them next to the bins. If there are no more
empty pallets in the takt areas, the employee checks the number of empty pallets tem-
porally stored in the recycling center. If there are more than four pallets, the employee
of the TPLP gets five pallets and loads them on the indoor elevator. He parks the TM
next to the indoor elevator, gets on the elevator and brings the pallets down to the
ground floor. There, he gets an indoor TM and unloads the elevator. The handling of
empty pallets on the ground floor is distinguished between reusable and disposable
pallets. Disposable pallets are transported to the recycling center where the employee
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disposes the pallets in the container for wood. Reusable pallets are stacked next to the
material storage in a separately marked area. Afterwards, the employee returns the
TM to its parking lot next to the indoor elevator. If there are still more than four pallets
in the recycling center of the floor where the employee was coming from, he returns to
the floor in order to bring five more pallets down to the ground floor.

3.1.4 Construction Material Management

Construction tasks within one wagon do not always require an integral multiple of the
material units contained in one standard handling unit. However, the materials can
usually only be ordered in entire loaded handling units. Therefore, without prior kitting
services, the amount of material supplied to the construction site doesn’t always ex-
actly match the demand for the following week.

Furthermore, only for some materials, it is common practice to separate handling units
on site regarding the exact amount needed within the takt areas. For example, the
handling effort of plasterboards is very high. Therefore, plates are not counted, and
handling units are not separated on the ground floor, but only entire pallets are trans-
ported from the material storage to the takt areas. The result is material, which is left
after the crew finished their tasks, so-called surplus material. However, for other ma-
terials, especially for materials delivered in bags, itis common practice to only transport
the number of bags needed to the takt areas. Handling units are separated at the ma-
terial storage on the ground floor by transferring the required number of bags on an-
other pallet which is transported to the takt area. This leads to partly filled handling
units in the material storage on the ground floor. Hence, the employee responsible to
supply material to the takt area has to check in advance which handling unit is suitable
to be delivered. Table 3-1 gives an overview of which material is delivered to the takt
areas depending on the required package size of the takt area and on the packages
that are stored in the material storage.
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Table 3-1: Supply strategies at site depending on material separation, packages stored in the
material storage, and required amount by the takt area

Required package for supply to takt area

Entire Partly package Partly package
package (no separation (separation
allowed allowed

Only entire Supply entire
packages package
Entire packages + part Supply part package Separate part
package (more Supply (complete) package
Entire packages + part entire Supply part package Supply part package
package (proper package (complete) (complete)
Entire packages + part Supply part package filled

Separate entire package

Packages in storage

package (too less) Sl EiT up with separated entire
package
package
Only part package Suool Separate part
more PPl Supply whole part package
whole part
Only part package package Supply whole part pack-
package
less or proper age

To keep an overview of material currently stored in a best possible way, the present
work assumed a regulation by which at most one partly filled package is allowed per
material in the storage. This has two major impacts. When surplus material returns to
the material storage, where already a partly filled handling unit is stored, the two pack-
ages have to be consolidated. On the other hand, employees of the TPLP preferably
have to deliver partly packages to the takt areas. If the number of material units con-
tained in the partly package is not sufficient, the partly package is either filled from
another package, if separation is allowed, or another entire package has to be supplied
to the takt area.

Lastly, if there is only one handling unit of material in the storage which is required by
a takt area, itis always supplied to the takt area, regardless if the handling unit contains
an insufficient amount. The remaining material units will be delivered to the takt area
as soon as new material has been supplied to the construction site.

3.2 Requirements as Planning Tool

In addition to the process description, general requirements have been elaborated
which are necessary to allow an efficient support for the planning processes of the
industry partner. These are presented in the following.
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3.2.1 Input Data

The effort to import needed data to the simulation has to be as low as possible to
increase the willingness to use simulation in planning. For this work, there has been
no input connection to BIM or similar digital tools available. Therefore, the needed input
data has to be organized in a different way, which also fulfills the requirements regard-
ing efficiency, consistency, and accuracy.

Moreover, the integrated input data must be able to represent the building construction
project while keeping the required amount to a minimum [Ail-2008]. Feine et al. classi-
fied input data for simulation models in construction in four different dimensions [Fei-
2016]:

e Construction site-specific data

e Construction task-specific data

e Company-specific data

e Construction technology-related data

Construction site-specific data include the size, the layout, and certain characteristics
of a building, e.g. the zoning of a standard floor in numerous takt areas, or the distance
between the material storage on the ground floor and the freight elevator.

Construction task-specific data contain a detailed description of the construction pro-
cess. In the present work, the information is provided through the construction sched-
ule combined with the material and work expenses per task respectively.

Company-specific data represent characteristics of the resources that are required at
the construction site to perform both logistical and construction processes. This in-
cludes, for example, the characteristics of transportation means, which are commonly
used within the projects of the company, such as speed and capacity, or characteristics
of materials required by the trades, such as waste fraction or blend.

The term “construction technology-related” rather refers to methodologies imple-
mented at the construction site than to machinery or production technologies. Data are
necessary regarding different possible supply strategies (e.g. amount of supplied ma-
terials per handling unit), material management (e.g. storage strategies), waste man-
agement (e.g. defined maximum filling level), and overall coordination strategies re-
garding who is responsible for which task (e.g. TPLP hired for construction logistics).

30



3 Conceptual Model

The last two dimensions may not be readily available when conducting a simulation in
a company for the first time, but once the data are collected, they can be reused in
future projects [Fei-2016].

3.2.2 Modular Design

Another important factor is the adaptability of the simulation model towards both sev-
eral construction sites and design changes within each construction project without
extensive programming effort [V0i-2010].

Due to the unique nature of building construction, there is a high need for adaption.
Additionally, the budget in construction industry is limited. The costs of a simulation
can be decreased if the model can be used across several projects. In a multi-project
view, the marginal costs of a simulation model are significantly lower if an adaptation
of a simulation model is only associated with relatively low effort.

To enable the users of the simulation to modify all influencing factors, such as layout,
construction processes, or logistics, the corresponding elements within the simulation
model have to be generalized and modularized. These elements should be able to
cover as many use cases as possible to increase the value of the simulation model for
the construction industry [Kug-2008].

3.2.3 Simulation User Interface and Visualization

In addition to the modular design, the parameters and input data have to be designed
in a user-friendly manner. As there is a lack of expertise in using simulation tools within
the construction industry, the surface of the simulation model has to be designed un-
derstandably by using graphical navigation schemes and visualization rather than ab-
stract simulation elements.

An intuitive visualization of the processes on construction site can enhance the under-
standing and the acceptance of the model as the stakeholders no longer perceive the
simulation model as a “black box” but can observe the processes throughout the virtual
construction. Hence, the stakeholders can easily verify if the model’s behavior suits
the expectations.

Moreover, users should be able to change parameter settings and input data input via
user-friendly graphical user interfaces. These can simplify and accelerate adaptations
and avoid errors by comprehensive explanations. Regarding the time and cost pres-
sure during planning, this is a valuable characteristic for simulation tools.
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Furthermore, there is no need for an extensive training for all users which again leads
to lower cost for the construction industry. However, there should be a “champion” who
is aware of the simulation logic to be able to perform adaptations apart from the mod-
ularized settings [Lee-2013].

3.2.4 Simulation Results

The simulation results must be relevant, efficiently generated, and presented in an un-
derstandable format.

The relevance of certain measures depends on the objective of the study respectively
[Ber-2013]. Total project cost and time, resource allocation/use, and waiting times of
the simulated entities are measures that are often used to evaluate construction pro-
jects [Lei-2016]. In coordination with the industry partner, the following measures have
been added for this work: storage use, waste volume, workers on site, and supply
expenses. All measures are evaluated over time to be able to identify potential wastes
or bottlenecks. Nevertheless, the analysis should not be limited to the defined
measures. Due to the uniqueness of construction projects, new objectives can arise
which are particularly important for a construction project. Therefore, the output of the
simulation should be provided in a format which enables further analyses.

Moreover, the simulation results should be efficiently generated and saved in a com-
mon file format. Additionally, the simulation output should be presented graphically
including filter options for certain production factors to optimally support decision-mak-
ing [Kug-2008].
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The simulation is implemented within the standard simulation software Plant Simula-
tion provided by SimPlan AG (Fa. Siemens AG). As Pitsch stated, the use of standard
simulation software is beneficial within construction industry as the numerous influenc-
ing factors of a construction site can variably be modeled using the standard elements
[Pit-2011]. The Simulation Toolkit Shipbuilding (STS) of Plant Simulation has already
been used by multiple researches. However, Bargstadt and Feine question if STS can
be regarded as standard software due to the customs made towards modeling ship-
building [Bar-2015]. Therefore, the present simulation study aimed at the implementa-
tion only using the standard elements of Plant Simulation version 15.1.0 .

However, the model is implemented to be used by people who are not familiar with the
Plant Simulation software. Therefore, the input and output data are managed through
tables saved in the format of MS Excel. In the following, the simulation model is pre-
sented including the calculation of required input data, the layout, the overall logic, and
the evaluation of the simulation output.

4.1 Simulation Layout

The simulation layout is either automatically created following the lengths and dis-
tances specified in the input data or manually adapted to an imported picture of the
layout. For the layout of the ground floor, the required positions and distances must be
specified as presented in Figure 4-1 in general form.

Material flow 35m

Waste flow Recycling
center

Building
Indoor
elevator fiel

Oom

Pallets
storage

Freight 4m Material
elevator storage

4m 4m

Unloading
zone

Figure 4-1: Input data - layout ground floor
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The layout of the standard floors is specified in relation to the hallway. The central
positions of the takt areas, of the elevators and of the recycling center are placed along
the hallway respectively (see Figure 4-2). The hallway can also include curves and
potentially even be circular.

A_XX_01 A_XKX_02 A_XX_03
Indoor
: elevator -
om 12m 19m 30m 35m a1m  45m
L [ 1 1 1 1 1 >
I L 1 T 1 T 1 .
Recycling
center
Freight
elevator
Figure 4-2: Input data - layout standard floor

The implementation follows a modular approach. The standard floors as well as the
takt areas are modeled as so-called replicable networks. The takt areas are labeled in
the format “A_01_04" whereas “A” refers to the part of the building, “01” to the floor,
and “04” to the takt area (in the example: takt area number 4 on first floor in part A).
The labeling followed the practices of the industry partner. Therefore, a building can
consist of max. 99 standard floors, and each standard floor can be zoned in max. 99
takt areas.

The basic frame of the simulation model represents the ground floor of the construction
site including the elevator and the networks for the specified number of standard floors.
The bins and containers are created within the recycling centers, the transportation
means within their primarily parking position. The kind and the number of both depend
on the specifications within the input parameters.

The vehicles and employees in the simulation move on ways which are modeled by
two-lane tracks to simulate possible oncoming traffic. The entities can use both lanes
equally. On the ground floor, the paths describe the material and the waste flow. On
the standard floor, the entities move along the hallway. The respective positions of takt
areas, recycling areas and elevators are marked by sensors.

Multiple screenshots of the simulation layouts can be found in Appendix A.
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4.2 Input Parameters

First, a weekly material demand is calculated by combining the construction schedule
and the material requirements per task. Afterwards, a MS Excel Sheet is used to han-
dle the required input data. Finally, different parameter settings are specified within the
simulation interface using a graphical user interface (GUI).

4.2.1 Calculation of Material Demand

The weekly material demand is represented by a so-called order list and a so-called
delivery list. The order list describes the materials which are supplied to the site per
week and trade whereas the delivery list contains the weekly material deliveries from
the material storage on site to the takt areas.

For the calculation of the material demand, construction schedule per task and the
material expenses per task are inserted into an MS Excel Sheet. Both input tables are
compressed to get a construction schedule per wagon and a list of required materials
per wagon. Afterwards, the compressed tables are joined, using a right outer join on
the column “Wagon Nr” (P<T.,.....). This means that each entry of the left table (Con-
struction schedule per wagon) is combined with all corresponding entries of the right
table(material expenses per wagon). Finally, the required materials per week are ag-
gregated per material to obtain the order list. Figure 4-3 presents a general example
(values do not refer to real values). The calculations are made within MS Excel using
the Add-In MS Excel Power Query to calculate the delivery list. The subsequent ag-
gregation is calculated using a combination of standard Excel formulas.

Construction schedule per wagon Material expenses per wagon
Scheduled Wagon Takt area Wagon| Material Material |Handling unitf  Number of
week Nr Nr units handling units
14 01 A 0104 N 01 Plaster- 3 Euro 1
board pallet
Wagon Nr
14 01 A_02_04 01 Profile 4 Package 2

Delivery list
Delivery | Taktarea | Material | Material Number of i
week units__|handling units Order list
13 A 01 04 | Plaster 3 1 Delivery Trade Material | Material | Handling Number of
-7 -board Aggregate week units unit handling units
13 Dry Plaster- 6 Euro 2
13 A01.04 | Profile 4 2 building board pallet
13 A_02_04 | Plaster 3 1 13 Dry Profile 8 Package 4
-board building
13 A_02_04 | Profile 4 2
Figure 4-3: Exemplary calculation of the delivery and order list

35



4 Model Implementation

The number of both material and handling units are rounded up in case only partial
units are required. Hence, possible blend is already included in the material expense
per task. The delivery week is set one week prior to the scheduled week. For the order
list, both the number of material units and the number of handling units are required
due to different material characteristics described in chapter 3.1.4.

After the user inserted the construction schedule and the material expenses per task,
the calculations are executed automatically at the push of a button to reduce effort and
increase user-friendliness.

4.2.2 MS Excel Input-Sheet

Construction task-specific, construction site-specific and company-specific input data
are controlled within an MS Excel Input-Sheet which is associated with several bene-
fits. MS Excel is specialized for dealing with large amount of data. Therefore, it enables
a clear organization of the required input data. As stakeholders are usually familiar with
MS Excel, the handling of input data is easier in a familiar environment. Furthermore,
essential labeling of columns can be protected against changes within MS Excel
whereby the import is less prone to errors. Moreover, the programming language VBA
allows for automated input checks which again enhances the input quality.

Table 4-1 gives an overview of required input data. The order list and the delivery list
from the previous calculations are simply copied into the MS Excel Input-Sheet. Com-
pany-specific input data can be re-used for multiple construction projects. However, all
the materials required by a construction process have to be specified in the material
library. Similarly, all handling units needed to transport the specified materials need to
be listed in the handling unit library. Materials which are transported without a handling
unit are assigned to a dummy handling unit called “piece”. This is necessary, as the
simulation software is only able to handle a standard material flow.

The implemented input check can be executed by pressing a button. The input is
checked for allowed signs restricted within the libraries in Plant Simulation, for empty
cells and for correct interdependencies between different data sets. These interde-
pendencies include, for example, the positioning of takt areas in the layout of the stand-
ard floors if they are listed in the construction schedule, the tasks specified in the con-
struction schedule and in the expenses list, or the bins and containers selected in the
waste fraction which also have to be specified in the respective library.
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Table 4-1: Input data MS Excel Input-Sheet

Input data Description

Construction task-specific input data

Construction schedule

Order list
Delivery list
Expenses
Waste fractions

Sequence of construction tasks performed per takt area
throughout the construction project

Material supplies to the construction site per week and trade
Material supplies to the takt areas per week and takt area
Material and work expenses per construction task

Required waste fraction combined with desired bin and con-
tainer sizes per fraction

Construction site-specific input data

Ground floor layout

Standard floor layout

Further building charac-
teristics

Distances between and positions of unloading zone, elevators,
material storage, and recycling center

Central positions of takt areas, recycling center, and elevators
in relation to the hallway

Number of standard floors and takt areas, floor height, length,

and characteristics of the hallway

Company-specific input data

Materials

Handling units

Horizontal transportation
means

Vertical transportation
means

Bins

Containers

Trucks supplying
material

Trucks exchanging
containers

4.2.3 Parameter GUI

Characteristics, e.g. size, package size, handling unit, waste
fraction, blend ratio, and separation behavior
Characteristics, e.g. size, storage area, and specification
disposable/reusable

Characteristics, e.g. speed and durations for (un)loading
depending on load, and cost per operating hour
Characteristics, e.g. speed depending on load and cost per
operating hour

Characteristics, e.g. capacity, storage area, and duration of
emptying a full load

Capacity and storage area

Loading area and duration of arrival, shunting and parking
depending on characteristics of construction site

Duration of container exchange depending on characteristics of
construction site

However, not all input parameters can be set within the MS Excel Sheet due to soft-
ware specific characteristics of Plant Simulation. Especially, scenarios with respect to
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construction technology-related data are better organized by a parameter GUI which
is directly linked to the library of the simulation model.

Before a simulation run starts, input data is imported from the MS Excel Input-Sheet.
Then, the class libraries and the Parameter GUI are updated before the user can set
parameter settings. The following parameters can be specified within the parameter
GUI.

Table 4-2: Input parameter set by the parameter GUI within the simulation model

Category Parameters

- Number and kind of outdoor TM on ground floor

- Number and kind of indoor TM on ground floor

- Number and kind of TM per standard floor

- Number and kind of freight elevators

- Number and kind of indoor elevators

- Requirement of a ramp

- Maximum capacity of persons

- Availability of indoor elevator for transports of people
- Number of employees of TPLP

- Begin and end of working days, break times

Horizontal
transportation means

Vertical
transportation means

Personnel _ )
- Ratio of trade personnel using elevator to spend breaks

on ground floor

- Expense for trucks to arrive
Supply - Supply days for material supplies to the site

- First day for deliveries to the takt areas

_ - Expense for trucks to exchange container

Disposal , . - .

- Defined maximum filling level of disposal means
General simulation

- Start and end date of considered construction phase
Parameters

A screenshot of the layout of the parameter GUI can be found in Appendix A. A simu-
lation run is started through the parameter GUI, the resources initialized according to
these specified parameters.
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4.3 Simulation Logic

Construction material and waste are controlled by a material and disposal manage-
ment which can be triggered by certain events. If the event causes an action within the
respective management, the management assigns a new task to the task control of
the transportation means which is required to execute the task. Then, the transporta-
tion means requests an employee from the personnel management of the TPLP.

Moreover, transportation means can request other transportation means, e.g. if a truck
arrives, it requests an outdoor TM to be unloaded. Furthermore, the personnel man-
agement may request an elevator to get to another floor.

Figure 4-4 describes the relationships between the entities which are responsible to
implement the supply and disposal tasks. It further specifies the kind of task that is
passed along the direction of the arrow.

_ truck container
o management management
A
Personnel
\
material - TM outdoor mz?lijoenr:ilnt TM indoor disposal
management o ground floor 9 ground floor management
trades
A
\
personnel
freight elevator management indoor elevator
TPLP

T nf
]

bin on standard
TM standard floor floor

Yy

Disposal tasks Person transporation
—————— Supply tasks ————— Request for employee of TPLP
Figure 4-4: Simulation logic regarding task management

The material flow is controlled by destination labels which are attached to each han-
dling unit. The same applies to employees who are moving within the simulation.

The processes within the blocks are described in the following.
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4.4 Material Management

Material management includes the management of material supplied to the construc-
tion site by trucks per trade, deliveries from the material storage to the takt areas, and
the rearrangement of surplus material combined with a correction of future orders and
deliveries. The different parts of the material management are triggered by different
events.

The material supply is triggered at the beginning of each working day. Thereby, the
material management checks if the current working day is specified as valid supply
day and if there are orders in the order list with due until the current calendar week.
Material orders with due until the previous calendar week are allowed independently
of the daily supply restrictions. To start the material supply, a truck is requested as
soon as the working day starts.

begin of fddall_y s
working day or delivery S—yes—e-

no

y

orders due unt
no
last week

yes
.

:

request ]
YeS™™1 new truck en

A

orders
due until current
week

Figure 4-5: Material management - material supply to the construction site

The supply of the takt areas is started according to the specified day within the param-
eter settings. All entries for the current calendar week from the delivery list are copied
into a second, internal table which contains due delivery tasks. The material manage-
ment compares the stock of the material storage with due delivery tasks each time
material is removed from or inserted in the material storage or new delivery tasks are
specified. If a delivery can be executed, the material management inserts the task
“Load freight elevator” in the central task management of the outdoor TM on the ground
floor and places a request for the TM. The same applies if material is inserted in the
interims material storage next to the freight elevator (see chapter 3.1.4). However, the
task placed in the task list is called “Load freight elevator from interims storage”.
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! l
new mate_rlal update material of delivery list in request for
in material L > . yes outdoor TM on end
storage control material storage
storage ground floor
start day for set delivery list for ] new material in
supplies to takt current week per interim storage
areas takt area
Figure 4-6: Material management - material supply to the takt areas

Before construction processes of a new week start, the material management adapts
the order and the delivery list of the new week in relation to expected surplus material.
This simulates the behavior of those responsible for ordering material. For each takt
area which contains material in its transfer area, the material management estimates
the material which will be left at the end of the week. Thereby, the material required for
the scheduled tasks of the current week are compared to the stock in the transfer area.
If surplus material is expected, the material management checks the next destination
of the material according to the delivery list for the current week (which represents the
material requirements of takt areas of next week). The appropriate delivery task is de-
termined following the priority rules defined on page 25. However, only deliveries of
the subsequent week are considered to avoid multiple order corrections.

If the material isn’t needed in the current takt area in the subsequent week, the desti-
nation label of each handling unit loaded with the corresponding material is set accord-
ing to the determined destination. In case the next destination is another takt area and
not the material storage on the ground floor, the delivery list and the order list have to
be adapted as the surplus material decreases the need for new material. Therefore,
the ordered material units are reduced for both the determined delivery task in the
delivery list and the material order in the order list.

Additionally, the number of handling units of the determined delivery task is adapted.
Thereby, the required material units are divided by the number of material units per
(entire) handling unit. Partly handling units are rounded up. If the number of handling
units has been decreased for the determined delivery task, the number of ordered
handling units of the material is decreased in the same amount within the order list.

This process, also presented in Figure 4-7, is repeated for each material stored in each
takt area.
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Compare determine next material

material in material stock ;g?:;’;l — destination needed in o end
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Figure 4-7: Material management - correction of order and delivery list in relation to expected
surplus material

As there is no physical label on the handling units in the material storage on the ground
floor, the responsible employee cannot determine to which takt area the material is
expected to be delivered. Therefore, materials in the material storage cannot be con-
sidered during calculations of expected surplus material per takt area.

The rearrangement of surplus material is triggered by the construction processes. As
soon as a trade finished their scheduled tasks without processing all the material sup-
plied to the takt area, the material management checks the destination labels attached
at the remaining handling units. If the label complies with the current takt area, the
material may have not been considered in the prior surplus calculation due to a late
delivery. Therefore, the delivery list is checked again to determine the next destination
of the material, again following the priority rules on page 25. If the material isn’t needed
in the current takt area in the following week, the material management adapts the
destination label of the material. Afterwards, it places the task “Rearrange surplus ma-
terial” within the task list of the TM on the corresponding floor and requests the TM.

material
needed in

current takt

area

no
——————
yes— request TM on o end
standard floor =

determine next

[—b destination from |——p
delivery list

no

material
with new
destination in
takt area

construction
process finsihed with
surplus material

Figure 4-8: Material management — rearrangement of surplus material
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4.5 Disposal Management

Each afternoon, the disposal management checks for each floor if there are either
waste or empty pallets in any takt area on the floor. If empty pallets have been found,
the disposal management places the task “Collect empty pallets” in the task list of the
TM on the corresponding floor and requests a TM. If any waste was found, the disposal
management determines the fraction and places the task “Collect waste” in the task
list of the bins on the respective floor to start the task management of the bins.

empty
pallets in any
takt area on
floor

daily trigger for no
collecting disposal L

request horizontal
TM on repsective
floor

»{ end
y
request
yes appropriate bin on
respecitve floor
Figure 4-9: Disposal management — daily collection of waste and empty pallets

At the end of a construction phase, all bins are emptied into the corresponding con-
tainer and remaining empty pallets are brought to the ground floor.

At the end of each week, the disposal manager searches for material in the material
storage on the ground floor, which isn’t going to be needed for the remaining construc-
tion processes. In practice, the responsible trade loads remaining material on their own
vehicles once they finished all tasks on this construction site to use the material for the
next construction site. To simulate this behavior, the disposal management removes
the material from the site.

4.6 Personnel Management

In the present work, there are two main kinds of workers at the construction site: the
employees of the TPLP, responsible for performing the tasks, and the employees of
the trades who perform the construction tasks. However, the movements of the work-
ers are only physically considered when it is important for the utilization of logistical
means which is further described in the following for each kind of workers.
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4.6.1 Trades

In this work, the movements of the employees of the trades are only relevant if the
employees request the elevator at the begin and at the end of each break and working
day to get to their working floor and back to the ground floor again. The representative
number of persons created per floor ( ns,,, ) to simulate the employees of the trades
is calculated as follows:

[Z n; / c] ,if created at beginning/end of a working day
iel

Nfioor (4'1)
[r z n; /c] ,if created at the beginning of a break
iel

Equation 2: Representative number of persons created per floor

The personnel management sums all employees working in a takt area ( n; ) per floor.
Then, it divides the sum by the capacity of persons transported simultaneously within
an elevator ( ¢ ), which is specified within the parameter GUI. This results in the number
of representative persons which are created to physically simulate the employees of
the trade at the beginning and at end of each working day. At the beginning of each
break, this number is multiplied by the specified ration of trade personnel which spends
their break on the ground floor ( r). Finally, the resulting number is rounded up. The
representative number of workers is created in the queue of an elevator which is pref-
erably immediately available or in the shortest queue of an elevator, considering the
potential restriction of personnel to use the indoor elevator.
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Figure 4-10: Simulation of elevator utilization through trade personnel
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Additionally, it is assumed that the employees of the trades are working on their sched-
uled floor for the entire week. This is a worst-case assumption as the processing of the
material may be finished early. Nevertheless, it is assumed that the employees perform
further finishing tasks without a need for material or preparation tasks for the following
week.

4.6.2 Third-Party Logistics Partner

The employees of the third-party logistics provider (TPLP) are responsible to perform
the logistical processes on site using the available transportation means. Thereby, it is
assumed that every worker can perform every task and only one employee is needed
to perform a task. In the basic state, the employees are waiting on the ground floor
until they have to perform a task. The movements of the workers are only considered
during the fulfillment of a task or if an employee has to use an elevator to get to the
requesting TM. The task management follows the first-in-first-out (FIFO) principle. If
multiple employees are available, the task is assigned to the employee whose current
position is nearest to TM requesting the employee. If an employee is on the same floor
as the TM, the employee gets on the TM, immediately starting the task. As soon as a
task is assigned to an employee, his state changes according to the task he is re-
quested for. The states and the corresponding scope of task are described in Table
4-3. States of the third-party logistics .

Table 4-3: States of the third-party logistics partner

State Description

Waiting Employee waits for a task.

Unload truck Employee completely unloads a truck.

Load empty pallets Employee loads empty pallets on a truck.

Supply takt area Employee supplies one handling unit to a takt area.

Rearrange surplus material Employee rearranges on handling unit of a surplus material
either to another takt area or to the ground floor.

Collect empty pallets Employee collects all empty pallets on one floor.

Dispose empty pallets Employee brings 5 empty pallets from a floor to the ground
floor.

Collect waste Employee collects waste of one floor.

Empty bin in container Employee empties one bin in the corresponding container

on the ground floor.
Return to ground floor Employee returns to the ground floor after having finished
a task on an upper floor.
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If a task is finished on an upper floor and no follow-up task is assigned to the employee,
he waits for ten minutes for another task on the current floor. If the employee is still
waiting after ten minutes, he returns to the ground floor. This assumption is made as
the employees wouldn’t return to the ground floor in reality if they know that they shortly
have to perform a task near the current floor.

Moreover, if a searching task takes longer than the scheduled working time (e.g. col-
lecting waste or collecting empty pallets), the task is stopped for the current working
day and continued the next working day. All other tasks (e.g. supply takt area or dis-
pose empty pallets) are readily performed until there’s no material left on any TM.
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Figure 4-11:

* disposal task -> indoor elevator
supply task -> freight elevator

Task management for personnel of logistic service provider

4.7 Task Management

In the following, the central task management of all considered transportation and
disposal means are described in detail.
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4.7.1 Supply Truck

Material supply is requested by the material management on the days which are spec-
ified as supply days within the parameter GUI. Following a request, a truck is created
in a station apart from the construction site. There, it is loaded according to the order
list which contains the orders for materials required in the subsequent week.

One truck can only load materials from one trade in the basic scenario of the simula-
tion. During the loading process, one handling unit of the top material in the ordering
list is created on the loading area of the truck. Afterwards, the maximum number of
material units per handling unit is created on the handling unit on the truck. Depending
on the separation allowance of the material (see chapter 3.1.4), the loading process is
performed according to the number of handling units or according to the number of
material units within the order list. If a material is not separated in the material storage,
there must be enough handling units available within the material storage to be able to
perform all delivery tasks. After having loaded the handling unit of the material, either
the number of material units is reduced by the number of material units on one handling
units, or the number of handling units is reduced by one. If the last unit of the material
order has been loaded, the row is deleted from the order list and the loading process
continues with the next entry.

It is assumed that materials are not stacked on the loading area of the truck. Moreover,
geometric feasibility is not guaranteed. The size of the loading area on the truck is
assumed to be chosen as big as necessary. If a trade needs more material than the
biggest available truck can load, the loading process is stopped, and a second truck is
requested. If there are no more orders for the current trade in the order list, the truck
starts to drive to the construction site as soon as the unloading zone is unoccupied.
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Figure 4-12; Truck management
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However, arrivals of material supplies are only scheduled until one hour before the end
of a working day. Afterwards, there would not be enough time for unloading. The effort
for arriving, shunting, and parking depends on the layout of the construction site and
is set within the parameter GUI. Once the truck stopped in the unloading zone, it places
the task “Unload truck” in the task list of the outdoor TM and request a TM. When the
loading process is finished, the truck leaves the construction site.

In this work, there is no consideration of limitations regarding material availability.
Therefore, delayed material supplies can only be caused by possible resource limita-
tions on site, e.g. if the outdoor TM on the ground floor cannot handle all the material
supplies in the scheduled time frame.

4.7.2 Horizontal Transportation Means

All logistical tasks are primarily assigned to the horizontal transportation means. As
there are possibly multiple transportation means per category, the tasks are managed
centrally by a task list for each kind of TM on each floor. Every time, a new request is
entered in a task list or a TM has finished a task, the task manager starts a new eval-
uation if a TM resource is available to perform a task.

The task fulfillment itself, as described in Chapter 3, is controlled by methods linked to
sensors or entry/exit controls of the ways. Each TM has a state variable which de-
scribes the task, the TM is currently executing. Therefore, the methods can control the
behavior of the TM, which triggered the method, by reading its state variable.

If a TM drives against another TM on the same lane, it is allowed to overtake. However,
before overtaking, the TM checks if its destination is blocked. If the sensor position on
the opposite lane is free, the TM moves there to reach its destination. If both positions
are blocked, it waits until the object in front moves away. This behavior simulates a
gueuing behavior on the way if too many entities are at one place.

At the beginning of the simulation, the TMs are created according to the specifications
set in the parameter GUI. The outdoor transportation means are created in their park-
ing position next to the material storage, the indoor transportation means on the ground
floor next to the indoor elevator, and the transportation means on the standard floor
next to the freight elevator.

In the following, the task management and possible states of all transportation means
are further described.
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Outdoor transportation means on the ground floor

The outdoor TM on the ground floor is used for all tasks related to loading trucks, load-
ing freight elevators on the facade of the building, and for material handlings within the
material storage. Table 4-4 describes the potential states of an outdoor TM.

Table 4-4: Potential states of an outdoor transportation mean on the ground floor
State Description
Waiting TM waits until it is assigned a new task.
Unload truck TM completely unloads handling units from truck (one after
another).

Load empty pallets on truck TM loads empty pallets on truck until a fulfillment criterion is
met.

Load freight elevator [from in- | TM searches in [interims] material storage for an ordered

terim storage] material and loads it into a freight elevator to start material
supply to the takt area.

Unload freight elevator TM unloads material from a freight elevator and stores it in
material storage.

The task manager of the outdoor TM on the ground is started when there is a new
request from another entity or when an outdoor TM finished its task. The tasks are
executed according to the FIFO principle, except for unloading a freight elevator. At
the interface between TM and elevator, there is a potential risk for a so-called deadlock.
To avoid such a phenomenon (further described in chapter 4.7.4), the task “unload
freight elevator” is generally prioritized.
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Figure 4-13: Task management of an outdoor transportation means on the ground floor
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If all tasks have been finished, the task management checks for employees which are
still on a TM and eventually releases them. A new task can be executed if a TM is in
the state “waiting”. The task manager assigns the task to the TM which is in closest
proximity to the starting point of the next task in the task list by changing its state vari-
able. To start the task, the TM requests an employee of the TPLP (see Figure 4-14).
As soon as the employee arrives at the TM, he gets on the TM (on a reserved place

only for employees) and thus starts the execution of the task.
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Task execution of an outdoor transportation mean on the ground floor

Thereby, the element “load freight elevator” follows the characteristics mentioned in
chapter 3.1.4. The interim storage as well as the deadlock detection is further de-
scribed in chapter 4.7.4.
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Indoor transportation means on the ground floor

For the indoor TM, there is no central task management because no task is started by
this kind of TM. The TM is only used when an employee arrives on the ground floor
through the indoor elevator to dispose empty pallets. Therefore, each indoor TM is
waiting at its parking lot next to the indoor elevator until an employee is reaching out

for it.
i I
g drive to waiting
store reusable/ still pallets nos-| point at indoor
deposit pallet(s) onTM elevator

drive to empty
pallet storage -

new employee’
onT™

drive to
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unioad fop pallel
indoor PP yes—b-]
reusable
elevator
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drive to dispose one-way release
—» pallet(s) into employee

recycling center .
yeling container for wood

end

Figure 4-15: Task execution of an indoor transportation mean on ground floor

If an employee gets on an indoor TM, it unloads the indoor elevator, disposes the pal-
lets, depending on the reusability of the pallet, and returns the indoor TM to the parking
position next to the indoor elevator. If another employee already waits for the indoor
TM, he can immediately start the disposal as soon as the other employee left the TM.

Transportation means per standard floor

The task management of TMs on a standard floor is managed centrally per floor. The
design is as almost the same as for an outdoor TM on the ground floor. The only dif-
ference derives from the position of the different TMs where they request a new task.
An outdoor TM on the ground floor is always in a parking position whereas a TM on a
standard floor can be anywhere at the hallway. Therefore, the employee first has to
return the TM to its parking position next to the freight elevator before he is released
by the task management.
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Figure 4-16:  Task management of transportation means per standard floor

A TM on a standard floor is used for both supply tasks and disposal tasks (see Table
4-5). Moreover, it is interacting with both elevators whereby its parking positions can
be at both elevators. However, the standard parking position is next to the freight ele-
vator.

Table 4-5: Potential states of transportation means per standard floor
Waiting TM waits until it is assigned a new task.
Unload freight elevator TM unloads material from a freight elevator and changes
status to “supply takt area”

Supply takt area TM transports material to transfer area of supplied takt area
Load elevator from interims TM loads material from interims material storage into a
storage freight elevator

Supply surplus material TM searches for surplus material in the takt areas on the

floor and transports it to next destination
Collect empty pallets TM searches for empty pallets in the takt areas on the floor
and collects it in recycling center on the floor.
If more than 5 pallets in recycling center of the floor after
finishing task: change status to “empty pallets to ground
floor”
Empty pallets to ground floor TM gets up to 5 empty pallets per drive from recycling cen-
[from interim storage] ter/interim storage and loads them into indoor elevator.

The task execution of a TM on a standard floor is managed by a central method con-
nected to the sensors on the hallway. The method controls movements and actions of
a TM according to its current task, its load, and according to the object the triggered
sensor is connected to. Similar as for the outdoor TM, the task “unload freight elevator”
is prioritized to avoid deadlocks.
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In Figure 4-17, a step-by-step task execution is presented. However, not all tasks are
mentioned here due to spatial reasons. The execution of the task “load elevator from
interims storage” follows the same steps as for the tasks “collect surplus material” from
the step “drive to freight elevator”, including one step “load material from interims stor-
age”. The task “empty pallets to ground floor from interim storage” is aligned with the
disposal of empty pallets from the recycling center. The only difference is the place
where the TM gets the empty pallets.
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4.7.3 Elevators

Recent literature only considered tower cranes, e.g. [Ast-2013], which have a signifi-
cantly different behavior than a construction lift/elevator. Therefore, a new approach
had to be developed to simulate the lifting behavior in this work, following the charac-
teristics described in chapter 3.1.3.

Each elevator is positioned within an elevator shaft (implemented using the standard
element “way”). Furthermore, each elevator has its own queue and a loading station
for loading and unloading elements. All elevators are controlled by the same method
which is managing each elevator based on its own task list and state. The requests for
each elevator are fulfilled according to the FIFO principle. The elevator initially has the
status “waiting”.

Table 4-6: Potential states of an elevator
Waiting Elevator waits until it is requested to perform a transportation.
Wait for load Elevator waits until loading process is finished and its status is
changed to “fulfill task” (by element getting on elevator).
Fulfill task Elevator is driving to requested floor (empty or loaded).
Wait for unloading Elevator waits until no more material on elevator.

Search for new task After unloading is finished, the elevator searches for a new task in
its requirements list. If there is no task, it changes its status to “wait-

ing”.
The destination of transportation in the state “fulfill task” is set in two different ways.
First, an elevator can be requested to another floor without being loaded. Then, the
elevator gets its destination from its task list. Second, an elevator is loaded on a certain
floor to transport the entity to another floor. All the transported entities have a destina-
tion label which is evaluated by the elevator to determine the floor they have to be
transported to.

An indoor elevator is mainly used for disposal tasks. It transports full bins to the ground
floor and empty bins back to its origin floor, empty pallets from a standard floor to the
ground floor and eventually workers, if the corresponding parameter of the parameter
GUI is set true. Both empty pallets and bins are always transported together with the
employee responsible for executing the task. Therefore, a bin can be unloaded from
the elevator without waiting for other resources.
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A freight elevator mainly performs material transportations and transports of employ-
ees. Materials can be loaded on all floors and are transported together with the re-
sponsible person. Hence, the material flow can be upwards and downwards. This
causes a potential risk for a deadlock which is described in the following chapter.
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Figure 4-18: Task execution of elevators

4.7.4 Interface between Elevators and horizontal Transportation Means

At the interface between elevators and horizontal transportation means, there is a dan-
ger for so-called deadlocks. A deadlock describes a state in software where two or
more entities wait for each other so that no further action is possible.

In this simulation study, this phenomenon occurs if an elevator waits to be unloaded
while all TMs on the corresponding floor are waiting in the queue of the elevator until
the elevator is ready to be loaded. As the TMs on each floor are responsible for both
loading and unloading the material on and off each freight elevator, the elevator and
the TM will be waiting for ever.
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However, this risk only exists for the freight elevator. Regarding indoor elevators, the
corresponding TM only loads empty pallets on the elevator on the standard floors and
unloads empty pallets on the ground floor. Therefore, there is no situation possible
where loading and unloading tasks are occurring at the same time on the same floor.

The detection for potential deadlocks can be requested by the task management of a
TM, by the TM itself if it enters an elevator queue, or by the elevator if the employee
cannot find an available TM on the corresponding floor to unload the elevator. In addi-
tion to the above-mentioned, obvious deadlock risk, there are further scenarios where
deadlocks can occur due to the implemented task management.

If a freight elevator arrives loaded on a standard floor, and the TM is currently loading
an indoor elevator or has already requested an indoor elevator, the employee (A) on
the freight elevator would exit, assuming the employee (B) currently driving the TM will
unload the elevator. Then, employee (A) could start a new supply task which starts on
the ground floor. Therefore, he would queue up in the queue of the freight elevator with
the state “supply takt area”. In the meantime, employee (B) leaves the floor together
with the empty pallets whereas the TM requests another person to unload the freight
elevator. However, employee A is set as occupied and another employee (C) who is
taking the task, starting from another floor, could want to use the freight elevator to
come to the floor if the queue is shorter. Therefore, no employee is getting the TM to
unload the freight elevator which is another deadlock.

On the ground floor, there is no interference of freight and indoor elevator because
there are two different TMs. Figure 4-19 presents the mechanism to detect a potential
deadlock.
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Figure 4-19: Detection of potential deadlocks in the interface between freight elevator and hori-
zontal transportation means
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In case a potential deadlock has been detected, there are several strategies to solve
the phenomenon, depending on the positions of the TMs. If in the meantime, a TM is
available again, the employee on the freight elevator is reaching out for this TM. If a
TM is waiting in the queue of a freight elevator, the TM places the loaded material in a
so-called intermediate material storage next to the freight elevator (just for simulation
purposes) and unloads the elevator. Afterwards, it is loading the material and queues
up again. The same applies for a TM waiting for an indoor elevator. The TM would
place the empty pallets loaded next to the indoor elevator in an intermediate storage,
unload the elevator, and continue the origin task. Finally, if the TM already started the
loading process of the indoor elevator, the employee on the freight elevator waits until
the TM is available again.
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Figure 4-20: Releasing potential deadlocks in the interface between freight elevator and hori-
zontal transportation means

4.75 Bins

The task management of the bins per standard floor is centrally controlled over all
waste fractions by one task list. For each standard floor, one bin per waste fraction is
initialized in each recycling center and assigned to the state “waiting”.

Table 4-7: Potential states of a bin
State Description
Waiting Bin waits until it is assigned a new task.
Collect waste Bin collects waste of the appropriate fraction in the takt ar-

eas on the floor. If max. def. filling level reached:
change state to “empty bin”

Empty bin Bin to be emptied. Load on indoor elevator, empty in corre-
sponding container, bring back to the origin floor
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A request for a bin can only derive from the disposal management or from the bin itself
as it requests a new task after having collected waste in one takt area. Thereby, the
task management checks all takt areas on the floor if there is still waste of the fraction
to be collected. In case that no more waste was found, the employee returns the bin
to the recycling center. Afterwards, the task management checks the takt areas for
waste of another subsequent waste fraction (based on the input data for waste frac-
tions). If waste of subsequent fraction has been found, the employee gets the bin of
the corresponding waste fraction. Otherwise, the employee is released.
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Figure 4-21: Task management bin — standard floor

Furthermore, bins may be placed next to the recycling center on the ground floor if they
couldn’t be fully emptied into the container. Therefore, another task management is
necessary to continue the emptying process once the appropriate container is ex-

changed.
new container with waste of ™ place new task
reaching appropriate fraction in yes—— for bin
recycling center bin storage
no. T
Figure 4-22: Task management bin - ground floor

After the task “empty bin” was set for the bin next to recycling center, the bin requests
an employee of the TPLP to execute the task.

4.7.6 Container

At the beginning of the simulation, one container per waste fraction is initialized in the
recycling center on the ground floor. These can be requested to be exchanged by an
employee using an indoor TM on the ground floor or by an employee who emptied a
bin into the container.
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The task management for container exchange is checking for a request after each
working day. As the exchange takes place on the following working day, the task man-
agement waits until the next day begins. Then, it generates the truck and the requested
container type apart from the construction site. Afterwards, the truck drives to the con-
struction site, exchanges the container, and leaves the construction site again. If there
IS a request to exchange another container, the container management generates an-
other truck and starts the exchange process all over again.
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requested begins container site

yes
Y
another leave place empty load full
-l—no container -«—{ construction |-e— container on  |-= container
requested site orignal space

Figure 4-23: Task management container exchange

4.8 Construction Processes

Each takt area consists of a transfer area for materials (packages containing new sup-
plied or surplus material), a parallel station representing the work within the takt area
and a transfer area for waste and empty pallets. Each Monday, the tasks scheduled
for the current week within the construction schedule are transferred to the task list of
the takt areas respectively. The assigned tasks are processed sequentially, the mate-
rials per task simultaneously. Multiple materials per task are numbered consecutively.

The work in each takt area is represented by a parallel station containing ten stations,
each referring to the material with corresponding number in the extends list. Therefore,
the station can process maximum ten different materials per task simultaneously. Dur-
ing the cooperation with the industry partner, five materials have been identified as the
maximum per task. Hence, ten materials are a reasonable limit to balance the tradeoff
between flexibility and model size. Each station processes the assigned material inde-
pendent of the other stations considering the time expenditure. The processing of ma-
terials starts as soon as the working day begins. If material is missing, the tasks start
as soon as the material is available in the takt area. To ensure that a delay in delivery
also causes a delay in work, the materials are processed simultaneously. Thereby,
each delay regardless of which material, results in a delay of the construction process.
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4 Model Implementation

To simulate an equally distributed production of waste, the processing of the materials
of a task is assumed to be linearly distributed. Therefore, the work expense per task
(task ) is divided by the number of units ( x ) to be processed per material. The mate-
rials of a package are processed unit by unit according to the calculated work expense

per un it (tunitCalc)-

_ Lrask
tunitCalc - X (4-2)
Equation 3: Calculated processing time per material unit

At the beginning of the processing, a handling unit of the material, preferably a partly
filled handling unit, is moved from the transfer area to the related station. The number
of units processed ( X,,ocesscaic ) d€PENdS 0N the calculated processing time per ma-
terial unit, the number of material units within the handling unit ( x,gckage ), the number
of units to be processed within the current task ( x,,ocess ), @and the remaining work
time of day ( tremaining ):

xprocessCalc

Min { xprocess ’ xpackage} ’ if ( xprocess * tynitcalc ) = tremaining (4_3)
= tremaining
T ,else
Lunitcalc
Equation 4: Processed material units

Therefore, only partly finished units are allowed in order to accurately simulate the
duration of the construction process. However, waste is only produced if the full unit of
the material is processed. As there are only entire units of material in the material
expense per task, each required material unit will be processed completely at the end
of each task.
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4.9 Statistics Output

The simulation model collects two different kinds of statistics: weekly measures and
continuous time and task recording.

Weekly statistics are evaluated and stored at the end of each week, considering the
following dimensions: amount of personnel, material supplied, waste volume, and stor-
age areas. For all logistical resources, including all transportation means, disposal
means, and employees of the TPLP, the simulation records the start and end time of
their defined states during the working time. At the end of a simulation run, all logs are
summarized into one table per category.

Furthermore, all statistics are exported into usual text - files which are further edited,
analyzed, and graphically presented within an MS Excel evaluation sheet. Table 4-8
gives an overview of the simulation results.

Table 4-8: Simulation results
Dimension Measure ‘
Personnel - number of employees working on the construction site
Supply - number of trucks
- number of handling units
Disposal - filling degree of all bins and containers

- number of container exchanges
- volume of waste disposed from site

Storage - maximum occupied area in material storage
- maximum occupied area per takt area

Horizontal transportation - utilization

means - logistics hours

- logistics cost
Elevators - utilization

- logistics hours

- logistics cost
Employees of the TPLP - utilization

- logistics hours

- logistics cost
Total - logistics hours

- logistics cost
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4.10Validation and Robustness

The simulation model was validated by comparing the outputs to another Master The-
sis which developed a linear calculation tool based on the same case study [Den-
2020].

The simulation model has been tested by a strategic test case structure which aimed
at provoking special scenarios to test the robustness of the system. The tested sub-
systems include material supply, delivery to the takt areas, processing within the takt
areas, handling of empty pallets, collecting and disposal of waste, surplus material,
deadlocks, and an entire takt area compared. For each subsystem, extreme cases
have been defined, to be able to test the system’s behavior, for example if the working
time exceeds the scheduled working time.

To test the overall system behavior, the overall construction process has been calcu-
lated by hand for two materials in order to validate the data obtained from the simula-
tion. Thereby, one material is allowed to be separated in the material storage, and one
material is processed with surplus material per takt area. Additionally, the entire con-
struction process has been calculated for one takt area to validate all considered tasks
of all trades.
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The parameter study was conducted based on the data a real project implemented of
the industry partner. However, the project has already been finished. Therefore, the
construction project was only used for verification purposes instead of using the simu-
lation model as supporting planning tool. In the following, the case study is described
in detail. Furthermore, the experimental design and results of different experiments are
presented.

5.1 Case Study

The case study was conducted for a hotel building with six standard floors, each zoned
in six takt areas. The takt areas include multiple rooms and the corresponding part of
the hallway. The investigated construction phase begins right after shell construction
was finished and ends before the final cleaning takes place. The considered trades are
called area dependent trades as their material and work expense are calculated based
on gross floor area. The trades responsible for technical building equipment rather use
special transportation means, e.g. a special crane or screed mixer and pumps. There-
fore, these trades aren’t included in the present work. Small materials like screws have
not been considered particularly. Material requirements and work expense are the
same for each takt area.

Table 5-1: Trades, tasks and material requirements of the case study
Trade Tasks Required materials
) Installations of cables, lamps and sock-
Electric Cables, lamps, sockets

ets, fine installations

o - . Different kinds of plasterboards
Calibration, building, and filling of dry . ) .
i and mineral wool insulation,
walls and facings,

Dry building CW- and CD-profiles, nonius

suspending of ceilings, _
_ _ ) hanger, gypsum filler, dry plas-
plastering special parts with dry plaster

ter
Raised floor Raising floor (instead of screed) Raised floor
Filling of ceilings, plastering and partly
Painting wallpapering of walls, painting walls and Filler, Plaster, wallpapers, color
ceilings
Doors Installation of doors in all rooms and in Door frames and panels for
the hallway rooms, aluminum door for floor
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Floor Covering Laying of floor cover including patching Floor cover, filler
Ventilation Installation and connecting of fancoils  Fancoil
Carpenter Installation of windowsills Windowsill

Construction site-specific data has been obtained by site layouts. For construction
task-specific data, the construction schedule was readily available in a pdf-Format and
had just to be transferred in MS Excel Input-Sheet. The work expenses per task had
to be combined regarding rooms and the hallway and matched with the construction
schedule. Material expenses were calculated in detail for dry building based on re-
qguired material per the gross area and the material units per handling unit. During the
calculations, the worst-case scenario was used for the size of packages, e.g. CW-
profile bundles. For the other trades, assumptions have been provided by the contact
persons of the industry partner based on the level of handling units. To match the
simulated material flow, dummy material units have been placed on the handling units
which allows for an accurate representation of the material and waste flow even though
the real data base wasn’t available in detail.

Company-specific data in regard with supply activities, such as transportation means,
have been adapted from the Master thesis of Dengler [Den-2020]. In her thesis, she
measured different durations of transportation processes. However, the durations have
been stated for a completed process, e.g. unloading a handling unit of a truck. To be
able to variably design the construction layout, these durations have been split into
multiple sub-processes, e.g. driving to the truck, unload a handling unit, drive back to
the material storage and place material in the material storage. The remaining com-
pany-specific data has been obtained by research of the author in close cooperation
with the industry partner. The current state of the libraries for company-specific data
can be found in Appendix A. Due to confidentiality reasons, the real values are not
included. However, the contained parameter values and parameter settings are ex-
plained per input library.

5.2 Experimental Design

For the experimental design, the real scenario of how the case study has been con-

ducted was chosen as basic scenario. Different scenarios have been investigated by
changing one parameter compared to the basic scenario. Therefore, the impacts can
be clearly allocated to the parameter under investigation. For the basic scenario, the
following parameter settings have been set:
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Table 5-2: Parameter settings basic scenario

Outdoor TM on the ground floor One telehandler

Indoor TM on the ground floor One electrical lifting truck

TM per standard floor One electrical lifting truck

Freight elevators One construction lift with a speed of 12 m/min
Indoor elevators One construction lift with a speed of 12 m/min

Requirement of a ramp .

Maximum capacity of persons per elevator five
Availability of indoor elevator for transports

false
of people
Employees of TPLP three
Begin and end of working days 07:00 — 16:00
Break times 09:00 — 09:15; 12:00 — 12:45
Ratio of trade personnel using elevator to o
spend breaks on the ground floor
Expense for trucks to arrive High expense
:i?;ply days for material supplies to the e, TRy, EEY

First day for deliveries to the takt areas Thursday
Expense for trucks to exchange container High expense
Defined maximum filling level of disposal

90%
means
Start and end date of considered construc-
] 26.03.2020 — 05.12.2020
tion phase

The varied parameters include:

- Kind of horizontal TM

- Kind of freight elevator

- Number of available employees of the TPLP
- Kitting as alternative supply strategy

The variation of the indoor TM on the ground floor is not presented here as the variation

had no further impact on the considered output measures. The parameter is therefore
set as non-critical parameter [Voi-2014]. The same applies for the indoor elevator.
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The results of the experiments are compared based on total logistical costs and total
logistical hours. The measure “total logistical hours” is obtained by summing up over
the operating time recorded within the tracking table of each logistical resource, includ-
ing horizontal transportation means, elevators, and logistics personnel. By multiplying
the logistical hours of a resource by the corresponding costs per hour, and again sum-
ming up over all resources, the measure “total logistical costs” is calculated. Both
measures are included in the MS Excel Output sheet. For each experiment, further
measures are included to evaluate the scenarios in more detail.

To prepare a simulation run, the data of the MS Excel Input-Sheet have been imported
into the simulation model by pushing the start button within the basic frame of the sim-
ulation model (see Figure A-1 in Appendix A) which takes 20 seconds. Afterwards, the
parameter settings of the simulated scenario have to specified by using the parameter
GUI. The simulation is started by confirming the parameter settings. Each simulation
run takes about 12 seconds in the non-visualizing mode, including export of statistics
at the end of the simulation run. Afterwards, the text-files have to be evaluated by the
MS Excel evaluation sheet (about 8 seconds) and a copy of the evaluation sheet has
to be saved. Simulated scenarios and corresponding results are presented in the fol-
lowing.

5.3 Horizontal Transportation Means
The variation of horizontal transportation means has been evaluated for 8 different

parameter settings representing all possible combinations of outdoor TM and TM per
standard floor, which are presented in Table 5-3.

Table 5-3: Parameter settings — variation of horizontal transportation means

Simulated scenario Outdoor TM on the ground floor TM per standard floor

Basic scenario Telehandler Electrical lifting truck
HTM-1 Electrical lifting truck Electrical lifting truck
HTM-2 Lifting truck Electrical lifting truck
HTM-3 Forklift Electrical lifting truck
HTM-4 Telehandler Lifting truck
HTM-5 Electrical lifting truck Lifting truck
HTM-6 Lifting truck Lifting truck
HTM-7 Forkilift Lifting truck
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Comparing the scenarios, it is noticeable that the impact of the variation of the outdoor
transportation means is significantly higher than the variation of the TM per standard
floor as the basic scenario and scenarios HTM-1 to HTM-3 only slightly differ from the
scenarios HTM-4 to HTM-7. The only difference according to a TM per standards floor
can be seen in the logistical hours in the scenarios HTM-2 and HTM-6 with a lifting
truck on the ground floor. The overall best values are generated with an electrical lifting
truck as outdoor TM on the ground floor.

Logistical costs [€] and logistical hours [h] - horizontal TM

- - -
Basic HTM-1 HTM-2 HTM-3 HTM-4 HTM-5 HTM-6 HTM-7
I | ogistical Cost Logistical Hours
Figure 5-1: Parameter study horizontal transportation means - logistical costs and hours

However, total logistical costs and hours are not the only criterion on which a decision
should be based. The utilization rate throughout the construction process is also an
important indicator to evaluate the performance of each scenario. As no significant
difference was observed by varying the TM per standard floor, the utilization in Figure
5-2 only presents the utilization per week for the outdoor TM on the ground floor. To
improve clarity, the basic scenario is compared to the scenarios HTM-1 to HTM-3.

Utilization of outdoor TM on the ground floor per week

80,00%
60,00%
40,00%
20,00%

0,00%
13141516171819202122232425262728293031323334353637383940414243444546474849

e BasiC HTM-1 HTM-2 HTM-3

Figure 5-2: Parameter study horizonal transportation means - utilization of outdoor TM on the
ground floor
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For the evaluation of the utilization calculated by the simulation model, it is important
to consider that no external disturbances are included in the simulation model. There-
fore, the utilization mustn’t be optimized to 100% to ensure feasibility in a real environ-
ment with numerous disturbances. The distribution of all transportation means are cor-
related to the number of handling units supplied to the construction site (see Figure
B-2 in Appendix B). In the peak values, the utilization rate of the forklift is significantly
lower compared to the other TMs whereas the utilization of the telehandler in the basic
scenario has the highest utilization. The main goal of logistics is to maximize utilization
by minimizing costs. By taking into account all measures (logistics costs and hours,
and utilization rate), scenario HTM-1 or HTM-5 can be considered as the best combi-
nation with regard to horizontal transportation means.

5.4 Elevators

For the variation of the freight elevator, all kinds of elevator included in the library of
the simulation model were included in the parameter study.

Table 5-4: Parameter settings — variation of elevators
Basic scenario Elevator (12 m/min)

El-1 Elevator (24 m/min)

El-2 Elevator (50 m/min)

El-3 Elevator (100 m/min)

El-4 Scissors lift

With increasing speed, both logistical costs and hours are decreasing. The speed of
scissors lift is also assumed with a speed of 12 m/min. However, the time regarding
getting on and off the lift differs from the elevator in the basic scenario. Nevertheless,
this time difference has almost no impact on the total logistical costs and hours. An-
other interesting fact is that even if the speed is increased almost exponentially by the
factor two, the savings of logistical costs and hours can be regarded as linear. Further-
more, it can be stated that the elevators overcome additional costs of high-speed ele-
vators through even more efficient transportations.
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Logistical costs [€] and logistical hours [h] - elevators

i
I I
Elevator Elevator Elevator Elevator Sissors lift
(12m/min) (24m/min) (50m/min) (100m/min)
I | ogistical Cost Logistical Hours
Figure 5-3: Parameter study elevators — logistical costs and hours

To evaluate the performance of the different freight elevators, the utilization has to be
considered, again, keeping in mind that the simulation scenario doesn’t account for
external disturbances. Therefore, the utilization of the elevator in the basic scenario
and the scissors lift is critical in the calendar weeks 26 to 28. The peaks in the weeks
26 to 28 and 32 to 34 can be explained by the number of supplied handling units which
have to be transported to the takt areas (see Figure B-2 in Appendix B). The higher
utilization from week 36 to 43 follows the course of the number of trade employees on-
site per week (see Figure B-1 in Appendix B). Therefore, both a particularly high num-
ber of supplied handling units and a high number of employees of the trades, using the
elevator six times a day, have a great impact on the utilization of the freight elevator.
The utilization rate of both the elevator with a speed of 12 m/min and the scissors lift
is critically high in week 28. Therefore, it could be argued that there is a need for a
faster elevator to ensure that material can be provided in time. The utilization of the
different kind of elevators decreases along with the increase of speed. The elevator
with a speed of 100 m/min in scenario El-3 has the lowest utilization rate.

Utilization elevators per week

100,00%
80,00% -
60,00%
40,00%
20,00%

0,00%
13141516171819202122232425262728293031323334353637383940414243444546474849

= [ |evator (12m/min) Elevator (24m/min) Elevator (50m/min)
Elevator (100m/min) Scissors lift
Figure 5-4: Parameter study elevators - utilization freight elevator
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Another interesting measure is the mean waiting time per transportation. Similar to the
utilization rate of the elevators, the mean waiting time per transportation also differs
throughout the construction time. There, it’s interesting to see that especially in the
peaks, the impact of speed variation is even greater. Another interesting observation
is that the mean waiting time is higher if the utilization is increased by employees using
the elevator than if more handling units have to be transported.

Mean waiting time per transportation [min]

13141516171819202122232425262728293031323334353637383940414243444546474849

e F|evator (12m/min) Elevator (24m/min) Elevator (50m/min)
Elevator (100m/min) Scissors lift
Figure 5-5: Parameter study elevators - mean waiting time per transportation

In relation to utilization, the elevators with a speed of 24 and 50 m/min can be seen as
the most effective choice. However, the best values in relation to total logistical costs
and hours have been obtained for the fastest elevator. Therefore, there is again a
tradeoff between utilization and costs if a manager wants to specify the best logistical
strategy.

5.5 Employees of the TPLP

For the variation of the parameter “employees of the TPLP”, a minimum number of
three employees of the TPLP has been specified according to the basic scenario. The
number of available employees has been increased up to eight as the impact stabilized
afterwards.
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Table 5-5: Parameter settings — variation of employees of the TPLP
Basic scenario 3
Empl-4 4
Empl-5 5
Empl-6 6
Empl-7 7
Empl-8 8

The impact on the logistical costs and hours of both the horizontal TM and the elevators
is relatively low. However, both total logistical costs and hours increase for the logistics
employees. This means that a parallelization of the tasks doesn’t increase the effec-
tiveness.

Total logistical costs [€] Total logistical hours [h]

/

3 4 5 6 7 8 3 4 5 6 7 8
==@==| ogistical costs TM Logistical hours TM
Logistical costs Elevators Logistical hours Elevators
Logistical costs Employees ==@==| ogistical hours Employees
Figure 5-6: Parameter study employees — total logistical costs and hours

The reason can be observed in Figure 5-7. The disposal tasks are evenly distributed
over all workers as they all start at the same point in time in the afternoon. However,
the workload per person isn’t decreasing significantly even if more employees perform
the disposal tasks. Referring to supply tasks, the first employee has the greatest work-
load as he always unloads the trucks at the beginning of respective working days.
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Logistical hours [h] per employee of the TPLP

B Supply

“ “||“| |“| |“| |“| Disposal
I Il II. ||__

12312341234512345612345671234561738

Basic = Empl-4 Empl-5 Empl-6 Empl-7 Empl-8

Figure 5-7: Parameter study employees - distribution of workload

Therefore, employing three employees can be seen as the most effective logistical
choice with regard to logistical costs and logistical hours.

5.6 Kitting as an alternative Supply Strategy

To vary the supply strategy, a kitting scenario is proposed. Thereby, materials are not
directly supplied to the construction site but to an external consolidation center. There,
the handling units of the materials are separated and kitted according to the delivery
list of each takt area for the subsequent week. On the defined days of delivery, the
materials are sent to the construction site without a limitation of trade materials per
truck. At the construction site, the handling units are transported to the corresponding
takt area without further separation effort in the material storage. Furthermore, there is
no more handling of surplus material. The kitting solution has been implemented by
adapting the order list according to the delivery list without any trade specifications.

Table 5-6: Parameter settings — kitting solution as an alternative supply strategy

Simulated scenario Order list

Basic scenario According to calculations specified in chapter 4.2.1
Kitting Corresponding to delivery list without a trade specification
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As expected, the number of trucks which supply material to the construction site could
be reduced by 34%. However, the number of handling units which are delivered in-
creased by 10% (see Figure 5-8). This is caused by two main aspects. First, the ma-
terial requirements are not consolidated over all takt areas. For example, if a takt area
requires 1/10 of the material loaded on a standard handling unit, only one pallet is
supplied in the basic scenario for materials that area allowed to be separated on site.
This results in nine separation activities in the material storage to deliver the material
to ten takt areas. In the kitting scenario, there are ten handling units supplied to the
construction site.

Second, the order list isn’t reduced by surplus material in the takt areas. In the basic
scenario, the responsible employee reduces the initially calculated material require-
ments per week by the expected amount of surplus material per week per takt area.
This applies for material which isn’t allowed to be separated in the material storage. In
the kitting scenario, there is no surplus material whereas all initially calculated material
requirements are supplied to the construction site. However, this increases reliability
and forecast stability.

Number of handling units Number of trucks

+10%
\34A%

_—

Basic scenario M Kitting Basic scenario M Kitting

Figure 5-8: Parameter study kitting - number of supplying trucks and supplied handling units

As a fact of interest, especially in peak times, there is more storage area needed to
transitionally store the supplied handling units. This has a negative impact on the or-
ganization of the construction site as space is a scarce resource, especially in the ur-
ban environment.
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Material storage area [m?]

_
141516171819202122232425262728293031323334353637383940414243444546474849

e Kitting Basic scenario

Figure 5-9: Parameter study kitting - material storage area

To further evaluate the impact of a kitting solution, the logistical costs and hours have
to be compared. The main point of investigation is the tradeoff between the greater
effort caused by more supplied handling units and the reduced effort through the elim-
ination of separating in the material storage and handling of surplus material. As pre-
sented in Figure 5-10, the reduced effort cannot overcompensate the additional ex-
pense caused by the additional supplied handling units. The logistical costs have been
increased by 4%, and the logistical hours by 5%.

Logistical costs [€] Logistical hours [h]
+ 4% + 5%
>
Basic scenario Kitting Basic scenario Kitting
Figure 5-10: Parameter study kitting - logistical costs and hours

Therefore, the implementation of a kitting scenario as presented in this chapter is not
favorable considering all measures.
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In the present study, the main goal of developing of a user-friendly simulation model
has been achieved. The modular approach allows an adaptation to multiple construc-
tion projects. However, the use of separated elevators for supply and disposal tasks
may not be the most common approach within building construction.

Also, the use of a standard software was successful as the entire simulation model
was implemented using standard elements of the Plant Simulation software. This al-
lows to investigate several interference effects that cannot be considered within ana-
lytical solution approaches. In sum, the complexity of the construction site was included
from a logistical point considering the entire material and waste management through
a third-party logistics partner. Nevertheless, the implemented simulation doesn'’t in-
volve any disturbances from the environment, such as delays in construction pro-
cesses, supply difficulties, or the “human factor” which are critical to evaluate construc-
tion processes [Lee-2013].

Therefore, the obtained results in the parameter study regarding the variation of logis-
tical resources have to be evaluated under this aspect. Utilization cannot be optimized
up to 100% to ensure feasibility in the real environment. To further enhance the simu-
lation model, these points have to be included after having acquired the required data
on corresponding probability distributions.

Within the parameter study, it has been observed that the outdoor TM is the bottleneck
among the horizontal transportation means. For the case study, the electrical lifting
truck has been identified as best logistical strategy. For elevators, the fastest elevator
type delivered the best results in regard to logistical costs, logistical hours, and mean
time of waiting per transportation. However, there is a tradeoff between the before-
mentioned measures and the utilization of the elevator. This also applies for the hori-
zontal TM. For the variation of the employees, the basic scenario has been identified
as the best among the considered scenarios. Nevertheless, to find global optimum
regarding a combination of logistical resources, a superior optimization algorithm has
to be developed.

During the research, the same problems with respect to data acquisition have been
detected as multiple prior studies stated, e.g. [Abo-2011]. Therefore, the material re-
quirements have only been calculated in detail for dry building. Nevertheless, the ma-
terial flow of the other trades has been modeled accurately as the number of handling
units are crucial to investigate multiple aspects on the construction site. Although, the
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material details should be included in further investigations to get a deeper understand-
ing of the characteristics of the materials.

Moreover, certain lean construction tools already have been implemented in the simu-
lation model. The organization of the material storage and the fixed parking position of
the horizontal TM follow the 5S method which allows to eliminate waste related to
searching activities. Furthermore, the material handling was organized from a logistical
point of view. Therefore, the materials didn’t necessarily follow the “train of trades” if
the surplus material was needed in the takt area or on the corresponding floor in the
subsequent week. As a result, a crew is moving on to the next takt area/to the next
floor whereas the material stays in the takt area/on the floor to eliminate multiple ma-
terial handling and to waste logistical resources.

For the materials, the “real” supply strategy has been investigated by only allowing to
supply entire handling units. Thereby, an alternating behavior with respect to material
handling in the material storage has been observed during the research of this work.
This resulted in multiple handling activities of the materials through separation activities
and surplus material handling which is classified as waste according to the lean con-
struction philosophy. To eliminate this kind of wastes, a kitting solution has been pro-
posed. However, the kitting solution as implemented in this work could not enhance
the construction performance due to the significantly increased number of handling
units supplied to the construction site. Further points for improvements could be a JIT
delivery strategy. Therefore, the required storage area on the ground floor could be
significantly eliminated by directly supplying the materials to the takt areas without tem-
porally storage on the ground floor. Moreover, the handling units of the takt areas could
be combined in standard containers, as proposed by El Moussani et al. [Mou-2021].
This would decrease the number of supplied handling units while still benefitting from
the elimination of separation in the material storage and handling of surplus material.
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The aim of this work was fulfilled by developing a simulation model which visualizes
the entire material and waste flow on a building construction site during the outfitting
phase. This reduces the black box effect perceived by the stakeholders as they can
clearly follow how the calculated data has been obtained. Furthermore, the design was
made in a modular approach whereas the simulation is not limited to the underlying
use case study but can be adapted to multiple construction sites having the same ma-
terial flow and layout characteristics without major programming effort. Additionally, the
simulation already contains company-specific and construction technology-related
data, which can be used during the modeling of future projects. This reduces the
amount of effort needed to conduct a simulation study.

Different parameters have been investigated based on a real case study conducted by
the industry partner of this work. Some basic lean construction principles have been
implemented and a kitting solution has been proposed as alternative supply strategy.
However, the investigated solution didn’t increase the productivity at the construction
site whereas further developments have been proposed to address the increased num-
ber of handling units supplied to the construction site.

Regarding further research areas, the data acquisition is a major point. There, it should
be investigated on how data could be organized centrally for logistical processes and
material requirements per week in order to reduce the effort of data import. The current
values included in the library should be verified by adapting the simulation to another
construction project. Furthermore, the simulation could be connected to the developed
IT resources of the company to increase efficiency and even enable the use in the
construction implementation phase additionally to the early planning stage.

For the model itself, the modular approach could be enlarged, a pull strategy could be
implemented in order to investigate influencing factors of the environment on the con-
struction duration.
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Figure A-1: Screenshot ground floor (example project)
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[Den-2020])

Transporation means

Specified parameters

Lift truck

Electric lift truck
Forklift
Telehandler

Lifting fork on truck

Speed depending on load:
Simple load (< 250 kg, <= euro pallet)
- Normal load (250-1000kg, overlength/-heigths/
unstable/limited view)
- Heavy load (>1000kg, shunting necessary)
- Not loaded
Unloading time per handling unit from truck:
- Euro pallet/Pallet cage
- Disposable pallet
- Package/bundle
Loading time of a handling unit on an elevator
Time for picking up a handling unit
Time for putting down a handling unit
Costs per operating hour

22 Input_GUI X
™M l Personal | Anlieferung | Regelgeschosse | Entsorgung | Start I
Auswahl: Anzahl:
Horizontal
Verbringungsmittel im EG (auBerhalb Gebaude) Teleskopstapler - 1
Verbringungsmittel im EG (im Gebaude) Hubwagen v 1
Verbringungsmittel in den Regelgeschossen ';Hubwagen Y i 1
Hubwagen
El_Hubwagen
Teleskopstapler
LKW _Hebegabel
Vertikal
Vertikales Verbringungsmittel (Lastenaufzug auBen) Bauaufzug_50m/min - 1
Vertikales Verbringungsmittel (Innenaufzug) Bauaufzug_12m/min v 1
Vertikale Verbringungmittel bodeneben? Bodenebener Aufzug
Max. Anzahl an Personen im Korb (gleichzeitig) 5
Innenaufzug zum Persontransport verfligbar erlaubt
erlaubt = Personen diirfen Innenaufzug benutzen,
um zu ihrem Zielgeschoss zu gelangen
Abbrechen Simulation starten
Figure A-4: Parameter GUI
Table A-1: Current state of simulation library - horizontal transportation means (adapted from

A-3
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Table A-2:

Current state of simulation library - vertical transportation means (adapted from

[Den-2020])

Transporation means

Specified parameters

Elevator (12 m/min)
Elevator (24 m/min)
Elevator (50 m/min)
Elevator (100 m/min)
Scissors lift

Speed depending on load:
- Loaded
- Not loaded

Time to open lift door

Costs per operating hour

Table A-3:

Current state of simulation library - trucks (adapted from [Den-2020])

Transporation means

Specified parameters

Supply truck

Container truck

Time to arrive, shunt, and park:
- Simple environment (direct arrival)
- Normal environment (arrival with small issues, a bit
of shunting)
- Elaborate environment (removing fence or bollard,
significant shunting)
Time to exchange a full container by a new one:
- Simple (empty container next to full container
without further movements)
- Normal (empty container on place of full container)
- Elaborate (Multiple movements of containers)

Table A-4: Current state of simulation library - bins
Disposal means Specified parameters
Bin 240l Loading area
Bin 660l Maximum capacity [m3]
Time to unload full bin into corresponding container
Time to load bin on an elevator
Average speed if pushed
Table A-5: Current state of simulation library - container

Disposal means

Specified parameters

Container 10m?3
Container 9 m3
Container 12 m3

Loading area
Maximum capacity [m?3]
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Table A-6:

Current state of simulation library - container

Disposal means

Specified parameters

Container 10m?3
Container 9 m3
Container 12 m3

Loading area
Maximum capacity [m?3]

Table A-7: Current state of simulation library — handling units
Handling unit Specified parameters

Euro pallet Hight

Disposable pallet Length

Plasterboard pallet Width

Package Loading area

Paket Disposable/reusable

Piece
Table A-8: Current state of simulation library — material
Material Specified parameters

Aluminum door Handling unit

Floor Number of units per handling unit
CD-profile Separation of handling unit allowed
CW-profile Loading area per handling unit (important if piece)
Raised floor Waste fraction

Fancoil Blend [%0]

Color Volume (to simulate blend volume)
Windowsill Time to load a unit of blend

Gypsum filler

GKBI - plasterboard
GKF — plasterboard
Cabel reel

Lamp

Mineral wool 50mm
Mineral wool 80mm
Nonius hanger
Floor filler

Dry plaster

Plaster

Wall paper

Door frame

Door panel

Socket

Filler for painters
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Employes of the trades on site per week
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Figure B-1: Number of employees of the trades per week throughout the construction project

Supply effort per week

141516171819202122232425262728293031323334353637383940414243444546474849

Supplied handling units === Supply trucks

Figure B-2: Number of supplying trucks and supplied handling units per week throughout the
construction process
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