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Abstract

In the construction sector, projects for building
complex structures often exceed estimated costs and
time. Therefore, enterprises in this sector rethink and
improve their processes. For addressing this challenge,
the discipline of Building Information Modeling (BIM)
developed new process models to optimize the lifecycle
of structures by leveraging technology and data
sharing. Recently, enterprises explored the use of loT
technology for generating valid and up-to-date data. In
this paper, we present an loT capabilities map for BIM.
This map employs BIM phases and capabilities to
provide a structured overview of use cases from the
literature and an empirical study we conducted in the
rail construction sector. The map helps to guide further
research in this area and provides blueprints for
companies in the construction industry that seek to make
use of IoT for improving their processes.

1. Introduction

In many industries, the digital transformation
changes the existing ways of working. Likewise, the
construction industry alters their processes by a new
way of thinking called Building Information Modeling
(BIM) to support the collaboration between the
stakeholders. Especially for complex structures,
companies involved in the process rely on a valid data
and information basis. One possibility of improving the
validity and timeliness of data is to use Internet of
Things (loT) technology. On their journey of loT
adoption, many companies are searching for and
exploring 10T use cases. For this activity, companies
have to be creative in order to rethink their processes.
Furthermore, they also need necessary technological
skills and experience. Currently, there is no systematic
overview, which shows how loT can be applied in the
lifecycle of complex structures. Such an overview could
be used by companies as a blueprint for identifying loT
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use cases. For closing this gap of a missing overview,
we address the following research question:

Which are use cases for applying 10T in the BIM
lifecycle of complex structures and how can they be
structured?

To answer this question, we start with a review of
the literature related to the diffusion of loT, BIM and the
use of 10T in BIM. In the third section, we describe our
design science-based research approach. In the results
section, we present a three-layered map that employs
BIM phases and capabilities to structure 10T use cases
in the construction sector. Section five comprises results
from an expert evaluation of the map. In section six, we
discuss a generalization of the results and limitations.
The paper closes with a conclusion.

2. Related Research

2.1. Diffusion of Internet of Things (10T)
Technology

10T as an emerging technology already proved its
applicability and potential impact in several industries
[37]. Hence, many companies are already aware of 10T,
but they are still in the process of identifying and
realizing potential use cases. In the theory of diffusion
of innovations, these activities (persuasion, decision and
implementation) are part of the innovation-decision
process [30]. These steps are known to be very time-
consuming and complex as it is necessary to have a deep
understanding of both the business processes and the
technology for successfully implementing a use case. In
their innovation-decision process, companies could
benefit from structured overviews of 10T use cases in
their own and related industries as a source of
inspiration for their own endeavors and for learning
from the experiences of other companies.

10T currently receives great attention as it allows to
connect the physical and the digital world. 10T is a
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technology that enables its users to generate real-time
data about the condition of a physical object like its
location, movements or temperature. Such data can help
to increase efficiency of existing processes and to
develop new services [3]. So-called smart things or
objects help to digitally perceive the environment and to
initiate interaction [17]. These objects are called the
“thing level” and comprise devices like sensors,
actuators and RFID chips. A connection among these
objects is realized via standardized networks such as the
Internet [5], which is called the “internet level”. In order
to work purposefully with the collected data, it is
necessary to add semantics or pattern recognition. This
“semantic level” ensures an appropriate representation
of the data [3].

2.2. Building Information Modeling (BIM)

BIM is rooted in the research area of Architecture,
Engineering, and Construction (AEC) with a focus on
building technology. So far, it has received only little
attention from the 1S community. The combination of
AEC and IS research could offer new research
opportunities as well as benefits for companies [24]. The
main goal of BIM is to avoid the high cost and time
overruns of construction projects as well as quality
deficiencies [23].

BIM supports the collection and management of data
throughout the lifecycle of a building and is defined as:
“[...] a Business Process for generating and leveraging
building data to design, construct and operate the
building during its lifecycle. BIM allows all
stakeholders to have access to the same information at
the same time through interoperability between
technology platforms.” [26]

BIM demands for inter-organizational collaboration
throughout all phases from planning and construction to
operation [31]. Because buildings are usually planned,
build and operated by many different companies, project
work requires integrating strategy phases. Therefore, the
requirements of the actors involved need to be
documented for the Project Information Models (PIM)
and Asset Information Model (AIM) [7, 8].

For our empirical study, we integrated three existing
process models for BIM from the literature. As a starting
point, we took the most comprehensive models PAS
1192-2:2013 and PAS 1192-3:2014 of the British
Standard Institution [7, 8]. While PAS 1192-2:2013
focuses on the PIM strategy, planning and building
phase [7], PAS 1192-3:2014 covers the AIM strategy
and operational phase [8]. We also considered the
approach of Borrmann et al. as it combines all BIM
phases in one model and includes more detailed sub
phases called service phases (SPH) for complex
structures [6].

2.3. 10T in BIM: State of the art

Generating and leveraging the multi-dimensional
information models pose a technical and organizational
challenges due to the high number of participants and
multifold requirements. If the participants in the BIM
lifecycle are not constantly provided with relevant and
updated data, there is a risk that information
asymmetries occur. Therefore, the automatic acquisition
and processing of data has a great potential for reducing
workload and for avoiding errors [12]. One way to meet
this challenge is to use 10T. In the following, we will
describe the state of the art of research on using IoT in
BIM.

Chen et al. took a literature-based approach to
develop an integrated conceptual framework for
bridging BIM with the real world. The framework
summarizes types of data sources (laser scans, geo
information systems, sensors, RFID, camera/video) that
can be used and relates them to capabilities [12].

Alizadehsalehi and Yitmen demonstrate how
wireless-sensor-networks and RFID chips could enrich
existing digital models in the context of a university
building [2]. Furthermore, they also grouped possible
use cases into capabilities.

Several papers present specific use cases of
integrating 10T into BIM. These are mainly stemming
from the field of the construction of buildings. Niu et al.
for example implemented a first prototype for
integrating 10T into the digital information models of
BIM for automating the monitoring of buildings [27].
Another use case was developed by Kim et al. [22]. To
ensure the security of workers, they combined a real-
time location system of workers and digital information
models of BIM. Wang et al. integrated light detection
and ranging into BIM to enable real-time checking of
the light system and to improve the quality of the
building [36].

The existing research shows, which capabilities for
10T related topics are interesting as well as distinct use
cases of 10T application in the BIM context. Therefore,
there is still a lack for a guiding structure, which
provides an integrated overview of the BIM phases,
capabilities and use cases for 10T in the lifecycle of
complex structures.

3. Research Approach

We chose the design science paradigm to enable the
combination of the methodological approach of research
and problem solving in practice [20]. In order to achieve
grounded findings, the design science process model
according to Peffers et al. has been applied iteratively
[28]. The first step was to identify the problem and the
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motivation to solve it. In this step, the existing literature
was taken as a starting point for identifying the current
state of the art and for framing the problem. We
conducted a systematic keyword literature review
according to vom Brocke et al. [35]. Main keywords
were “Building Information Modeling”, “Internet of
Things” and “Capability”. To extend the search, we also
included IoT related topics like “RFID” and “sensor”
and combined the keywords with different Boolean
operators. We searched for publications in the AIS
Basket of Journals, top four IS conferences and
construction journals according to Chen et al. [12]. We
also used ACM, Google Scholar, AIS eLibrary, JSTOR,
ProQuest and Elsevier. Based on the results of this
search, we derived capabilities and grouped the use
cases.

Because the literature is mainly focusing on
construction of buildings, we conducted an empirical
study in the context of complex infrastructure
undertakings in cooperation with a rail transport
company and an IT consultancy based in Germany.
Eight guideline-based interviews with nine experts in
different roles were conducted. Two of the interviewees
are project managers, one is a project agent, and four are
project engineers and two work for IT service providers.
In addition, we analyzed six documents from the
participating companies, which extended the content of
the interviews. These documents include BIM and loT
strategy plans as well as BIM project related documents.
We transcribed the interviews and coded the transcripts
and documents. We revised the codes iteratively and
clustered them. The main results of the empirical study
were the validation of the literature-based use cases and
capabilities and the extension for rail-specific use cases.

To develop and design the 10T capabilities map for
BIM, we first compared existing BIM frameworks.
When we conducted this study, only national BIM
frameworks existed. We compared the standards
PAS1192-2 [7] and PAS1192-3 [8], COBie UK [1] and
the Singapore BIM Guide Version 2 [9]. COBie UK is
a framework that only covers the operational phase but
not the entire lifecycle of a structure. Since the entire
BIM lifecycle should be considered, COBie UK 2012
was not considered further. We assessed the BIM
framework based on the definition of BIM, whether
there is an existing reference process, fitting for
infrastructure purposes and existing information
requirements. As a result of the comparison, PAS1192-
2 and PAS1192-3 are subsequently extended to an
integrated lifecycle [7, 8]. The transfer for the
adjustment of the reference process for complex
infrastructure projects is carried out with the help of the
reference process according to Borrmann et al. [6].

We went through each use case and examined
whether there is relevant information in the BIM

frameworks, existing BIM good practice use cases and
10T integration requirements. We merged the results and
mapped use cases and capabilities. In this paper, we only
present the capability map. Due to limited space, we
cannot present the use cases in detail.

We evaluated the 10T capabilities map for BIM with
the aid of two guideline-based interviews with three
experts to identify potentials for improvement.

4. Results

In the following chapter, we present the IloT
capabilities map for BIM. It includes the BIM phases,
capabilities and use cases (cf. Figure 1 and Table 1).
This three-layered map provides an overview of how
10T can be implemented in BIM for supporting the
planning, building and operation phases of a complex
structure.

4.1. Phases of the 10T capabilities map for BIM

The 10T capabilities map for BIM is structured into
ive phases (cf. Figure 1):
Strategy phase-Project Information Model (PIM)
Planning phase
Building phase
Strategy phase-Asset Information Model (AIM)
Operational phase

=h
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In the strategy phase of the PIM, a cost-benefit
analysis needs to be conducted. Furthermore, the
employer’s information requirements (EIR) have to be
raised and a competence request of possible contractors
is conducted. In addition, the contractors should show
how the interaction between BIM and IoT is planned
and document it in a BIM-1oT execution plan (BEIP)
before and after closing the contract [7]. Depending on
how the services are assigned, the strategy phase must
be carried out several times in the planning and building
phase because of a high division of labor in the complex
infrastructure projects [6-8]. The planning phase and
the building phase are separated in sub-phases.
Depending on the use case, a distinction has been made
between how the interaction of BIM and 10T can take
place and which existing digital information models
from the BIM area can be used (cf. section 4.2.). If it is
planned to exploit the capability in the operational
phase, the strategy phase-AIM must be examined. For
the AIM, the cost-benefit analysis should be conducted
again. For the transfer to the operational phase, it is
important to check the EIR again. Some requirements
might not be known at the beginning and it is necessary
to prove which kind of information can be reused. To
make this more concrete, the BEIP is necessary again
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[7, 8]. Subsequently, in the operational phase, it needs
to be inspected whether the respective use case could be
used and how the interaction of BIM and IoT can take
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place. Again, this is a combination of BIM good practice
use cases, requirements and the BIM-loT use cases (cf.
section 4.2.).

Agenda:
SPH: Service phase
SPH 1: Base estimates

% SPH 2: Preliminary planning including cost assessment
2 SPH 3: Design planning and calculation of costs
% SPH 4: Planning for approval
% SPH 5: Detailed Design
3{“, SPH 6: Preparation for allocation, including determination of
quantities and listing of register of achievements
SPH 7: Contribution in allocation including cost quotation
SPH5 SPH 8: Object monitoring - construction supervision and

documentation
SPH 9: Maintenance

BIM phase oriented capabilities

SPH6 &7 B Automated base estimates

Il self-organized and intelligent manufacturing
I sei organized and intelligent maintenance

BIM phase overlapping capabilities
[l Preventive industrial safety and health protection
Il Support of sustainability
Il Process optimization
Il Resource optimization
Support of quality

Figure 1. loT Capabilities Map for BIM Based Upon [6-8]

4.2. Capabilities of the 10T capabilities map for
BIM

The loT capabilities can be grouped in BIM phase-
oriented and overlapping capabilities (cf. Figure 1).
While BIM phase-oriented capabilities include
automated base estimates, self-organized and intelligent
manufacturing and self-organized and intelligent
maintenance, BIM phase overlapping capabilities
include preventive industrial safety and health
protection, support of sustainability, process
optimization, resource optimization and support of
quality [2, 12].

In case of establishing automated base estimates,
companies are supported by a quicker base estimate and
more detailed information. The focus of this capability
is in the planning phase resp. in SPH 1 (base estimates)
(cf. Figure 1, orange). In this phase, it is necessary to
implement the thing, semantic and internet level. The
results of stocktaking should be implemented as
automated 3D inventory modelling. The critical
examination is necessary in order to generate the benefit
for the base estimates [D2, D3, 11, 16, 17].

The use of self-organized and intelligent
manufacturing (cf. Figure 1, grey) can contribute to
increase the quality and to avoid rapid wear of
structures. The basis are 3D models of SPH 3 (design
planning and calculation of costs) and the extension by
cost and time components in SPH 5 (detailed design).

The realization of thing, semantic and internet level
needs to be done in the construction phase.
Subsequently, the results can be used in SPH 8 (object
monitoring - construction  supervision  and
documentation) [D2, D3, 11, 14, 16].

According to the experts, companies should focus on
self-organized and intelligent maintenance (cf. Figure 1,
cyan), since the operational phase of rail structures cost
about 80 % and the operation needs to be ensured over
decades. When considering the use cases, there are two
implementation options. ldeally, the requirements for
the operational phase are collected in the strategy phase-
PIM. This enables implementing the thing level already
in the construction phase. Since the precise formulation
of the EIR is still a challenge, the EIR for operation
should be raised in the strategy phase-AlIM. In addition,
it is necessary to examine which data and which things
can be reused [7, 8]. If IoT has not been used, thing,
semantic and internet level need to be implemented and
the results integrated into the digital information
models. To achieve benefits out of the related use cases,
it should be checked if data can be reused and the results
can be displayed in a dashboard [D2, D3, 11, 15-17].

Within the capability of preventive industrial safety
and health protection (cf. Figure 1, blue), 10T can
support the long-term health of workers involved in
construction or maintenance and thus to compliance
with legal conditions. As the basis for integrating loT
data, 3D models of SHP 3 and 4 (planning for approval)
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or 4D models with time scopes in SPH 5 can be used.
The interaction of BIM and loT takes place in SHP 8
and the operational phase. All three levels of 10T need
to be implemented and the results should be integrated
in the models named before. In the strategy phase-AlM,
companies should check whether the use cases are also
interesting for the operational phase. The
implementation of 10T or the check if reuse of data/loT
levels is possible needs to be done [D2-D4, 11, 13-18].

10T can also support engineers in the BIM lifecycle
to enforce ecological sustainability (cf. Figure 1, green).
Especially, complex rail structures are often struggling
with a large number of critical stakeholders. The focus
support of sustainability is primarily in the operational
phase. As a part of the SPH 3, the corresponding 3D
models have to be created for the subsequent enrichment
with 10T data. The implementation of 10T takes place
during the building phase. Therefore, it is necessary to
prepare thing, semantic and internet level. The extracted
loT data can be used to enrich 3D models of SPH 3 and
4 or SPH 8 (object monitoring - construction
supervision and documentation). It is necessary to
examine to what extent the loT data can be used to
implement long-term ecological sustainability support
for complex structures [D2-D5, 11, 13, 14, 16-18].

Process optimization (cf. Figure 1, red) is one of the
most promising capabilities for 10T, because delays
could be decreased and the time and cost spending could
be reduced. Furthermore, decisions can be made on a
valid data base. Anyway, it is important to focus on
critical processes to ensure a good cost-benefit-ratio.
The focus of the process optimization is in the building
phase. 4 and 5D models of SHP 5 and SHP 7
(contribution in allocation including cost quotation)
have to be enriched by loT data. Therefore, the
implementation of thing, semantic and internet level is
necessary to enable self-disclosure about time and costs.
For example, the construction progress control or the
earned-value analysis on the exact day-end date can be
enriched with real-time information. Since the use cases
are thematically related, the mapping within a
dashboard is recommended. This enables the reuse of
loT data. Depending on the capability, it is necessary to
check whether the implementation is relevant for the
operational phase in the strategy phase-AIM. Hence, it
is important to check if data or level reuse is possible
[D2-D4, 11, 13-17].

An efficient resource usage is also important for the
construction of complex structures (cf. Figure 1,
purple). For resource optimization, the attention must be
paid to the construction and operational phases. There
are still no BIM use cases in the planning phase, which
deal exclusively with resource optimization. If the
resource optimization is targeted, thing, semantic and
internet layer should be designed. This has to take place

during construction or operational phase depending on
the time of use. Corresponding dashboards have to be
developed which represent the desired information. The
networking of the respective optimization measures
should also be considered. In the context of the strategy
phase-AlM, it has to be examined whether and to what
extent the existing data can be used or which levels can
be reused. If the use case has not been realized
previously, the implementation needs to be caught up
[D2, 11, I15-17].

The interaction of BIM and 10T is also shown for the
support of quality (cf. Figure 1, yellow) in the capability
map. The 3D models of SPH 3 and 4 which focus on
quality could be enriched by loT data. During the
building phase, the three levels of loT should be
established. The linkage with the 3D inventory models
of the construction site documentation should be used to
be able to monitor the quality on loT-based data. For the
transition to the operational phase, it is necessary to
examine whether and what data and things are of interest
to the operators. Thus, an adjustment is necessary. If the
use case has not been realized, this needs to be fetched
up after the strategy phase-AIM in order to enable the
implementation of BIM-based maintenance and repair
measures including the loT-generated data [D2, D3, I1,
14-18].

4.3. Use cases of the 10T capabilities map
for BIM

As mentioned in sections 4.1 and 4.2, the 10T use
cases were matched to the capabilities. Overall, 35
capabilities could be identified. Therefore, the 14 use
cases from literature where validated and extended by
the qualitative study. Table 1 summarizes all use cases.
The sources from literature are illustrated with numbers,
the sources from the qualitative study are marked with
an “T” (Interviewee) and “D” (Document) and
consecutive numbers. In the following, we will only
highlight specialties of the use cases.

In the qualitative study, we found out that for the
category automated base estimates (cf. Table 1, orange)
sensors should be used for special buildings. Zhang and
Bai also show that there is a need for new technologies
and that technologies like laser scanners are outdated
[38]. For the base estimate of simple lines, other,
cheaper technologies like using drones should be used.
The first pilot phase already started. Because of the
implementation costs, it is important that stakeholders
consider the cost-benefit ratio for this use case [I6, 18].

For the capability self-organized and intelligent
manufacturing (cf. Table 1, grey) three use cases were
identified. Repetitive tasks in case of the railway sectors
could be digging pits or mounting of screws [I1, 13, 14,
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16, 1-9]. The authors reduced the error-proneness of
building components by using RFID chips to increase
the comprehension of manufacturing [4].

As mentioned in section 4.2., self-organized and
intelligent maintenance (cf. Table 1, cyan) is one of the
categories companies should focus on when adopting
loT [32]. The automated monitoring of buildings is a
relevant use case in this area. Moon et al. implemented
a first prototype for integrating 10T into the digital
information models of BIM [25]. In addition, there are
use cases that show how to automate the repair process
in case of emerging errors [34, 36] or how to adjust the
maintenance intervals based on automated equipment-
behavior-learning [21]. An 10T solution for the
continuous monitoring of lines with regular trains or
trains for measuring already exist, but the results are not
used in the BIM lifecycle yet [18]. The experts already
identified critical elements for the railway
infrastructure. This could be railroad switches, gas
pipelines, and statics of the respective structures, axle
counters and signals. Especially, the railroad switches
are one of the key elements of a railway infrastructure
and a failure leads to long delays in the operational
phase. Predictive maintenance is seen as the most
advanced use case. The condition of structures are
permanently monitored and infrastructure components
are monitored and diagnosed. In the end, this can ensure
that suppression is accelerated, wear and tear avoided,
and predictions about upcoming disruptions can be
made. First applications for railroad switches, switch
heaters and railroad crossings are already planned. The
use cases are partly based on each other and can be
combined differently [D1, 11-18].

Preventive industrial safety and health protection
(cf. Table 1, blue) with 10T can support companies by
carrying out regulations in the whole BIM lifecycle.
Additionally, it can avoid high risks of death. There are
already pragmatic solutions for control of pollutant
leakage and it is questionable whether the operation
with 10T is a gain for safety. Qian and Lin developed a
scenario to reduce safety risks on the construction field
[29] and Ding et al. used motion patterns of workers to
evolve an early warning system in tunnels [15]. Other
authors used motion patterns to categorize safety areas
[22, 27]. The usage of motion patterns of workers is not
allowed in some countries. Therefore, possible
capabilities in this field were not included. The experts
questioned if real time monitoring leads to a big increase
of safety. [I1, 13, 16, 17, 18].

The support of sustainability is divided in three use
cases (cf. Table 1, green). One of the main fields in this
area is the continuous control of energy [10]. Another
way of supporting sustainability is to do recycling. By
doing a health check of the materials, the reusability can

be supported by BIM and RFID chips [33]. Since most
infrastructure constructions are not built on the green
field but on already existing routes and elements, the
reusability test is an interesting use case. However, it
must be checked if an adaptation is legal [I1, 13, 15-18].

Process optimization use cases were also found in
the research process (cf. Table 1, red). Especially, the
automated billing can replace existing billing processes
for complex infrastructure projects. Currently, the
companies use internal standards. These are too
extensive to fill them fully and correctly without
technical assistance. The automated update of the
construction progress is critical due to an unclear
accuracy. Many different factors have to be taken into
account at the construction site and the experts think that
monitoring them completely with digital information
models of the BIM and 10T is unrealistic. As the delay
in construction can cause major financial losses it is one
of the biggest risks for the employer or contractor. In
order to prevent such losses, a framework has been
developed in the BIM context, which should help to
assess the project risks and that could make use of 10T
[11]. In order to measure the work progress of
construction tasks, the integration of BIM and loT has
been undertaken [14]. The additional assessment of
experts is nevertheless necessary. The optimization of
the construction site is also of interest. Griva et al. used
RFID chips to optimize the construction site logistics
[19]. In addition, the automation of repair processes is a
field of interest. Another use case is the identification of
new projects. The data collection did not reveal how
complex infrastructure projects are usually created. By
using BIM and IoT, it is possible to start projects on
demand based on a valid database [11-13, 15-18].

In the field of resource optimization (cf. Table 1,
purple), the optimization of building machine use is one
of the most promising use cases. In addition, costs can
be saved through the automated testing of whether rail
locos can be used in times of non-use for construction
site logistics. The locomotive is one of the most
expensive resources in the railway. Therefore, it should
be subject to optimization. By using the generative
design based on a large amount of data and various
algorithms, it is possible to calculate the optimal
construction of a structure. In addition, the use of
automated feedback loops makes it possible to learn
from the behavior of structures and to gain insights for
further construction projects or to use the collected
information within the framework of the operation.
Construction materials like carbon fiber could be used
to enable self-disclosure of materials [I1, 13, 16-18].
While in one use case RFID chips monitor the degree of
wear on resources [13], another uses RFID chips and
GPS data for automated theft detection [14].
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Table 1. Use Cases of the IoT Capabilities Map for BIM

Capabilities
Automated

Self-organized
and intelligent
manufacturing

Self-organized
and intelligent
maintenance

BIM phase-oriented

Preventive
industrial
safety and
health
protection

Support of
sustainability

base estimates

Use cases Sources
Automated base estimates of special buildings by using sensors [38] [16, 18]
Increase of comprehension of manufacturing [4] [14]
Transfer of digital models to machines to perform repetitive tasks |[I1, 13, 18]
accurate
Monitoring of the manufacturing/chemical processes [14, 16, 18]

Automated control of critical infrastructure components
Automated push of repair process when errors occur

Automated repair process

Collection of information for maintenance technicians about repair
details/repair measures

Continuous monitoring of lines with regular trains or trains for
measuring

. Symptom analysis by cause-effective-relationship evaluation
. Automated adjusted maintenance intervals based on equipment-

behavior-learning

[25] [I1, 14, 15, 17, 18]
[34, 36] [13, 16, 18]
[12, 16]

[12, 13, 16]

[18] [11, 16, 18]

[11, 15, 16]
[21] [11, 12, 16, 18]

environment about negative influences

. Predictive Maintenance [D1, 12, 16, 18]

. Monitoring of safety-critical construction process/locations like [15, 29] [11, 18]
tunnels

. Automated control of pollutant leakage [16]

. Automated check if safety construction is correctly mounted and  |[13]
support of error notifications

. Loco warning system: Networking of construction area and train  |[15-18]
operation

. Energy management: Continuous monitoring of energy [10] [15-17]
consumption

. Consideration of environment: Continuous monitoring of [17,18]

(@]
£ . Recycling: Automated check of reuse of resources [33]1 11, 13,16, 17]
= . Monitoring of the supply chain [15-18]
= . Automated update of the construction progress [11, 14] 11, 13, 17, 18]
3 p . Automated construction accounting [12,13]
S rocess Identification of oot 11
2l optimization - entitication of NEW projects . [11]
= . Optimization of construction area logistic [19] [12-13, 17, 18]
; . Automated management of shortage [13,15]
= . Automated repair process [13, 16]
. Reduction of stock by continuous monitoring of existing resources |[16]
and needed resources for construction
. Automated monitoring of degree of wear and tear of resources [13][16]
. Automated check not used locos of the rail traffic can be used for |[17]
Resource T L
optimization construction site logistics
P . Automated theft monitoring [14] [16]
. Generative design [14,16]
. Automated feedback loops of buildings [12, 13, 16]
. Optimization of building machine use [13, 16, 18]
Support of . Continuous monitoring of quality standards [36] [16, 17]
quality . Support of certification process [16]

Also in the category support of quality, (cf. Table 1,
yellow) experts mentioned additional capabilities. To
achieve the support of quality standards of structures,

IoT has already been used. Real-time monitoring of
quality standards based on sensors (e.g. pressure
sensors) has been implemented [36]. It stills needs to be
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identified, which quality standards and certification
processes are important in case of rail transport [16-7].

5. Evaluation

Overall, the qualitative evaluation by experts
showed that the structure of the capability map has been
chosen appropriately, the use cases are clearly
illustrated and the capabilities summarize all relevant
use cases known so far. According to the experts, the 35
use cases show realistic scenarios and the capabilities
provide a useful structure. For the future, it is important
to continuously check whether there are new use cases
due to new technologies or process innovation. In the
evaluation, no further capabilities and use cases were
mentioned. For the implementation of the use cases, it is
necessary to examine which algorithms and things
should be used. The loT capabilities map for BIM can
be used as a basis for discussions in the BIM committees
to push the diffusion of 1oT. The evaluation confirmed
that the map is interesting for employers and contractors
of complex infrastructure projects. Primarily, it is
suitable for promoting the diffusion of innovation in the
railway and civil engineering sectors. It serves as a basis
to extend the current BIM use cases and draw attention
from politics to 10T topics. Thus, in the best case, it will
be possible to gain financial support for piloting one of
the use cases. To enable the implementation of IoT, it is
necessary to do a lot of persuasion in the committees. In
particular, because BIM is already a challenge and the
degree of maturity in complex infrastructure projects is
not high enough, yet. Companies should not only
implement one use case after another but they should
ensure to realize synergy effects by integrating the
planning of use case implementation. The loT generated
data should be used for several capabilities. Therefore,
the related capabilities and use cases should be linked in
a dashboard. Overall, the BIM frameworks are not
detailed enough thus leading to high efforts in adopting
itin acompany. This also applies for the 10T capabilities
map for BIM. Both approaches require that employers
clearly formulate which information they exactly need.
The experts also expressed further extensions for the
integrated loT capabilities map for BIM [EL, E2]:

e For each use case, algorithms and things should be
listed for implementation.

o For each use case, it should be highlighted when the
benefit arises.

e For each use case, recommendations for action or
priorities should be extended.

e For each capability, possible extensions by other
technologies (e.g. artificial intelligence) should
explored.

Beyond the evaluation of the capabilities map, the
experts also covered further contextual conditions that
influence the adoption of BIM and 10T in the
construction industry. First, one of the main challenges
is that introducing BIM is still considered as an
innovation for many companies and a field in which
they lack required knowledge while they suffer from
high pressure on the infrastructure projects at the same
time. This leads to a lack of collaboration between
stakeholders and the existence of silos so that the
benefits of BIM cannot be realized. The non-adoption of
BIM is expected to have a negative influence on loT
adoption. Second, the field is still facing major technical
issues. The possibilities for visualizing special
multidimensional information models like long haul
routes are still missing. In addition, the extensive
computing power, which is needed for 10T and the
digital information models, can harm innovations.
Third, for the construction sector, many laws and
standards as well as historical grown structures and the
long lifetime of buildings have to be taken into account
as they might also slow down the adoption of BIM and
loT.

6. Discussion

In this paper, we focused on the research gap of a
missing systematic overview of how IoT can be used in
the BIM lifecycle of complex structures. By drawing
upon existing literature and standards as well as on
results from a qualitative-empirical study, we developed
an loT capabilities map for BIM which comprises 35 use
cases. The evaluation of this map helped to identify
some limitations as presented in the previous section.
Furthermore, the results have not yet been related to the
1ISO 29481-1 (standard for BIM) as it was published
after we conducted our study.

While our study focuses on the construction sector,
some of the results might be useful for other industries
as well. The planning, building and operation of other
complex physical objects like cars or airplanes might
benefit from the IoT use cases and capabilities we
identified in the construction sector. The approach taken
in this paper could be used as a blueprint for identifying
potential areas of applying loT and for supporting the
decision making across the lifecycle. However,
additional research is necessary for identifying the
industry-specific characteristics of applying 10T in other
industries and relate the findings to the map developed
in this paper. For example, the use case “transfer of
digital models to machines to perform repetitive tasks
accurate” could be one of the most interesting for the
automobile industry.
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7. Conclusion and Outlook

In this paper, we applied a design science process to
develop a three-layered map that structures the use cases
for 10T in the construction sector by drawing on the BIM
approach. The evaluation showed that experts value the
contribution of the capabilities map while they also
demand future extensions regarding more detailed
information about the technology applied in the use
cases. They also highlighted that the progress of BIM
adoption might not be advanced enough to broadly
adopt 10T in the construction industry. Also, a lack of
collaboration hinders the actors from improving the
information management on the ecosystem level.

Future research and practitioners could use the map
as a starting point for further exploring the use cases on
a detailed level. Step-by-step, the structure of the map
could be enhanced while also additional information on
the cases could be made available in order to support the
diffusion of 10T. Studies in related industries like car or
airplane manufacturing could draw upon the structure
presented in the paper while also considering industry-
specific use cases and capabilities.

The digital transformation in the lifecycle of
complex structures remains a complex and long-term
endeavor. Other studies already showed that a missing
big picture of the complex processes and the according
business ecosystem architecture can lead to failure [16].
Therefore, we will further investigate if enterprise or
business ecosystem architecture management can
support the diffusion of innovations and digital
transformation.
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