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Abstract: Building Information Modeling (BIM) is increasingly establishing a model-based work
process in the construction industry. Though it can be considered the standard for the planning of
new buildings, the use cases for existing buildings are still limited. Nonetheless, BIM models provide
promising possibilities which are increasingly being researched in different fields of application. At
the Institute for Building Materials Research (ibac) at RWTH Aachen University, a novel approach
for maintenance and repair of reinforced concrete is being developed, using BIM models enriched
with machine-readable diagnosis data. This paper proposes a digital workflow and highlights the
added value for planning repair measures. Using BIM in maintenance and repair can accelerate the
planning process and decrease the required material consumption for the execution.

Keywords: BIM; building diagnosis; corrosion; decision support tool; maintenance and repair;
reinforced concrete; automation

1. Introduction

BIM has been gaining interest for several years now and has even become mandatory
in countries such as the United Kingdom, Singapore, and Germany [1]. Nowadays, BIM
can be considered state of the art or even the standard for the planning process of new
construction projects. For maintenance and repair projects, BIM has yet to reach that level
of implementation in the industry. Probably the most obvious hurdle when using BIM for
existing structures in need of repair is the need for a BIM model, which is almost certainly
non-existent. This need for a model might be inevitable, but the required resources to
generate such a model are steadily decreasing as there are great efforts regarding the
automatization of this process [2-5].

An extensive review of BIM applications in maintenance identified major gaps in
the enrichment of IFC files, the consideration of environmental effects as well as the
optimization and management of data [6]. There are several approaches to close these
gaps, for example by combining BIM with IoT-Technologies (Internet of Things) and
monitoring indoor conditions such as temperature and carbon dioxide content [7] or power
consumption and luminance [8]. Many of these approaches originate from the facility
management of smart buildings, where BIM is already in use. However, there are also
efforts to digitalize existing and even historic structures. One example of the so-called
heritage BIM (HBIM) can be found in [9].

If the goal is to utilize BIM for structural maintenance, BIM can be combined with
bridge monitoring systems (BMS) [10] or structural health monitoring (SHM) to achieve
structural health BIM (shBIM) [11]. These applications hold great potential to increase the
efficiency and effectiveness of planning and execution processes. However, the digital
workflows are often not seamless and rely on further software and platforms as BIM lacks
semantic completeness, diminishing the interoperability. An example of the extension of
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interoperability is given in [12], where BIM is used to monitor the maturity of concrete in
sensor-equipped formwork.

When BIM is enriched with further information content and functionality, it transitions
towards the digital twin (DT). For a more precise definition of (construction) digital twins
and its distinction to BIM, refer to [13]. The vision of digital twin construction (DTC)
proclaims a data-centric mode of operation that combines monitoring systems, as-built-
models, and artificial intelligence to achieve condition assessments in real-time as well as
predictions for the future.

DTC could also include aspects of Lean Management and other optimization processes,
as stated in [14]. The application of BIM and its derivatives is not limited to the stationary
computer and planning processes, as it gets transferred to the construction site while
using mixed reality to visualize defects and analyze them on site [15]. More research on
the combination of augmented reality (AR) and virtual reality (VR) with BIM and DTs is
reviewed in [16].

Several of the sources mentioned above conclude significant importance in ensuring
interoperability and extending the functionality of BIM. The applications in maintenance
and repair are existent but very limited. Additionally, despite all of the technological
possibilities and high-tech solutions, the economic benefits resume being unclear [17].
The research presented in this paper attempts to tackle these crucial points and enable
the cost-effective usage of BIM for the maintenance of existing structures. On a practical
example, the enrichment of BIM with data from building diagnoses or monitoring systems
is demonstrated while maintaining interoperability by using only BIM software and the
IFC format. Furthermore, the functionality of BIM regarding repair and maintenance is
expanded by implementing algorithms for structural assessments. Through applying the
results on-site via AR, the concept of DTC is presented vividly. Parts of this research were
recently presented at the International Symposium on Nondestructive Testing in Civil
Engineering (NDT-CE) in Zurich [18] and at the International Conference on Concrete
Repair, Rehabilitation and Retrofitting (ICCRRR) in Cape Town [19].

2. Materials and Methods

To enable BIM-based planning of maintenance and repair measures, the BIM model
has to be enriched with information and functionality. In the following examples, an
underground car park in need of repair was used as an on-site laboratory. At first, a
point cloud of the site was created using a laser scanner (RTC360 by Leica Geosystems).
Afterward, a BIM model was manually derived from this point cloud. Diagnosis data
from a previously conducted building diagnosis as well as algorithms for decision support
were implemented into this model. The functionality and compatibility with the open
data format of the industry foundation classes (IFC) were ensured at all stages. Hence, all
processes could be carried out in the BIM software to functionalize the BIM model as a
Single Source of Truth (SSoT).

2.1. Implementation of Diagnosis Data
2.1.1. Requirements

There is a variety of BIM software available, some of them are specialized in cer-
tain tasks, and others are optimized for collaborative work processes. For the conducted
research, the most important aspect of the software was to provide an application pro-
gramming interface (API) to enable the programming of specific features, which are not
provided in commercial software yet. As Revit (Autodesk) provides the plugin Dynamo
(Autodesk) for visual programming, which can be considered relatively intuitive and is also
compatible with conventional programming using Python, this software was chosen. For
more information on Dynamo and visual programming, refer to [20]. That said, almost no
original function of Revit was used for the following tasks. Instead, Dynamo and Python
were used to create and implement the required functionality. One advantage of Dynamo,
besides opening the BIM model for individual algorithms, is that it provides a graphical
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user interface (GUI) for the sub-programs/scripts, which increases user-friendliness and
facilitates the usage of the individual sub-programs.

All data which had to be implemented into the BIM model was provided in CSV files,
as most measuring device software support this file format when exporting the datasets.
For each type of data, a Revit family was created and customized to carry geometric and
semantic information (properties) according to the individual requirements. After enriching
the model in Revit using Dynamo and Python, the model was exported as an IFC file and
viewed in the BIM viewer BIMvision (Datacomp) to validate the IFC conformity. In several
examples, the implemented data were color-coded to maximize visual clarity. This was
either achieved by assigning material colors to the pertaining elements or by coloring the
elements based on selected properties using the BIMvision-plugin Advanced Reports.

Python constitutes the part of the workflow, where the most complex processes were
carried out. Many software developers provide wrappers to use their software via Python,
which vastly increases the range of functions. In this research, CloudComPy, the wrapper
for the open source point cloud software CloudCompare, and PySMILE, the wrapper for
the Bayesian statistics engine SMILE (BayesFusion), were implemented. In doing so, the
enrichment of BIM with the functionality of other software was achieved. The used version
of Python needs to be compatible with the installed version of Revit to be accessible via
Dynamo. All software and their according versions are given in Table 1.

Table 1. Used software for the BIM-based decision support algorithms developed in this research.

Software Version Developer Location
Revit 22.0.2.392 Autodesk San Rafael, USA
Dynamo 2.10.1.4002 Autodesk San Rafael, USA
BIMvision 2.25.2 Datacomp Cracow, Poland
Python 383 Python Software Wilmington, USA
Foundation
PySMILE 2.0.8 BayesFusion Pittsburgh, USA
Paul Rascle and
CloudComPy 2.12 Daniel Grenoble, France

Girardeau-Montaut

The way of implementing data in the BIM model varies significantly from the struc-
ture of the dataset to how it was measured and located. In the following sections, the
implementation is divided into one-, two- and three-dimensional data.

2.1.2. One-Dimensional Data

Examples of one-dimensional data may be drill cores containing information about
compressive strength and carbonation depth or drill dust extraction probes containing
information about the depth-graded chloride content. Such samples are often located in
a local coordinate system relative to the component on which the tests were carried out.
Assuming that the data are gathered in a CSV file containing information about the local
coordinates, geometric features (e.g., depth and diameter of the drill core), and of course the
results of the analysis (compressive strength, etc.), the file can be imported using the GUI
of the Dynamo Player (Figure 1a). After selecting the x- and y-axis and implementation
(Figure 1b), the element contains all given data (Figure 1c).

This procedure works the same way for multiple samples. In this case, the com-
ponent can be defined (for example “Wall 1”) and all pertaining elements given in the
input file get implemented at once. The script is robust regarding orientation and works
for walls, columns, floors, ceilings, or any flat element. The implemented elements are
rotated automatically according to the local coordinate system and the orientation of the
selected component.
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Figure 1. (a) GUI of the Dynamo Player; (b) implementation of the drill core in BIM with the relative
coordinate system (red lines); (c) properties of the drill core.

2.1.3. Two-Dimensional Data

To assess the corrosion probability of the steel reinforcement, a half-cell potential
measurement can be carried out. The obtained datasets can be implemented similarly as
shown in Figure 1. As the half-cell potential mapping is an areal diagnosis, the input file
contains a grid of measurements in a local coordinate system. For each line in the CSV
file, a tile is placed in the model carrying the measured potential in mV. These tiles can be
exported to IFC and viewed color-coded using BIMvision as seen in Figure 2.

Figure 2. Implementation of the measured values of half-cell potential measurements in mV.
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A more complex example is the measurement of concrete cover over the rebars in
a column. For one column, five data sets were obtained using a reinforcement detection
device—one vertical scan at each side and one horizontal scan around all four sides at
once. The implementation of the vertical scans works similarly to the examples above. For
the implementation of the horizontal scan, a special case occurs as the measured dataset
reaches over four local coordinate systems. In this case, four x-axes can be selected instead
of one, and the algorithm shifts and rotates the local coordinate system each time the
measuring section exceeds the length of the respective side of the column. GUI and results
of the implementation of concrete covers are given in Figure 3. The shown elements were
implemented with their true size (or rather rebar diameters).
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Figure 3. (a) GUI of the Dynamo Player; (b) implementation of horizontal concrete cover measure-
ments; (c) top view of concrete cover of vertical rebars; (d) implementation of vertical concrete cover

measurements.

This way of implementation could be transferred to datasets obtained through other
methods as well. For example, thermography can be used to detect damages in concrete
components [21], cracks can be detected using image processing as reviewed in [22], and
further information about rebars can be gathered using ground penetrating radar [23].
All these methods could be use cases for the machine-readable implementation of two-
dimensional datasets in BIM.
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2.1.4. Three-Dimensional Data

The structure was laser-scanned to obtain the required point cloud for BIM modeling.
This point cloud contains spatial information about the geometric features of the com-
ponents which can be utilized to characterize the components or even detect damages.
There are several applications of laser scanners for change detection, for example, the
displacement of retention structures [24] or the comparison of complex topography [25].
This procedure can be transferred to the context of concrete spalling or ultimately any
change in geometry. If multiple point clouds are available, prior to and posterior to the
formation of a damage, the change detection can be achieved quite easily using software
such as CloudCompare. Realistically, for existing structures in need of repair, it is unlikely
that a prior-point-cloud is available. In this case, the posterior-point-cloud can be analyzed
using contour detection. For further information regarding contour detection in point
clouds, refer to [26,27]. In the following example, a case of concrete spalling was analyzed
using CloudComPy to calculate the surface variation of the point cloud.

Figure 4a shows the concrete spalling which was about 1.6 m long as a point cloud.
In Figure 4b, the same section is given, but the point cloud was colored according to the
surface variation. Simplified, it can be said that areas with high deviations from planarity
are red and even areas are blue. The red border in Figure 4b was detected by the algorithm
and drawn automatically. This border marks the boundaries of the spalling damage and
can be calculated given any tolerance limit. In the next stage of the algorithm, the damage
is cropped, and the original surface gets approximated by fitting a plane through the red
border line. Figure 4c shows the orthogonal distance between the as-is-surface of the
damage and the fitted plane as a color gradient.

(b) (c)

Figure 4. (a) point cloud of spalling damage; (b) surface variation of point cloud; (c) depth of concrete

spalling against fitted plane.

Furthermore, the smallest width, greatest length, and deepest depth are calculated
for the cropped damage and for the minimal bounding box (smallest enclosing cuboid).
Additionally, area and volume are calculated for the real geometry and minimal bounding
box. Finally, the damage can be implemented as a geometric element in BIM (Figure 5a),
carrying all information of the geometric analysis (Figure 5b). Opposing to the implementa-
tion of one- or two-dimensional data, in this case, the data are given in a global coordinate
system. If the damage analysis derived from the same point cloud as the BIM model itself,
the coordinate systems may converge, causing no further need for transformation. An
algorithm was developed to transform the coordinate systems in case the damage analysis
originates from another point cloud. To do so, three adjoining surfaces need to be selected
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in CloudCompare and have their normal vectors exported as a CSV file. Afterward, a
Dynamo script imports this file and allows the selection of the same three surfaces, resulting
in a coordinate transformation matrix and allowing the correct placement of input data
from the external coordinate system. The BIM implementation of damages can be used to
calculate areas and volumes in need of repair. Furthermore, as some materials or methods
are only applicable for damages of certain sizes, the geometrical analysis can support the
automated assessment as shown in the following.

Properties | Location | Classification | Relations
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Element Specific
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Abhé@ngigkeiten

Adaptives Bauteil

- Analysis results
area (complex) 0.35373 m2
area (minimal bounding box) 0.422699 m2
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(a) (b)

Figure 5. (a) Implementation of damage in BIM; (b) geometrical properties of the damage.
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2.2. Automation of Analysis
2.2.1. Data Preparation

Several datasets obtained from the building diagnosis have now been implemented in
the BIM model in a machine-readable manner. Machine readability is of great significance
for the following steps as it allows efficient data handling. For example, the BIM model
contains the concrete cover as elements in several components. However, the model does
not “know” which concrete-cover-element relates to which side of the component by default.
To achieve an automated analysis, the data need to be processed automatically as well.
Thus, algorithms were developed to prepare the data as required for further calculations.

To remain at the example of the concrete cover, there is not only the need for a
relation between elements and component sides but also for a relation between the different
concrete cover elements as the rebars are installed in different layers. Conveniently, while
the concrete cover varies, the elements of the vertical or horizontal scans are ordered in a
straight line when projected to the surface of the respective surface.

Thus, in the first step, the algorithm shifts each concrete cover element in the direction
in which the distance to the next component surface equals the concrete cover. Secondly, the
algorithm groups the different elements in straight lines for each component side. Thirdly,
the mean concrete cover is calculated for each line, enabling a statement about which line
belongs to the front or rear layer of rebars. Afterward, the concrete covers are grouped
usefully to be further processed. One example of such a post-process is shown in Figure 6,
where the 5% quantile of the concrete cover from the front reinforcement layer is color
coded for walls and columns.
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Figure 6. 5 % quantile of the concrete cover (front reinforcement layer) in mm color-coded for walls
and columns.

2.2.2. Decision Trees for Maintenance Methods

Now that the diagnosis data are implemented and prepared, it can be used to assess
the condition of the structure and support the decision-making regarding the choice of
repair measures. Principles and methods for repair and prevention of reinforced concrete
structures in need of repair are given internationally in the ISO 16311-3 [28], for Europe in
the EN 1504-9 [29] and for Germany in the technical standard “Maintenance of Concrete
Structures” (TR IH) [30]. The latter one is best suited for the use case to be demonstrated,
as it provides specific boundary conditions and limits for the applicability of methods
for rebar corrosion. This is of relevance as, for the automated assessment of methods,
appropriate decision trees need to be implemented via Python/Dynamo.

In the next example, the workflow for method 7.2 “Replacing contaminated or carbon-
ated concrete” is demonstrated. For this method, the TR IH provides the following criteria:

A Reinforcement locally or fully depassivated by carbonation;

B Critical, corrosion-inducing chloride content locally or fully exceeded;

C  In case of carbonation depth exceeding the depth of the reinforcement layers, concrete
removal up to 10 or 15 mm behind the reinforcement, for steel bar diameters < or >16 mm;

D  In case of large chloride penetration depths, remove concrete up to at least 30 mm
behind the reinforcement in such a way that the chloride content does not exceed
1.5 wt% relative to the cement content

According to TR IH, method 7.2 is applicable, if A and/or B are fulfilled. In this case,
the required depth of concrete removal d,, is calculated according to Equation (1).

As the BIM model has access to all required information to calculate Equation (1),
the assessment of method 7.2 can be achieved automatically. This procedure is viable for
virtually any method, as long as an appropriate decision tree can be defined. The results
of these assessments are stored in an additional layer-element, attached to the respective
surface of the components, and exported as CSV files as well. The CSV-exports of the
analyses allow further processing, if needed, such as plotting the results or generating a
report. If this is achieved using Python, it can also be included in the Dynamo script. In any
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case, the CSV files ensure transparent storage of the analyses and calculations and enable
further interoperability.

de if not C
dej crit if not D
dy >{ c+dy+10 ifC )
c+d,+30 ifD
dg=15  ifD
der @ depth of concrete removal in mm
dc:  depth of carbonation in mm
deierie © depth of critical chloride content in mm
c: concrete cover in mm
d,: rebar diameter in mm

dy—15: depthof 1.5wt% chloride content in mm

3. Results
3.1. Multi-Layered Visualization of the As-is-State

BIM models that have been enriched as demonstrated above allow the visual evalua-
tion of the as-is-state by showing and/or hiding any implemented diagnosis data and the
calculations carried out. The elements of different layers can be color-coded or scaled at
will. This allows the graphical comparison of different datasets and measuring methods as
well as a quick understanding of the building condition. As mentioned in the introduction,
AR-technologies are increasingly finding application on construction sites and interoper-
ability is significant when establishing new BIM procedures. To demonstrate an example of
the visualization of different layers on site, the IFC files were imported into the VR software
MobiLive (VisualLife). The results are shown in Figure 7.

(b) (c)
Figure 7. (a) Application of AR on site; (b) AR view of corrosion probability at a spot with exposed
rebar; (c) concrete cover of rebars in a column.

3.2. Spatially Resolved Condition Assessment

The implementation of machine-readable data allows the enhancement of BIM using
Python algorithms, increasing its functionality significantly. Users of the enriched BIM
model can select any components of interest and execute a program for the condition
assessment and decision support. The algorithm then gathers all available information
about depth-graded chloride contents, carbonation depths, etc., and compares them with
the relevant properties of the concrete cover. Based on several decision trees for the different
methods, the algorithms create new elements carrying the results of the analyses. Figure 8
shows the required concrete removal in mm for method 7.2 color-coded for walls and
columns. To improve the functionality further, if a method needs the consideration of time
or predictions of the condition at the end of the life-cycle, this can also be incorporated into
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the BIM environment. The algorithms developed in this research use PySMILE to generate
and update Bayesian networks based on the available diagnosis data to calibrate corrosion
models, allowing relatively precise predictions. This way, the condition assessment is not
bound to the present but can also be forecasted for the future.

Gradient type | Continuous

[] Gradient editor - 7.2 - concrete removal

& Update colors -

Color

]

Figure 8. Required concrete removal in mm for method 7.2 color-coded for walls and columns.

4. Discussion

BIM models that are enriched as stated above allow clear and understandable as-
sessments and support in identifying critical areas or recognizing spatial correlations, for
example eccentricity or inclination of rebar cages. If one side of a column has a particularly
high concrete cover and the opposing side a significantly lower, the rebar cage might not
have been placed centrically, or if the concrete cover increases on one side and decreases
on the opposing side along the height of a column, the rebar cage might be tilted. Such
coherences are apparent within minutes of (semi-)automated assessment.

By using decision trees as well as spatial and semantic contexts of the implemented
diagnosis data, repair measures can be evaluated automatically. This applies whether
one single component is looked at or a group of components is selected. In any way,
the respective datasets are taken into account. For example, if five columns are selected,
one execution of the script conducts 26 plannings at once-one for the whole group of
components, five for the singular columns, and twenty for each side of the columns.
These plannings may contain several methods, depending on the available decision trees.
Currently, the algorithms developed at ibac consider five methods for rebar corrosion. To
emphasize the benefit of this approach, Figure 9 shows the statistics of concrete cover
(rear reinforcement layer) and required concrete removal for method 7.2 separately for
twelve walls with a cumulative surface of 213.2m?. This overview helps with identifying
components with irregularities. For example, the concrete cover in Wall 1 varies heavily,
which results in a high 95 % quantile. As large chloride depths are the case (criterion D) for
this element, a concrete removal of 71.7 4+ 6 + 30 = 107.7 mm (see Equation (1)) is calculated.
For other walls with smaller penetration depths, only the concrete with chloride contents
above the critical value needs to be removed (62.8 mm).
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Figure 9. Statistics of concrete cover (rear reinforcement layer) and required concrete removal for
method 7.2 separated for each wall.

The visualization of required concrete removal might be more overseeable if delivered
via BIM, as seen in Figure 8. However, Figure 9 allows the reflection of the influence of
incremental plannings, for example, twelve individual plannings vs. one planning for
twelve walls. The cumulative concrete removal for the incremental approach amounts
to 16.0m3, whereas the concrete removal is 19.4 m3 if only one calculation is carried out
for all walls together. In addition, 3.4 m? or 17.5 % of concrete removal can be saved by
distinguishing between the different walls. Of course, this is just an arbitrary example and
the results differ from site to site and according to regulations, limit values, and settings.
That being said, it can be expected that the saving potential increases with increasing
deviations between the different components. Considering a column with an eccentric
rebar cage, the concrete removal could simultaneously be too high and too low, if all sides
of the column were included in one sample. Thus, the demonstrated approach can help
saving material, time, and ultimately money, contributing to the profitability of BIM-based
workflows for maintenance and repair. Certainly, these are not the only resources that can
be considered. Additionally to economical benefits, the workflow can easily be expended
with aspects of Life Cycle Assessment (LCA) as discussed in [31] or coupled to databases
containing LCA datasets as proposed in [32] to regard the economical impact as well
when deciding on a repair measure or maintenance strategy. While reducing the amount
of required resources, reliability increases as the plannings are specifically adjusted for
each component.

The extent of the gain in efficiency and functionality can be increased even more
by supporting or automatizing the calculation of costs as the BIM model can access the
way and extent of required repair measures. It is even thinkable that timetables or work
plans could be extracted by combining the spatially resolved repair demands with BIM-
based pathfinding as discussed in [33,34]. Even route planning for autonomous robots as
proposed in [35] is possible. The possibilities are mostly restricted by availability of data
and decision trees. As a result, BIM can be considered fundamental for the digitalization
and automatization of future construction workflows, even for the maintenance and repair
of existing structures.
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5. Conclusions and Outlook

In this paper, a novel approach for the maintenance and repair of existing structures
was demonstrated for an underground car park and components of reinforced concrete.
The proposed workflow uses BIM, enriched with machine-readable diagnosis data and
decision trees, to automatically assess the as-is-state of components individually or grouped,
depending on the selection. Through the use of Bayesian networks, the condition can be
assessed in the present as well as in the future. The following conclusions can be drawn
from the presented research:

*  BIM can be used effectively for maintenance and repair and is suited to increase the
efficiency of both planning and execution;

*  Datasets gained through building diagnoses can be analyzed clearly and quickly by
implementing them machine-readably in BIM;

e The functionality of BIM can be extended significantly by combining BIM with Python
and according wrappers using an API;

¢ Interoperability of enriched BIM models is vital and can be achieved using transparent
file formats such as IFC and CSV;

¢  Properly combined, available technologies can be used to establish BIM for mainte-
nance and repair as a profitable and resource-efficient way of working.

In the future, ibac will develop further algorithms and decision trees to provide
decision support tools for ideally every method given in ISO 16311-3. It is even thinkable
to collaborate with entities providing regulations to achieve smart standards, probably
by delivering Dynamo- or Python-scripts for the automated assessment according to the
underlying standards. Furthermore, the proposed workflow should be transitioned to
open source software such as BlenderBIM using IfcOpenShell. The first attempts to do so
proved to be ambitious, but the outcome is considered of great value, especially as it would
open the BIM-based approach for maintenance and repair to small and medium enterprises
(SME) that cannot afford costly licenses. Providing the whole workflow as an open source
package could also accelerate its development and distribution significantly. Ultimately,
the workflow should be combined and put to test with monitoring systems, to go one step
further toward digital twin construction.
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Abbreviations

The following abbreviations are used in this manuscript:

API Application Programming Interface
AR Augmented Reality

BIM  Building Information Modeling
BMS  Bridge Monitoring System

DT Digital Twin

DTC Digital Twin Construction
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GUI Graphical User Interface

HBIM  Heritage BIM

ibac Institute for Building Materials Research (RWTH Aachen University)
IFC Industry Foundation Classes

IoT Internet of Things

LCA Life Cycle Assessment

shBIM  Structural Health BIM

SHM Structural Health Monitoring

SME Small and Medium Enterprises

SSoT Single Source of Truth

TRIH  Technical Standard “Maintenance of Concrete Structures”

VR Virtual Reality
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