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Abstract

Inspection of bridges has been a standard assessment procedure for decades. Its purpose
is to identify and record all defects of the bridge structure. Normally used inspection
techniques are rather simple, mainly relying on visual assessment. This dissertation
proposes an improvement of concrete bridge inspection in terms of visual data acquisition,
damage identification and digital representation of the bridge with identified damages.
Instead of depending strictly on the human eye, photogrammetrically obtained 3D point
clouds are used to identify and extract concrete damage features. As the most
comprehensive substitute for the old-fashioned inspection report, Bridge Information
Model (BrIM) is used as an inventory and inspection data repository. An Industry
Foundation Classes (IFC) semantic enrichment framework is proposed to inject the
extracted and reconstructed damage features into the as-is IFC model.

After the general data model for damage description and its IFC representation are
established, the method for generating the as-is IFC model of the bridge is proposed.
Damage is identified as a deviation of the as-is geometry, represented by the 3D point
cloud, from the as-built geometry, represented by BriM.

Geometric and semantic enrichment of the IFC model is achieved by injecting the
reconstructed 3D meshes representing damaged regions and corresponding BMS catalog-
based damage information. The proposed method uses Constructive Solid Geometry
(CSG) Boolean operations to geometrically enrich the IFC geometry elements, which align
with corresponding damage regions from the as-is point cloud. Damage information (e.g.,
type, extent, and severity) is structured so that it complies to the BMS data structure.

Finally, the proposed data model, damage identification, feature extraction, and semantic
enrichment method are validated in the presented case study.

Keywords: Reinforced concrete bridge, Damage, Building Information Modeling, Bridge
Information Modeling, Industry Foundation Classes, 3D Point Cloud, Bridge Management
System, Unmanned Aerial Vehicle

Scientific field: Civil Engineering
Scientific subfield: Information Technologies in Civil Engineering and Geodesy

UDC number: 624:005.8(043.3)
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Pe3nme

MHcnekuuja je Beh feleHnjama ctaHZapAHM NOCTyMNak OuekwMBarba CTakba MocTa. HbeHa ynora
je naeHTUUKOoBake U eBUAeHTUpawe CBUX owTehewa KOHCTPYKUMje MocTa. TPeHyTHO
KopuwheHe TeXHUKEe WHCMekuuje cy MNpWINYHO jeAHOCTaBHE M YIr/N1aBHOM Ce Oc/awajy Ha
BM3yenHy npoueHy. OBa ancepTtauuja npeanaxe nobossLlakbe MHCNEKUWje apMUpPaHO6eTOHCKUX
OETOHCKMX MOCTOBA y CMUC/Y NPUKYT/batba BU3YETHUX rnojartaka, naeHtudurkaymje owtehewa
N OArMTaIHOT MpuKasa MocTa ca WAeHTUgMKoBaHMM owTehewnma. [a 6u ce wmsberna
cy6jeKTMBHa NpoLeHa /by 4CKOr 0Ka, NPeAoXKeHO je Kopuwwhere hoTorpaMeTpujcKmn obmnjeHnx
TPOANUMEH3NOHANIHNX O6/1aKa Tadaka 3a WAeHTUMKauMjy W Wn3[Bajare KapaKTepucTuka
owTehewa 6eToHa. 3a cKnaguLliTere rnojaraka O UHBEHTapPyY U MHCMNeKuMjama KopuwheH je
NHpopmaunoHn mogen mocta (BrlM), Kao HajcBeoOyxBaTHMja 3aMeHa 3a CTapOMOAHU
MHCNEKUMJCKN m3BellTaj. MNpeanoXxeH je MeTof 3a CEMaHTUYKO oborahmBame OCHOBHMX
nHpycTpunjcknx knaca (IFC) npeTxofHO U34BOJEHUM N PEKOHCTPYMCaHUM MHGopMaLlmjama o
owtehewnma.

HakoH ycnocTas/batba onwter Mogesnia nogaraka 3a onuc owteherwa v herose MMMNaeMeHTalmje
kopuwherwem IFC-a, npegnaxe ce metoga 3a reHepucawe IFC mogena owwrteheHor mocra.
OwTehewa cy naeHTUPUKoOBaHa Kao OACTynaka reoMmeTpuje owuteheHor MocTa, npeacTaB/beHe
TPOANUMEH3NOHAIHUM  06/1aKOM  Tayaka, Of reoMeTpuje MoOCTa Yy HETAKHYTOM CTawy,
npeacrtasmbeHe BriM-om.

FeoMeTpujcKO M ceMaHTMYKO ob6orahusake IFC Mogena nocTuke ce ybauvBawem
PEKOHCTPYNCAHUX TPOAMMEH3VNOHA/THUX TPOYraOHUX MPeXXa Koje npeacTas/bajy owtehewa, Kao
N ocobuHa owTehewa, Npey3eTUX M3 Katasiora cMcTeMa 3a ynpasmbawbe MocTtoBuma (BMS).
MpennoxxeHn mMeTon KOpUcTu Bynosy onepauujy ofy3vmara KOHCTPYKTUBHE CTepeomMeTpuje
(CSG) 3a reometpunjcko oborahmeawa IFC mogena, Koju ce nopasHaBajy ¢ ogrosapajyhvm
owTeheHUM enemMeHTMMA TPOAUMEH3MOHa/IHOT  0bnaka Tayaka owTeheHor MocTa.
VHgopmauuje o owTeherwsnma (HNP. BPCTa, CTENEH N 036U/BHOCT) CTPYKTYpUPaHe cy No yriegy
Ha BMS.

KoHauHo, ethmKaCcHOCT NnpeanoxXeHor Mogesna nogaraka, Metoje 3a ngeHtudukaunjy owreherwa
N N3aBajare bUXOBMX 0COOMHA, Kao 1 MeTofa 3a ceMaHTUYKo oborahueame IFC-a, noTBpheHu
Cy Y NpeACTaB/beEHOj CTYANjU Cyyaja.

KrbyuHe peuun: apMmpaHO6eTOHCKM MOCT, owTehere, MHhopMaLmMoHn mMogen rpaheBMHCKOr
06jekTa, MH(POPMaLMOHN MOAEeNT MOCTa, OCHOBHE MHAYCTPUjCKe Knace, TPOAMMEH3NOHATHU
obnak Ta4yaka, CUCTEM Yyrnpas/batba MOCTOBUMA, 6eCnUNOTHE NneTenumue

HayuHa o6nacTt: 'paheBnHapcTBO
Ya Hay4yHa o6nacT: HdhopMaumoHe TexHonoruje y rpaheBMHapcTBy U reofesnju

YK 6poj: 624:005.8(043.3)
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1.1 Background

“Speed now illuminates reality whereas light once gave objects of the world their
shape”

Paul Virilio [1]

One of the cornerstones of our global society is transportation of people and goods. By
providing a wide range of social and economic benefits, the transportation infrastructure
significantly improves the quality of life. As early as 1776, Smith [2] identifies the division
of labor as the main drive for the improvements in the productive powers of labor. The
reason for the division of labor, Smith finds in the power of exchange, whereas the limits
of this division he sees in the extent of the market. In 2017, Rodrigue [3] states that the
efficient transport systems implicitly help the economy by providing better accessibility
to markets, employment and additional investments. Lacking capacity and/or reliability
of transport systems, on the other hand, can cause a negative economic impact, i.e.
decrease the quality of life. The precise estimation of the transportation impact on the
macroeconomy depends on the level of observation. In case of advanced economies,
Rodrigue [3] roughly estimates this impact somewhere between 6% and 12% of the GDP.
However, the transportation’s role in the society goes far beyond the economics. It literally
shapes the human perception of space and time by providing a flawless mobility of people
and goods. A cultural theorist, urbanist, and aesthetic philosopher Paul Virilio claimed
that time and space are compressing due to the shortening distances and travel times [4].
On the micro scale, however, transportation is a default mean by which an average person
is able to participate in the social, cultural and political activities.

Once realized as manifold beneficial, the road infrastructure must be responsibly and
efficiently maintained to ensure the exploitation of these benefits in the future. However,
the explanation of the importance of transportation for society and the economy should
be followed by the analysis of the used transport modes distribution. Transportation
modal split provided by Eurostat ( [5] and [6]), shows that more than 90% of inland
passenger transport and more than 75% of inland freight transport in EU in 2015 is carried
out using road infrastructure. The World Road Association (PIARC) report about the
importance of road maintenance [7] states that the added value of commercial road
transport to GDP lies somewhere between 3% and 5%.

Providing a safe and fast passage across the valley, river or other kind of obstacle, bridges
are considered as critical components of the road infrastructure. The need for bridge
management, or taking care of bridges, is recognized centuries ago. Even in Ancient Rome,
the builder was responsible for the structural integrity of the bridge for 40 years since
commission [8]. Ever since, systems and procedures for bridge management have been
permanently improving. However, tragic events, such as Morandi bridge collapse in Genoa
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in 2018 (Figure 1.1), painfully demonstrated some flaws of the current bridge management
practice.

T ————

Figure 1.1: Collapse of Morandi bridge in Genoa, on August 14" 2018 (retrieved from [9])

1.1.1 Bridge Management Systems

Bridge management is defined by Lauridsen et al. [10] as a set of certain procedures with
the purpose of ensuring the traffic safety and maintaining the bridge stock in the desired
condition at the lowest possible cost. Road bridges are usually governmentally owned.
Thus, they are managed by National Road Authorities (NRAS). Number of bridges in the
average national infrastructure network is measured in tens of thousands. Moreover,
bridges vary in structural type, number and length of spans, construction year, etc.
Therefore, the need for a specialized highly sophisticated information system to deal with
this large stock of data is recognized in the late 1980s. Currently, the majority of NRAs
in the world use information systems, named Bridge Management Systems (BMSs), as a
support for managing their bridges. As described in [10], a BMS assists in management of
activities such as inventory and inspection data collection, bridge condition assessment,
heavy transport administration and allocation of funds for maintenance interventions.
Although there are a variety of different BMS solutions on the market, a widely adopted
modular BMS structure will be further discussed. According to Ryall [8], common BMS
includes following modules:

e Inventory module
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e Inspection module

e Maintenance module

e Financial module

e Bridge Condition module

Figure 1.2 shows the common BMS structure. Whereas all the listed modules use the data
stored in BMS database, the Inspection module can alter the bridge data according to the
inspection findings and Maintenance module can even introduce new data corresponding
to the repaired, replaced, and/or added component.

Inventory Inspection

4

Bridge
Condition

s
”
e
’
”
v

DATABASE Cost

New data to Maintenance a | Management
DATABASE Options Control
A ‘

Implementation of chosen
maintenance option

Figure 1.2. Common BMS structure (retrieved from [8]).

Inventory module contains administrative and technical bridge data, such as bridge ID,
road 1D, geolocation, bridge type, number and length of spans, dimensions, materials, etc.
This module can optionally include the photo of the bridge. Screenshots of the Inventory
component of the Swiss BMS, named KUBA are shown in Figure 1.3.
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Figure 1.3. KUBA BMS Inventory module dialog box: (a) bridge identification data, (b) bridge description.

Maintenance of bridges is performed through periodical inspections. Inspection procedure
is implemented differently from country to country. However, the basic approach is
common all around the world. For instance, Serbian regulations for maintenance of
bridges [11] stipulate four different types of inspection: control (performed twice a year),
regular (performed once every two years), principal (performed once every six years) and
emergency inspection (performed in special cases e.g. natural hazards). Inspector treats a
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bridge as an assembly of structural elements (e.g. deck, piers, abutments) and non-
structural elements (e.g. safety rail, pavement, drainage system). After examination of
each element, searching for any defect in a bridge structure, inspector fills the inspection
report that includes element ratings. Rating system consists of six ordinal categories,
among which the appropriate one is chosen by an inspector to describe the element
condition. Report is usually paper-based, and its content is automatically generated based
on the inspection data from a BMS. Such a report, generated by KUBA BMS, is shown
in Figure 1.4. The report consists of alphanumeric fields, mainly with predefined values.
In addition to the mandatory condition ratings of elements and the entire bridge, photos
of detected defects with textual description can be added to the database.
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Figure 1.4. KUBA BMS Inspection moadule - automatically generated inspection report.

The purpose of maintenance module is to support maintenance planning and scheduling.
As described by Hawk [12], maintenance module records a historical log of all performed
maintenance interventions for each bridge in the network with regard to the type and
extent of the works, as well as the cost. Based on the exhaustive maintenance cost record,
the module is able to estimate the future maintenance actions cost. Finally, this module
is used to schedule maintenance actions.

Financial module performs the most important task in BMS: the allocation of funds. Of
course, similar to other modules, its output is more a proposal than the obligation. The
final decision is on the NRA. Based on the inventory and inspection data (i.e. condition
ratings), as well as the assigned set of constraints and available budget, the maintenance
funds are optimally allocated. Hawk [12] defines constraints as the required performance
goals of a certain or entire bridge stock in a determined period of time (e.g. 10 or 20
years).
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To be able to allocate the available funds in an optimal way, it is necessary to predict the
future bridge condition in case the maintenance actions are not performed. This is the job
of Bridge condition module. According to Zambon et. al. [13], this module includes models
for bridge condition prediction. Prediction models can be either deterministic (e.g. one-
dimensional regression analysis) or probabilistic (e.g. failure rate model or Markov chains).
Whether deterministic or probabilistic, the model considers the current condition as well
as the occurred deterioration process to predict the future bridge condition.

1.1.2 Bridge representation in Bridge Management Systems

As shown in Figure 1.2, BMS data repository is mostly a relational database. This means
that every piece of information is represented by an alphanumeric value of a table cell.
Whereas table columns hold categories of the data (attributes), each row in the table
(record or tuple), contains a unique identifier (key) for every category defined in columns.
Connections between tables are implemented via the used of so-called “primary — foreign
key” relationships. Namely, each table has a field called a foreign key, which is identical
to primary key of the table, whose record is attributed to the record of the foreign key.

Rigidly structured and clearly defined, the information from database is easily used by
the Maintenance, Financial and Bridge Condition modules to generate various analytics.
However, the following problems occur when inspection findings are to be inserted into
database:

e Imprecise descriptive positioning of inspection findings

e Loss of inspection finding information caused by fitting to the limited set of
predefined damage types and discrete values of damage extent and severity

e Inspector’s free interpretation of the damage severity

From the data model point of view, bridge is usually represented by an element assembly
(i.e. mutually related tables representing each bridge element). Having said that, the
inspector needs to put a tremendous effort to imagine the bridge he or she stands in front
of as a database table. Moreover, in case of any detected damage, the inspector needs to
find a way to adjust the inspection finding to fit the table attribute format. This means
that the detected damage type, severity and extent need to be inserted into database as
predefined types and discrete values. This leads to the loss of valuable information about
the detected damage by fitting it into the required format. Furthermore, the crucial
information about damage location is not even included in the table. Combined with the
extent and type, damage location is interpreted by the inspector and recorded implicitly
as a condition rating of a damaged bridge element.

All the listed issues indicate the need to introduce the bridge geometry to BMS. As shown
in Figure 1.5, so far, some systems such as the Swiss Federal Roads Authority BMS named
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KUBA [14], enabled the attachment of photos in JPG, BMP, GIF, PNG or TIF file
format.

Figure 1.5. Swiss BMS KUBA: Bridge geometry data as attached files in the BMS database. (a) Photo, (b) Captured
drawing of the bridge (retrieved from [15]).

This kind of visual information improves the spatial perception of the bridge and its
elements. In the KUBA BMS, the inspection findings can be inserted into the bridge
drawing by dragging the damage icon to the appropriate location (Figure 1.6). In the
upper part of the BMS screenshot, shown in (Figure 1.6), the bridge segments with their
damage extent are listed. Although much more intuitive, this way to record inspection
findings is rather symbolic. Comparing to the direct database input, the only value this
functionality adds to BMS is a rough damage location.

A significant effort was made to improve the spatial perception of the bridge further than
added photos. Namely, some BMSs such as KUBA enabled the attachment of digital 3D
models of bridges in 3DS file format (Figure 1.7). While the navigation functionality of
the embedded model viewer undoubtedly improved the visual experience of the bridge,
nothing changed in terms of data model. 3D model of the bridge remained the independent
entity, incapable of any data exchange with the BMS database.

According to Mirzaei et al. [16], none of the existing BMSs include geometric
representation of bridges.
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Figure 1.6. Swiss BMS KUBA: Inspection findings icon representation on the lower side and damage extent list on the
upper side (retrieved from [15]).
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Figure 1.7. Swiss BMS KUBA: Digital 3D model of the bridge (retrieved from [15]).

1.1.3 Building Information Modeling

Recognizing the need for more efficient way to manage construction projects, minimizing
the information loss between the project stages, back in 1974, Eastman et al. published
the report named “An Outline of the Building Description System” [17]. Few decades
later, based on this idea, a new technology named Building Information Modeling (BIM)
is developed. In 2007, the United States National Institute for Building Sciences [18]
defined BIM as “an improved planning, design, construction, operation, and maintenance
process using a standardized machine-readable information model for each facility, new or
old, which contains all appropriate information created or gathered about that facility in

9



Digital representation of as-damaged reinforced concrete bridges Dusan M. Isailovic

a format useable by all throughout its lifecycle”. Previously analyzed and disassembled
into simple components, common processes and information related to the planning,
design, construction and operation phases of the building are digitalized by insertion into
BIM. BIM itself is an object-oriented model of a building, capable of complex
modifications, highly precise analysis, automatic generation of drawings and reports, as
well as various 3D visualizations.

Having said that BIM is actually a set of virtual interrelated processes, it certainly implies
the existence of a digital model of the object. It is an exhaustive repository of various
information about the building. BIM includes information from multiple domains (i.e.
structural, architectural, mechanical, electrical, etc.) and it is structured in an object-
oriented manner. This means that each building element is represented by an object,
which is an instance of a specific object class, defined by certain properties (i.e. attributes).
Besides building elements, an object classes representing various types of relationships
between them are also defined. The feature by which BIM is best known is the 3D visual
representation of each building element. The accuracy of the building description in the
BIM can vary from purely conceptional to highly detailed and it is defined by the Level-
Of-Detail (LOD) [19]. Figure 1.8 shows the BIM detail of an interior masonry wall, LOD
400. At this LOD, BIM includes information about reinforcing, connections, grouting
material, jams, bond beams, lintels, member fabrication part number, and any part
required for complete installation [19].

Figure 1.8. BIM detail: interior masonry wall at LOD 400 (retrieved from [19]).

1.1.2 Hypothetical utilization of Bridge Information Models (BriMs)
by BMS

Although few decades old [20], only the recent government mandates promoted BIM in
the construction industry as the most efficient technology to create, store and modify data
for the built environment throughout its entire lifetime. Started in 2007 in Norway,
Denmark and Finland, followed by the USA in 2008 and South Korea in 2010, public
organizations in more than 15 countries around the world announced their plans to
mandate BIM. Among the several benefits of the government BIM mandate noticed by
Sacks et al. [21], the most interesting for this research is certainly the impact on public

10
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construction projects. Namely, a great portion of construction projects, especially the
infrastructure ones are publicly financed. This means that in a foreseeable future every
newly constructed infrastructure asset will have a corresponding BIM representation.
Furthermore, it is reasonable to expect the government BIM mandate for maintenance as
well, which will eventually result in a comprehensive collection of Bridge Information
Models (BriMs) for the entire bridge inventory.

If utilized by BMS, BrIMs could tremendously improve both the quantity and quality of
information in BMS. Contrary to the current practice of ignoring or losing a huge amount
of data about the bridge, produced during the design phase, BriM would store it and, if
needed, provide it to BMS. Information about bridge geometry, structure, materials, or
loads, stored in an object-oriented model, provides an accurate inventory representation,
which is beyond the alphanumeric representation in current bridge databases. Figure 1.9
shows the BrIM detail of a prestressed concrete box girder bridge.

Figure 1.9. BrIM detail: prestressed concrete box girder bridge segment (model by Tekla Structures [22]).

Although potentially highly beneficial, the utilization of BriIMs by BMS is currently
impossible for two reasons. The first reason is the lack of relationship between the BriM
and BMS database. As described in chapter 1.1.2, the bridge is represented in BMS by a
relational database, whereas BrIiM is an object-oriented model. The second reason is the
lack of BrIM framework for modeling of inspection findings. Whereas commercial BIM
software is capable of creating 3D bridge models with highly accurate geometry, there is
no software solution or even a universal guideline for modeling damages of other findings.
Moreover, an existing BrIM data model lacks object classes for damage description.

To overcome differences in existing data models, the new one needs to be developed, to
include the currently used semantics in BMS and BrIM. To enable the efficient use of all
the information contained in BrIM, the newly established data model needs to include a
much more detailed semantics for a description of inspection findings than the one
currently used in BMS.

11
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1.2 Research objectives

The general objective of the research in the scope of this dissertation is to enable the
utilization of BriM by BMS. The specific objectives are summarized below:

1) Development of the geometric and semantic data model for description of damages
of reinforced concrete bridges, compliant with BMS requirements.

2) Development of the process model for the geometric and semantic enrichment of
BIM models with inspection findings

3) Quantification of efficiency of the developed data model and process model

4) Formulation of recommendations for utilization of BIM models by BMS

Objectives of this research have been implemented through the following tasks:

1) Analysis of the current inspection procedures

2) Analysis of the content and structure of the data in the existing BMSs

3) Testing the usability of remote sensing technologies in bridge inspection, regarding
the spatial approachability and accuracy

4) Analysis of the remote sensing output data formats

5) Analysis of the Industry Foundation Classes (IFC) specification

6) Establishment of the geometric and semantic data model for description of damages
of reinforced concrete bridges, based on the previous analysis

7) Modeling the process for the semantic and geometric enrichment of BIM models
with inspection findings

8) Learning the programming tools and techniques for the BIM software development

9) Development of the prototypical BIM software for the semantic and geometric
enrichment of BIM models with inspection findings

10)Quantification of efficiency of the developed data model and process model in the
case study

11)Formulation of recommendations for utilization of BIM models by BMS

1.3 Research methodology

The research in this dissertation is conducted by means of:

e Analysis
- of the literature and state of the art in the relevant scientific and engineering
fields,
- of currently applied data models in legacy Bridge Management Systems,
- of capabilities of the available data acquisition technologies,
12
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- of the available standards for building data model representation,
e Experimentation
- by testing the available commercial software applications,
- by bridge surveying on field,
- by testing the developed data model in the implementation of the proposed
method,

and

e Synthesis
- of the findings based on the case study results.

1.4 Dissertation outline

This dissertation is organized in seven chapters.

Chapter 1 introduces the reader with the general background and motivation for the
research, by description of Bridge Management Systems, Building Information Modeling,
and possibilities and obstacles for enabling the synergy of those two systems. Afterwards,
the research objectives and methodology are presented.

Chapter 2 provides the review of literature addressing systematization of common bridge
damages, current bridge inspection procedure, some novel technologies applied in bridge
inspection and condition assessment, bridge point clouds, Industry Foundation Classes,
and semantic enrichment of IFC models.

Chapter 3 thoroughly describes the establishment of data model for the as-damaged bridge
by introducing the data modeling concepts and notation, analyzing the current structure
of inspection data in BMS, and selecting the essential concepts from the existing data
model. Afterward, the implementation of the established data model by using Industry
Foundation Classes is proposed.

Chapter 4 presents the method, i.e. procedure for generating the as-is Bridge Information
Model by implementing the data model proposed in Chapter 3. The process is modeled
by means of Business Process Modeling and Notation standard, after which the entire
process is described step by step.

Chapter 5 presents the practical evaluation of the proposed data model, Industry
Foundation Classes implementation, and the method for generation of as-is Bridge
Information Model. An inspection case study has been performed on the relatively short
reinforced concrete roadway Bridge over River Grocica.

Chapter 6 discusses various aspects of the proposed data model by analyzing results of
the case study. Discussed aspects include the representation of damage semantics in the
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as-is Bridge Information Model, automation of damage detection in context of the
proposed method, benefits for the BMS resulting from the possible implementation of the
proposed method, economic viability of the method, and current legal limitations for the
broad use of this method.

Chapter 7 concludes the dissertation by pointing the advantages and disadvantages of the
proposed data model and method, based on the results of the case study. Finally, the
recommendations for future research, naturally resulting from the one presented in the
dissertation are provided.
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2.1 Damage on reinforce concrete bridges

Aging, aggressive environment, exploitation and neglect are causes for severe damages all
the infrastructure assets are facing. According to Transportation Research Board of the
U.S National Research Council (TRB) [23], reinforced concrete bridges deteriorate mainly
due to deicing salts, overloading, freeze—thaw cycle induced stresses, fatigue, and corrosion
of rebar. The most severe deterioration process is reinforcement corrosion, decreasing the
rebar cross-section and inducing stresses which lead to the concrete delamination and
spalling experience. In the following section, both corrosion-induced and other, less
frequent damages, will be described. Further on, the damage susceptible parts of reinforced
concrete bridges will be discussed.

2.1.1 Common damage types

Number of researches, such as the report of the Working Group 1 of COST Action TU1406
[24], or the one by Bien et al. [25] provide very detailed classifications of bridge defects,
addressing degradation mechanisms and processes, as well as it’s manifestations.
According to [24], the following types of damages affect concrete bridges:

e Abrasion

e Cavities

e Corrosion

e Cracks

e Delamination

e Deflection

e Fatigue

e Insufficient concrete cover
e Insufficient concrete quality
e Scour

e Spalling

TRB emphasize reinforcement corrosion, concrete delamination and spalling, vertical
cracking, and concrete degradation as dominant defects reinforced concrete bridges
experience [23]. However, there is a wide consensus that the main cause of the bridge
deterioration is the corrosion of reinforcement steel [26].

Besides carrying the compression stresses, concrete serves as a corrosion protection for the
reinforcement steel in reinforced concrete structures. This protection is not just physical,
but chemical too. The high alkalinity of concrete causes a formation of a thin, anti-
corrosive, passive oxide layer on the rebar surface. Once the aggressive elements (i.e.
water, de-icing chemicals, etc.) penetrate inside the concrete, due to the high permeability
and/or cracks, and come in contact with the passive film and destroy it, the reinforcement
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is not protected anymore and the corrosion starts. It is the electrochemical reaction, such
as the one happening in a battery. According to Ball and Whitmore [27], for a corrosion
to occur, four elements are required: an anode, a cathode, ionic continuity between anode
and cathode (i.e. electrolyte), and a metallic connection between the anode and cathode.
Whereas some areas along the bar act as anodes, others act as cathodes. The metallic
connection between the anode and the cathode is provided by any bar in contact with
both of them (e.g. stirrups can be a metallic connection for two parallel reinforcement
bars, playing the anode and the cathode). The wet concrete acts as an ionic medium i.e.
electrolyte.

Ball and Whitmore [27] claim that the destruction of the passive oxide film (i.e. the
corrosion initiation) is usually caused by the introduction of chlorides to the rebar, either
by penetrating water, de-icing salt, or a contaminated aggregate. Additionally, the oxide
film can be destroyed by the loss of alkalinity around rebar (i.e. drop of the pH value
bellow 7%), due to a carbonation. Carbonation is a reaction between carbon dioxide from
the atmosphere and calcium hydroxide from the cement paste, in the presence of water.
As a result, the calcium hydroxide reacts to calcium carbonate with the approximate pH
value of 8.5.

Reinforcement corrosion has a twofold effect on reinforced concrete structure. Firstly, the
rebar cross section is reduced (sometimes the bar is even ruptured), thus the structural
capacity of an entire reinforced concrete element is reduced as well. Secondly, the corrosion
induces the internal stresses, which cause concrete cracking, delamination, and eventually
spalling (Figure 2.1).

Concrete discontinuities (i.e. cracks) can result from deterioration processes unrelated
with the reinforcement corrosion. Factors such as plastic shrinkage, hydration heat,
changes in environment temperature, geometric constraints during the concrete curing,
traffic load, freeze-thaw cycles, alkali-silica reaction, and delayed ettringite formation can
cause cracks as well. Moreover, each crack by exposing reinforcement speed up the
corrosion process and induces more damage [23].

! According to Ball and Whitmore [27], even a drop of the pH value bellow 10 leaves the chloride ion free
concrete unprotected from corrosion.

17



Digital representation of as-damaged reinforced concrete bridges Dusan M. Isailovic

Reinforcing Steel Concrete Body

Corrosion
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Figure 2.1. (a) Mechanism of corrosion-induced damage (retrieved from [28]), (b) Spalling, (c) Delamination.

2.1.2 Bridge parts susceptible to damage

In their comprehensive “Classification of damage in concrete bridges”, Zakic¢ et al. [29]
pointed some bridge parts susceptible to damage. They indicate the vulnerability of bridge
parts or areas where big displacement or dislocation may occur. This group include
expansion joints, joints between elements, and bridge ends. Figure 2.2 shows damage on
the column head, ends of precast girders, and expansion joint.

Figure 2.2. Damage due to the water penetration between elements: (a) Spalled ends of deck elements in the joint, (b)
Detached pavement from the dilatation mechanism.

The second damage susceptible group includes almost horizontal parts under high dynamic
load, such as pavement, sidewalks, and rails. Figure 2.3 shows the damaged pavement and
sidewalk.

The third group includes elements in contact or right under the drainage installations.
Improperly designed and/or poorly maintained drainage system misdirects water from the
roadway to the bridge structural elements (Figure 2.4).
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Not only the bridge superstructure suffers from damage, but a substructure too. According
to Steinkamp [30], bearing areas on caps, piers and abutments deteriorate due to the saline
water penetration through the joints from above (Figure 2.5 and Figure 2.6).

() (b)
Figure 2.3. Damage of mainly horizontal elements under high dynamic load: (a) Pavement hole, (b) Completely
deteriorated sidewalk structure.

04.07.2013 13:11 ¥ .
(a) (b)

Figure 2.4. Damage induced by degraded drainage pipe: concrete deterioration in its (&) initial and (b) advanced
phase.

(@) (b)
Figure 2.5. Damage of bearing area. (a) Corroded steel and demolished rubber of the bearing, (b) Large spalling on
the abutment and the girder end.
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[

(@) (b)

Figure 2.6. Damaged piers: (a) Cracked pier cap, (b) large spalling on the pier.

2.2 Current bridge inspection procedure

2.2.1 Inspection types and frequencies

Currently, bridges are inspected mostly manually. Although each country stipulates
regulations for the bridge inspection, basic principles are common all around the world.
Serbian regulations [11] stipulate following four types of inspection: Control (performed
twice a year), Regular (performed once every two years), Principal (performed once every
six years), and Emergency inspection (performed in special cases). Whereas the Regular
inspection is rather superficial, the rest tree types of inspection examine a bridge in detail.
The core examination method, used in any inspection, is visual observation. Besides this
method, in Principal and Emergency inspection a specialized equipment for indirect
condition assessment is utilized. Regular inspection, on the other hand, relies purely on
visual observation. Conducted once every two years, this inspection is critical for the
identification of any kind of deterioration. Besides these four types, some NRAs perform
the additional inspections. As described by Lindbladh [31], Regular Inspection in Sweden
focuses on the condition of pavement and road embankments and it is done in conjunction
with the road inspection. The most frequent bridge inspection in Sweden, named
“Superficial”, is independent from the road inspection. It is performed twice a year. The
US Federal Highway Administration (FHWA) [32] stipulates the Fracture Critical
Inspection, performed in conjunction with the Routine Inspection. The aim of this
inspection is a close-up investigation of fracture critical members (i.e. bridge member in
tension, whose failure can cause the collapse of a part of a structure or entire bridge).
FHWA also requires Element Level Bridge Inspection, In-Depth Inspection, and Post-
Earthquake Inspection, all of which are self-explanatory. According to Kentucky Bridge
Inspection Procedures Manual [32], The FHWA also require the establishment of a
guideline for inspecting every complex bridge (i.e. cable-stayed, suspension, or other bridge
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with unusual characteristics). Inspection regulations in the rest of the world are similar
to the described ones, although names and frequencies of particular inspection types
slightly vary. Table 2.1 shows the inspection types and frequencies of NRAs from eleven
countries. Table 2.2 shows the depth or intensity of certain types of inspections in different
countries. Namely, it is shown that short-interval inspections are rather cursory, whereas
the more frequent inspections require the visual examination of each bridge element, or
even an in-depth investigation using sophisticated testing equipment. Both tables are
originally retrieved from the report by Hearn [33], and enhanced with data from Serbia
and Switzerland.

Today, a number of non-destructive-testing (NDT) methods are available for the in-depth
investigation of the bridge structural elements. In 2013, TRB [23] evaluated the common
NDT methods for identifying concrete bridge deck deterioration. Highly sophisticated
technologies, such as impact echo, ultrasonic pulse echo, ultrasonic surface waves, impulse
response, ground-penetrating radar, microwave moisture technique, Eddy current, half-
cell potential, galvanostatic pulse measurement, electrical resistivity, infrared
thermography, and chloride concentration measurement, are state of the art methods,
capable of detecting the inner defects in structural elements. Even less sophisticated
methods, such as chain dragging, hammer sounding, and visual inspection, can indicate
the presence of non-visible, subsurface concrete defects. Among all the listed NDT
methods, visual inspection is certainly the most important. Even by detecting visible
damage only, it can indicate the surface symptoms of inner concrete deterioration
processes. Being the most frequent, visual inspection triggers the less frequent, but more
detail in-depth investigation.

Table 2.1. Bridge Inspections around the world (adapted from [33]).

Inspection . i . South United
P Serbia  Switzerland U.S. Denmark Finland France Germany Norway R Sweden .
Interval Africa Kingdom
3 months Superficial Superficial
6 months | Control
. . Superfici
1 year Routine Annual Annual General Monitoring al
2 years Regular Routine General
3 years IQOA*  Minor General
Routine
4 years 48-
month
o General . L
5 years Principal Major Principal
5-year
6 years | Principal Principal Detailed  Major Major  Principal
7 years
General
8 years
8-year
In-depth
10 years 12-
month
For Emergency Intermediate . Economic . . . . . .
. . pecial . Special Special  Special Project-level Special Special
project ** Special Special
* IQOA = IMAGE DE LA QUALITE DES OUVRAGES D’ART.
** Swiss Intermediate inspection is executed approximately twice as often than Principal, focusing on the
key elements of the bridge.
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Table 2.2. Intensity of Bridge Inspections around the world (adapted from [33]).

Inspection . ) . South United
P Serbia Switzerland U.S. Denmark Finland France Germany Norway . Sweden .
Access Africa Kingdom
Drive-By | Control Daily Routine Routine
Routine
. . Routine  Routine Annual . .. Superficial Superficial
Visible Regular Main Minor  General Monitorin
sl o : 48- Principal IQOA* 9 General General
month
In-depth .
Arm’s o Principal P General . . o . Principal*
Principal . - Major Major  Principal Major
Length Intermediate e 5-year* *

** SAID TO BE “ARM’S-LENGTH,” BUT TRAFFIC LANE CLOSURES ARE RARELY PROVIDED.
* IQOA = IMAGE DE LA QUALITE DES OUVRAGES D’ART.

2.2.2Visual inspection

In spite of the established frameworks for in-depth examination, using highly sophisticated
NDT equipment, the core bridge inspection technique is undoubtedly the visual
inspection. The reasons for this are numerous. Firstly, the in-depth examination of each
bridge in its entirety is not economically feasible. Secondly, such an approach would result
in huge amounts of hardly interpretable data. Therefore, it would require a human labor
and powerful computers to process the data, thus substantially increasing the inspection
cost. The last, but not least, the input data requirements of the current BMSs are rather
rigid, i.e. interpretation of inspection findings is necessary prior to insertion into BMS.
This is why the current inspection practice entails the visual routine inspection. Moreover,
all types of inspections are mainly visual, whereas the NDT equipment is used rather as
an aid for the confirmation of the suspicions related with possible bridge deterioration
processes. Visual examination implies the interpretation of the findings prior to filling the
report or rating the bridge element or the entire bridge condition. Nevertheless, this so
much appreciated interpretation of findings is the visual inspection’s great strength, but
a great weakness as well. Namely, the inspector’s subjectivity is unavoidable.

In 2001, Moore et al. [34] conducted a research analyzing the reliability of visual inspection
of highway bridges. They analyzed two generalized types of visual inspection: routine and
in-depth. The inspections were performed by 49 inspectors at seven bridges from south
central Pennsylvania and northern Virginia. One of the main goals of the research was to
find the correlation between the assessed condition rating accuracy and various inspectors
attributes, such as mental and physical condition, fears of hazards related to inspection,
and experience level. The results showed a significant variability of the assessed condition
ratings. Only 68% of assigned condition ratings were within 1 point of the average
condition rating. Given that the U.S. National Bridge Inspection Standard (NBIS) [35]
provides a ten-grades condition rating system (from 9 (excellent) to 0 (failed)), and that
the low and high ratings are not used frequently, effectively reducing the system to only
6 grades, the presented results indicated a great subjectivity in rating the bridge condition.
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Using the multivariate nonlinear regression analysis, Moore et al. [34] managed to
determine the following human and environmental factors influencing the condition rating:

e Near and far visual acuity

e Color vision

e Fear of traffic

e Fear of height

e Formal education in bridge inspection

e Experience in bridge inspection

e Level of structure maintenance

e Accessibility and complexity of the structure
e Time available for performing the inspection
e Applied tools

e Light intensity

e Wind speed

The report by Moore et al. [34] indicated some subjectivity-based differences in inspection
reporting as well. Each damage has been documented in a form of a written notation by
between 60% and 80% of the inspectors, but none damage is noted by more than 88% of
the inspectors. Furthermore, the inspectors were providing photos of the most severe and
easily accessible damages, rather than the less severe and unapproachable ones.

2.3 New data acquisition technologies for bridge condition
assessment

The first and the most important step of making the entire condition assessment process
digital, is the digitalization of data acquisition. Here, the term “digitalization” implies
some extent of automation of the acquisition process. In the past few decades, a variety
of data acquisition technologies emerged. Two approaches of data collection are
established, and they can be roughly described as “internal” and “external”. These
approaches are: Structural Health Monitoring (SHM) and Remote sensing, respectively.

2.3.1 Structural Health Monitoring (SHM)

According to Farrar et al. [36], SHM can be defined as “the integration of sensing and
possibly also actuation devices to allow the loading and damaging conditions of a structure
to be recorded, analyzed, localized, and predicted in a way that NDT becomes an integral
part of the structure and a material”. Supporting the claim that SHM is the technology
that tracks the structure condition from within, it implies the system of embedded sensors,
which are meaningfully positioned to perform certain measurements indicating the
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structure condition. According to Chen [37], various types of sensors are used to assess
the bridge condition. These sensors can be ceramic, oxide-based, electromagnetic,
microelectro mechanical, fibreoptic, wireless, and thin/thick film-based. They can be used
to detect, evaluate and quantify performace indicators of the bridge. According to the
Working group 1 of the COST Action TU1406 [24], the SHM is still in the research phase.
Namely, questions about properties of performance indicators, such as type, mathematical
formulation, threshold, etc. still need to be answered.

As opposed to the SHM, remote sensing is a contactless technology. The information
about the observed object is acquired by a device that is not in contact with the object.
According to Lillesand et al. [38], this technology is based on the utilization of
electromagnetic sensors for recording variations in the way observed object reflects and
emits electromagnetic energy. There are several types of remote sensing, depending on the
source of electromagnetic energy. Perhaps, the most widely applied is the combination of
digital photography and photogrammetry. As described in [38], digital photographs of an
object, captured whether manually or by specialized Unmanned Aerial Vehicle (UAV)
equipped with digital camera, are processed and interpreted in 2D or 3D manner. Besides
the combination of digital photography and photogrammetry, there are also multispectral,
thermal, hyperspectral, microwave, and Lidar sensing, as well as remote sensing from
space satellites.

Due to the high cost and high weight of the early equipment, remote sensing has been
used mainly for the large-scale land mapping, either from the airplane or from the ground.
With the advance in the information technology and data acquisition, remote sensing and
availability, remote sensing gained various applications in geology, agriculture, forestry,
urban planning, etc. The most widely used are UAV-based photogrammetry and
terrestrial laser scanning. Recently, the application of remote sensing in bridge inspection
became the topic of numerous researches. The most significant obstacle for the full
application of this technology in bridge inspection and condition assessment is the lack of
guidelines for interpretation of remote sensing outputs (i.e. various imagery and 3D point
clouds). Therefore, this application is currently limited to the manual inspection of 3D
point clouds.

2.4 Remote Sensing utilization in Bridge Inspection

2.4.1 Point Clouds

3D point cloud is a set of data points, defined by X, z, and z coordinates. Additionally, in
case of photogrammetric point clouds, point RGB color is provided, whereas the laser-
based point clouds provide only the point reflectance intensity.
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The most common and certainly the most reliable point cloud generating technology is
terrestrial laser scanning (TLS). By measuring the time of flight for a given azimuth and
elevation, TLS collects range (X, y, z) and intensity (reflectivity) of the points in the scene,
generating a 3D point cloud. Although highly accurate, the heavy weight and fixed
position makes TLS inconvenient for capturing the unapproachable bridge segments.
Essentially the same technology, Light Detection and Ranging (LIiDAR) in its latest
lightweight variant can be mounted onto UAV. Like TLS, UAV-based LIiDAR requires
the determined position and orientation in the real time, which is difficult to obtain in
Global Positioning System (GPS) - denied environments.

Unlike laser technology, photogrammetry-based point clouds are less GPS sensitive. As
Greenwood et al. [39] elaborated, the imagery free of GPS data still carries more valuable
information (i.e. camera positions can be photogrammetrically reconstructed based on
consecutive images) than LiDAR point cloud without or with distorted GPS data.

Besides being more robust than UAV-based LIDAR, the UAV-based optical camera
provides colors to the point cloud (i.e. the intensities of red, green and blue: RGB), which
is very valuable information regarding classification. Leberl et al. [40] identified and
reported sixteen advantages of the photogrammetry-based over the directly measured laser
point clouds. The advantages addressed issues such as accuracy, economy and data types.
One disadvantage of photogrammetry-based point clouds is the lower resolution
comparing to laser-based ones. Nonetheless, the development of ultra-high-resolution
cameras is likely to overcome this issue. The other disadvantage of photogrammetry-based
point clouds is the presence of semi-penetrable objects as vegetation or water. This
however cannot be avoided, nevertheless, the researchers such as Eschmann and Wundsam
[41] combine the strengths of two technologies to overcome their weaknesses. Besides
optical camera and LIiDAR, the UAV platform often includes infrared sensors for moisture
detection.

Once the imagery is acquired, the 3D scene reconstruction starts. The most common 3D
reconstruction technique is Structure from Motion (SfM), comprehensively described by
Golparvar-Fard et al. [42]. Besides camera characteristics and shooting options (intrinsic
information), the SfM system requires camera position and orientation (extrinsic
information) for each photo. The spatial coordinates obtained by GPS device in UAV
certainly help in the position and orientation calculation, but as already mentioned, this
information can be computed from images themselves. This can be done using Scale
Invariant Feature Transforms (SIFT) and Random Sample Consensus (RANSAC)
technique, as explained in [42]. The result of the 3D scene reconstruction is a point cloud.

Although powerful and widely used, UAV photogrammetry lacks image-capturing

workflows for high quality deliverables. Only recently, a number of researches dealing with

UAYV flight path planning is published. Chen et al. [43] proposed framework for a reliable

UAV-based inspection. The framework provides a method to achieve the target spatial

resolution of generated point cloud by determination of UAV working distance. However,
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the greatest value of the proposed framework is a method to evaluate the point cloud. It
is an algorithm for elimination of the common point cloud defects such as incomplete data,
outlier noise, non-uniform density, surface deviation and geometric deformation.

2.4.2 Point Cloud-based Bridge Inspection

The idea of substituting human visual perception with an automated, systematic and
guantitative 3D point cloud assessment is currently an intensively investigated topic. This
extends to the idea of using Unmanned Aerial Vehicles (UAVS) to acquire point cloud
representations for further evaluation. Several commercial UAVs specialized for inspection
were developed in the last ten years. Wells and Lovelace [44] analyzed a state-of-the-art
hardware and software solutions for photogrammetry-based bridge inspection. They point
out remarkable improvements of the UAVs (e.g. protected propellers, looking up camera,
high resolution, distance lock, additional thermographic camera, etc.). However, 3D point
clouds, as the main outputs of this kind of inspection, are not further processed, but rather
used to perform the traditional inspection more conveniently. The UAVs are usually
provided with an additional software for the 3D scene reconstruction. None of the analyzed
software includes damage detection. Instead, the damage is manually detected and
modeled as a pinned location with attached photos of the damaged region. Even though
such as-is point cloud representation can be considered semantically poor, it still
significantly decreases inspection costs. Wells and Lovelace [44] further compared
traditional and UAV-based inspection in terms of cost and duration, inspecting 12 bridges
of different types and sizes. Whereas both approaches took roughly the same time, in the
same report, it is claimed that the UAV-based inspection was averagely 40% cheaper than
the traditional one.

Damage detection for concrete bridges has been exhaustively investigated in the past two
decades. Jahanshahi and Masri [45] developed a state of the art method for extracting an
accurate two-dimensional geometry of a concrete crack from the image, whereas German,
Brilakis, and Desroches [46] established a concrete spalling detection method providing
the length and depth of the spalling region. None of the image-based damage detection
techniques provides the damage location relative to the inspected structure.

The latest researches tend to systematize imagery acquisition techniques with damage
detection and feature extraction methods into an automated bridge inspection system.
Morgenthal et al. [47] proposed a conceptual framework for utilizing the state-of-the-art
UAV-based bridge inspection techniques. Instead of inspection standardization, the
authors suggest defining tasks and assessment criteria for each inspection. After the UAV
flight path planning, the authors suggest the use of multi-scale crack centerline detection,
also proposed by Sironi et al. [48], as well as the structural condition assessment by
integrating the detected spalling damage into the previously generated finite element
model of the bridge. Research by Huthwohl and Brilakis [49] focused on the image-based
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classification of concrete surfaces of highway bridges for damage detection, and used
morphological operators to highlight the damage in surface textures that are then
projected on to the given as-is model. Research by Xu and Turkan propose a framework
for implementation and integration of BIM and UAV technologies for bridge maintenance.
The proposed framework makes use of an image-based processing technique for detecting
concrete cracks, and links this information with a string description field of the bridge
IFC representation [50]. The benefits and challenges of using point-cloud data alongside
BIM has been researched by Qu and Sun [51] and Tuttas et al. [52]. In these studies, the
automated generation of a semantically rich model for further geometric reconstruction to
as-is BIM models, are noted as the main benefits. These semantically enriched models can
further be converted into BIM data or used for other type of data analysis. Additionally,
Anil et al. [53] state that the use of point clouds alongside the as-designed or as-is BIM
representation allows for the assessment of any conflicting differences. The use of point
clouds can benefit the generation of digital documentation of new features of a structure
that are added in the post-construction phase [54].

2.5 Industry Foundation Classes

Whereas the need for the development of the product model for buildings arose in the
1970s [17], only the development of the Standard for the Exchange of Product model data
(STEP), in the 1980s, paved the way to a vendor-neutral format for building product
models exchange. STEP is developed by the International Organization for
Standardization (I1SO), under the official label ISO 10303. STEP included a definition of
the data modeling language, named EXPRESS, capable of describing both semantics and
geometry of a building [55]. After the introduction of a vendor-neutral data modeling
language, a few engineering consultancies, accompanied by the construction companies
and software vendors, in 1995 founded an organization named International Alliance for
Interoperability (IAl), with the purpose of standardization of building product modeling,
today known as BIM. In 1997, 1Al released the first version of the standard named
Industry Foundation Classes 1.0 (IFC 1.0). Meanwhile, the 1Al is re-branded to
buildingSMART International (bSl), and the IFC 1.0 has been replaced several times by
newer versions. The latest official version of the standard, IFC 4.1, is released in 2018.
Borrmann et al. provided a thorough history of IFC in [56].

2.5.1 Data modeling language: EXPRESS

The biggest strength of this powerful data modeling language is the high readability by
both humans and computers. The fundamental element of this language is an entity type.
What class represents in an object-oriented paradigm, the entity type represents in
EXPRESS. Each entity type is defined by attributes and relationships to other entity
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types. As described by Borrmann et al. [56], EXPRESS is a standard by means of which
it is possible to define a data model (i.e. schema), but not the instances of the defined
model. For the generation of the specific model instances, several ways, such as STEP
Physical file [57], or XML document are available. Although widely used, EXPRESS-G,
the graphical form of EXPRESS, have not succeed in completely replacing its older
brother due to the somewhat reduced expressivity. A thorough description of EXPRESS
and EXPRESS-G structure and syntax is provided by Schenck and Wilson [58].

2.5.2 IFC schema structure

The object-oriented nature of the IFC data model definition implies the implementation
of the inheritance concept, and thus the hierarchical classification system (i.e. taxonomy).
As described by Koch and Konig, the inheritance allows the definition of generalized entity
types (i.e. super-classes), and specialized entity types (i.e. sub-classes). Namely, the sub-
class inherits all the attributes from the related super-class, but it contains additional
attributes, not included in the super-class, thus specializing the super-class. On the other
hand, by defining it in a superficial manner (i.e. reducing the number of attributes by
which the entity is defined), super-class generalizes the sub-class [59]. This concept is
utilized in the IFC data model by means of the object meaning. Here, the concept of an
abstract super-class is utilized, as well. Abstract super-class is an entity type which cannot
be instantiated directly, but rather via its sub-class. The example for an abstract super-
class is the entity type /fcBuildingElement, which can be realized only by instantiation of
its sub-class, such as /fcColumn, or IfcWall.

For the purpose of readability of the dissertation, the IFC [60] notation convention is
provided below:

e Names of types, entities, rules, and functions start with the prefix /7, and continue
with the CamelCase? English words.

¢ Names of attributes have no prefix and follow the CamelCase convention.

e Names of the standard property sets start with the prefix Pset _and continue with
the CamelCase English words.

¢ Names of the standard quantity sets start with the prefix Qfo_, and continue with
the CamelCase English words.

Defined using previously defined EXPRESS language, IFC schema structured into four
so-called conceptual layers (Figure 2.7), following the basic rule that element from the
upper layer can reference an element from the layer below, but by no means vice versa
[56]. In the following, a brief description of each layer is provided, whereas the detail
description of all four layers can be found in the latest official schema documentation, IFC
4.1 [60].

2 CamelCase is a naming convention, which stipulates capitalizing each word within a compound word.
28



Chapter 2: Literature review

Building Plumbing Structural Structural
Controls FireProtection Elements Analysis

Domain Domain Domain Domain -
L)

E

]

:

. : Construction -

Electrical Architecture
Domain Domain “‘F""n,

Shared Bidg Shared . Shared Shared a .
Services Component — Management Facilities 4 g
Control Product Process “

E xten sion Extension | Exten sion %

o

s

g

=

8

= |

H]

&

Figure 2.7. Conceptual layers in the IFC schema (retrieved from [60]).

2.5.2.1 Resource layer

This is the lowest layer, which contains definitions of basic concepts, such as measuring
units, geometry, topology, properties, and property sets. According to Beetz [61], the
resource level sub-schemas such as representation, geometry (includes definitions of basic
geometric elements, such as points, vectors, and swept surfaces), and topology (includes
definitions of classes for a solid representation), provide constructs for 2D and 3D
geometry and topology description, and are therefore most used by commercial
implementations.
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2.5.2.2 Core layer

This layer defines the fundamental modeling constructs. It comprises /fcControlExtension,
IfcProcessExtension, [fcProductExtension, and [fcKernel. The first two sub-schemas
declare classes of control objects, their assignments, planning and scheduling processes.
The third one, /fcProductExtension, defines the concepts of a physical product. By
physical objects are meant components describable by the shape and placement in the
project range [60]. /fcKernel is the core part of the IFC schema. The most abstract class
of /fcKernel is the /fcRoot, providing basic attributes such as Globally Unique Identifier
(GUID), owner, name and history.

As described by Beetz [61], the specificity of the IFC data model is that relationships
between building elements themselves, as well as their relationships with other concepts,
such as controls and processes are objects. Numerous types of relationships (e.g.
decomposition, spatial connection, etc.), with instances easily identifiable by GUID, make
the modification tracing easy.

2.5.2.3 Interoperability layer

This layer contains definitions of the entity types commonly used by all domains. Besides
standard building elements, such as column, wall, and beam, the Interoperability layer
includes definitions of management tasks, building services, and facilities.

2.5.2.4 Domain layer

This layer contains definitions of the engineering area-specific entity types and their
properties. Using entities from this layer, domains such as structural elements and their
analysis, HVAC, plumbing, fire protection, and electric planning can be fully described.

2.6 Semantic Enrichment of IFC model with Bridge Damage

Integrating the geometry and features of the detected damage into the Bridge Information
Model (BrIM) has been a subject of research for a decade. Some researchers try to use the
existing BIM software solutions to model damages and therefore commit to the proprietary
data modeling formats. Others develop an openBlIM-based data models. There are
differences in damage data input too. Whereas some tend to keep the manual input based
on inspection reports, others use digitally captured images and/or point clouds.

McGuire et al. [62] investigated the damage modeling capabilities of commercial BIM
software. They tried to model damage features such as location, type, severity and volume
by using LEAP Bridge, Tekla Structures and Revit. As it turned out none of the analyzed
software had an embedded functionality to model a damage, they developed a Revit
plugin. The proposed plugin models damage as a parametric solid parallelepiped. Relying
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on traditional inspection procedure, the inspector is asked to detect damage and measure
its features. Specifically, the location of the damage parallelepiped center relative to
damaged element, as well as the parallelepiped dimensions. Additionally, the inspector is
expected to rate the damage severity according to AASHTOWare Bridge condition state
ratings [63]. McGuire et al. [62] afterwards proposed an Excel-based structural condition
assessment tool implemented in VBA.

The IFC schema specifies the definitions of all the objects, their properties and mutual
relationships. IFC data model strictly separates semantic and geometric representation of
objects. Physical objects are defined in the Product Extension of the Core layer of IFC
data mode. Objects defined in the Product Extension can have single or multiple geometric
representations [64]. Targeting buildings, IFC schema is not appropriate for description
of bridges. For this reason, efforts on extending the existing schema for the purpose of
bridge modeling are ongoing. Started with initiative by Yabuki et al. [65], the IFCBridge
schema extension, containing definitions of bridge-specific entities is recently developed
and released by bSI. Specifically, it is a result of a 2-year fast-track project initiated by
the Infra Room of the bSI [66]. For now, it is a candidate schema and its official acceptance
is expected soon. Although the release of this schema extension will undoubtedly
encourage the use of BIM technology in the design and construction phase, it still misses
the definitions of Bridge Management-specific concepts, thus preventing the unfolding of
BIM’s full potential.

Huthwohl et al. [67] deal with describing both the inspection details, as well as the defect
type, nature, and properties. They distinguish the defect as a deterioration process
(“defect”) from the defect as visually observable damage on a surface of the bridge
structure (“element defect”). Therefore, the “defect” semantics is modeled as
IfcElementAssembly, capable of containing the aggregation of several “element defects”.
The condition rating of an “element defect” is represented by IfcPropertySet of predefined
type Pset__Condition. The “defect” is connected with a damaged IFC element using the
relationship IfcRelAggregates, so that the assignment of a single “defect” to multiple IFC
elements is possible. For an “element defect” geometric representation, the
IfcSurfaceFeature entity is proposed.

Isailovi¢, Petronijevi¢, & Hajdin [68] proposes the method for feeding the inspection
database of BMS by BIMs enriched with damage information. They insert the manually
detected point cloud-based damage geometry into the existing BIM by performing the
CSG Boolean difference operation on damaged bridge elements.
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3.1 Data model of as-damaged bridge

3.1.1 Data modeling concepts and notation

Koch and Konig [59] define a digital building model, i.e. BIM, as a ,,computer-based
abstraction of a real facility focusing on a simplified and reduced extract of the entire set
of all available information®. The same authors distinguish two basic steps in the
establishment of a digital building model:

e Conceptualization — a conceptual data model, representing types of important
information and their mutual relationships, is established as an abstraction of a
real building.

¢ Realization — the conceptual model is implemented for a specific case.

For a data model to be unambiguously defined, a standardized notation should be used
for the description of concepts such as entities (objects), entity types (object classes),
attributes, methods, and relationships. Several conceptual data modeling notations that
are widely used are Entity Relationship Diagrams (ERD) [69], Unified Modeling Language
(UML) (ISO/IEC 19505), and Extensible Markup Language (XML) [70]. Besides these
three, the EXPRESS is already mentioned as a language for definition of digital building
models. For the establishment of the digital model for the purpose of the dissertation,
UML and EXPRESS will be used. In the following, the object-oriented modeling basics
are introduced using the UML notation, specifically, the essential part of UML, class
diagrams.

The term entity type in data modeling is an abstraction of any kind of entity (object). In
IFC, this concept is defined by the term entity type. Entity type represents a set of entities
(objects), which can be described by the same properties, i.e. attributes. Furthermore, an
entity type (class) describes the structure and behavior of its instances, i.e. entities
(objects). Each entity type (class) is defined by attributes and methods. Whereas
attributes are properties any entity (object) from the entity type (class) can have, methods
can be understood as behaviors that entities (objects) from the same entity type (class)
are capable of. Nevertheless, the IFC, as a data exchange format, does not provide any
modification of a building model. It rather statically describes a model in a manner of a
so called “time stamp”. For this reason, methods will be left out of the following discussion.
Figure 3.1 shows an example of a Column entity type (class) that has two attributes:
height and material. The description after the colon indicates the type of an attribute.

Column

height: double

material: string

Figure 3.1. Object class: Column.
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Besides the basic object generalization, by introducing entity types (classes), the entity
types can be generalized as well, to form supertypes (superclasses). The opposite of the
generalization is the specialization. Namely, an entity (object) derived from some
supertype (superclass) can be described in more detail by specializing through the
instantiation from a subtype (subclass). This way, some new attributes are introduced to
the entity (object) description, on top of the ones originating from a supertype (superclass)
definition. In object-oriented modeling, this concept is named inheritance. The concept of
inheritance is shown in the UML class diagram in Figure 3.2. Whereas a common
information about a column (i.e. height and material) is described by the attributes of a
supertype Column, the information about a column base are described by the attributes
of a Column subtypes: RectangularColumn and RoundColumn. Besides the generalization
of subtypes (subclasses), the Column entity type represents a concept widely used in IFC,
called an abstract supertype (superclass). This means that no object can be instantiated
from this entity type (class), unless it is an instance of its subtype (subclass). In this
example, the Column is an abstract supertype (superclass) due to the inability to
instantiate a Column without the information about the base shape and dimensions.

Column

height: double

material: string

=

= RectangularColumn = RoundColumn

baselLength : double baseDiameter : double

baseWidth: double

Figure 3.2. Inheritance.: Subclasses of a Column superclass: RectangularColumn and RoundColumn.

In an object-oriented model, the entities (objects) of different classes are interconnected
by the relation or association. According to Koch and Konig [59], the most common entity
interconnection models are so-called binary relations. This model defines the relationship
between two entities (objects) in terms of the roles and cardinality (i.e. multiplicity).
Whereas the relation roles indicate the nature of a relationship, the cardinality determines
the number of related entities (objects) on each relation side. Besides, the relation can be
directed or undirected. The information about the entity (object) relations to other entities
(objects) is stored in the entity attribute. Namely, an attribute can reference the related
entity (object) either directly (Figure 3.3a) or by referencing the association class (Figure
3.3b). The association class determines the nature of a relationship, as well as the relating
entities (objects).
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Column

reinforcement: List<ReinforcingBar>
coveredBy reinforcedBy
cover: Cover

(@)
covers reinforcing | 0..*
= Cover = ReinforcingBar
= Column 1 ox |5 ReinforcingBar
(b) i

ReinforcedBy

structural: boolean

Figure 3.3. Entity relation: (a) direct (with defined roles), (b) by an association class.

For any building model, an important relationship type is a so-called “whole-part”
relationship. In object-oriented modeling, this relationship is implemented through the
aggregation and decomposition. These two are best described by the relations “consists-
of” and “is-part-of”, respectively. Koch and Koénig [59] emphasize the strong character of
relationships of this kind, explaining that parts cannot exist without the whole. To
illustrate this concept, a ReinforcingAssembly is borrowed from the IFC 4.1 [60] (Figure
3.4). Here, the reinforcing stirrups are aggregated into the assembly, which is contained
in the structural element. On one hand, the stirrups are not separately contained in the
concrete element, but on the other, the assembly does not exist without single stirrups.

ReinforcingAssembly i 1ot Stirrup

consistsOf isPartOf

Figure 3.4. Aggregation relationship.

3.1.2 Structure of inspection data in BMS

The damage data structure is implemented differently in various BMSs around the world.
Each BMS has a unique condition rating system, the format of an inspection report,
damage types, etc. Semantics for the damage data model, established in the scope of this
dissertation, are inspired by the Swiss Federal Roads Authority BMS, named KUBA [14].

Information about the potential bridge damage is gathered periodically, through the
inspections. Each suspicious phenomenon must be recorded, as an inspection finding, in
KUBA database. Observations made in course of inspections are not necessarily damages.
These observations can be thought of as symptoms of damage processes, eventually leading
to structural damage. It is therefore that in KUBA 5.0 the term inspection finding is used
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instead of damage. Inspection finding in the KUBA inspection database must be defined
by the following parameters:

e Type: To be selected from the catalog.

e Location: Textual description of the position and extent of the inspection finding.

e Placement on the inspection sketch: point, linear, or polygonal markers of the
inspection finding on the inspection sketch.

e Photos: Single or multiple photos of the inspection finding, with the capture date
provided.

After the inspection findings are recorded, the structural elements of the bridge are
subdivided into segments. The segments correspond to the areas with the different
suspected or detected long-term behavior, caused by various environmental conditions or
deterioration processes, commonly named damage processes. Each segment is defined by
the type of the damage process (KUBA catalog distinguishes nine types), and a measure
of impact of this damage process on the structural element. This measure refers to the
deterioration degree of progress, exposure to the environmental influences, or other
influences to damage process.

Once the element segments are established, damages that are close to each other, caused
by the same deterioration process, are identified and grouped into units named damage
groups. Damage group can be only established within a segment. Same as for the segments,
for each damage group the type of a damage process and the measure of impact are
defined.

The final output of the inspection is the condition assessment. In KUBA, condition
assessment is established on three levels: damage groups, building components, and an
entire infrastructure asset. Swiss condition rating system distinguishes five ratings: 1
(good), 2 (acceptable), 3 (defective), 4 (poor), and 5 (alarming). All the information on
the inspection planning, execution, as well as the inspection findings in KUBA is organized
in an object-oriented manner. Figure 3.5 shows the adapted UML class diagram of the
KUBA class Finding, retrieved from the IT documentation of KUBA 5.0 [71]. This
diagram represents a part of the entire KUBA BMS data model, relevant for the
representation of inspection and damages. The essential classes for the establishment of a
digital model of as-damaged bridge are shown in red.
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Property::Property Catalog::CatalogEntry InspectionPreparation::RootInspectionObject

- Remark: string - HierarchyCode: int

- SelectionCode: char

-

utilized by

=
*

utilizes

InspectionProperty

InspectionTypeCatalogEntry InspectionCampaign

describe "
- Number: int

- Name: string

BuildingStructure::

includes ’ 1

infrastructureObject degcribed by Objectinspection included in
1 1.5
- Name: string inspected by inspects| - Date: Date
1
- ObjectType_Text: string 1 0.* | - InspectionType_Text: string overtakes
- Number: string refered by 1
located by [0..1 1T - refersto | 0. overtaken by | 0.*
3
@©
8 WithoutSuccessor
+ 01
= - Description: string
£ Sketches::Sketch
3 v
+ - CAD file: blob
shows] 0.1 OutdatedFinding
§ <
0.1
shown in
3DModel::3DModel 4
- CAD file: blob overtakes overtaken by WithSuccessor
showsLo‘j 0.* 1 0.1
shown in
CurrentFinding
0..1
<
located by
locates | * 0..*| locates 0.* 1

Location::SpaceUsage

FindingTypeCatalogEntry

- DistanceU_Start: double FindingProperty

- DistanceV_Start: double

- HeightW_Start: double 47 %

- DistanceU_End: double

- DistanceV_End: double

- HeightW_End: double

Catalog::CatalogEntry

Property::Property

- HierarchyCode: int

- SelectionCode: char

- Remark: string

Figure 3.5. Inspection Finding UML class diagram (adapted from [71]).

The presented data model will be thoroughly analyzed by addressing each specific object
class. The goal of the analysis is to derive the necessary and useful concepts from the
KUBA data model, for the later utilization in the future BrIM-based data model.
Therefore, a special attention in the analysis is payed to the identification of data
redundancy between BrIM and KUBA.

Finding is a central class in the inspection data model. An instance of this class represents
the note of a single damage, or damage symptom, detected during the inspection. The
information about the damage is stored in a single textual attribute, named Description.
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Given that the inspection is a periodically repeatable procedure, each time generating
instances of the Finding, often addressing the same damage, damage symptom, or other
suspicious phenomenon, a certain way of historical data storing needed to be established.
Whereas the CurrentFinding represents the last valid Finding, which is not set to obsolete
during the subsequent inspection, the OutdatedFinding represents the Finding overtaken
by the subsequent one, or the Finding no longer detected during the subsequent
inspection. Accordingly, the WithSuccessor represent an OutdatedFinding, overtaken by
the subsequent one, while the WithoutSuccessor is an OutdatedFinding set to obsolete
because it was no longer detected.

The Finding is defined by its type, represented by the FindingTypeCatalogEntry, and
properties, represented by the FindingProperty. These two classes inherit from the
Catalog:.CatalogEntry and Property..Property, respectively. Both parent classes are parts
of external packages, discoverable by the first word in a title, separated by a double-colon
from the rest of the title. The Catalog.:CatalogEntry is the part of the Catalog package,
providing the relationship between the inspection interface and the KUBA catalog.
Catalog..CatalogEntry points to the KUBA catalog item, identified by two attributes:
HierarchyCode and SelectionCode. HierarchyCode is a numerical unique identifier of the
catalog item, determining the entry position in the hierarchy of the catalog. SelectionCode,
on the other hand, is of char type, and it defines the selectability of the entry. In
particular, “-” means the entry is just a generalization of a group of entries, and thus
cannot be selected, “+” represents the lower level of entry generalization, and “*” stands
for the lowest entries in the catalog hierarchy, which are, of course, selectable. Figure 3.6
shows the snippet of the KUBA catalog, illustrating the described identification of specific
catalog entries. Property package provides further information about the Finding, in
addition to the simple catalog classification. The Property:.Property represents either an
elementary property (single object) or a complex one (an aggregation of elementary
properties). The information contained in Property::Property can refer to the person
participating in the inspection (providing all the personal and corporate information), to
the assigned Finding TypeCatalogEntry (if a further description is needed and a property
is applicable to that specific catalog entry), or it can be a free property (providing simple
pieces of information, such as date, floating point number, integer, or text). Last but not
least, the Property::Property has a textual attribute Remark, carrying all the additional
information about the F/nding, which cannot be included in any of the described classes.
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CTK SEL |~ xCTK HIERARCHYCODE VL |~ English -
+ \ Another observation
1 Mechanical integrity
- 10 Settlements, displacements
+ 1001 Scour around the structure
+ 1002 Settlement
+ 1003 Changes in configuration of the land
+ 1004 Displacements
+ 1005 Rotations
+ 1006 Relative displacement
- 11 Deformation
+ 1100 Deformation due to impact
+ 1101 Rutting
+ 1102 Bumps
+ 1103 Blisters
+ 1104 Shear Deformation
+ 1105 Sgueezed elastomer
+ 1106 Deformed slide plate
+ 1107 Deformed supports
+ 1108 Deformed bearing plates
+ 1109 Other deformations
+ 1110 Deformation due to alkali aggregate reaction
+ 12 Cracks
+ 1201 Flexural cracks
+ 1202 Shear cracks
+ 1203 Cracks due to restraint deformation
+ 1204 Cracks due to reinforcement corrosion
+ 1205 Cracks due to sulfate attack
+ 1206 Crazing
+ 1207 Cracks due to the execution
+ 1208 Cracks in the weld
+ 1209 Cracks in the joint
+ 1210 Longitudinal cracks
+ 1211 Transverse cracks
+ 1212 Cracks of elastics profiles
+ 1213 Cracked cables
+ 1214 Cracked Supports
+ 1215 Cracked rollers
+ 1216 Other cracks

Figure 3.6. KUBA catalog snippet.

Findings are possible outcomes of an inspection and therefore the Finding class is related
with the Objectinspection class. Inspections are scheduled or triggered according to a
certain plan, or a strategy for bridge management and maintenance. All the performed
inspections (i.e. Objectinspection) of a single bridge are grouped into a so-called campaign
(i.e. InspectionCampaign). Each campaign is identified by a unique number and an
optional name. /nspectionCampaign is implemented by means of the classes from the
InspectionPreparation package, whose represent in the class diagram in Figure 3.5 is
InspectionPreparation::RootInspectionObject. 1t is the top inspection object in the
inspection tree, which allows various ways to group several bridges or several elements of
one bridge, to correspond to the specific inspection campaign.

Same as Finding, each Objectinspection instance must be related to the specific catalog
entry and can be further described by certain properties. This is implemented by relating
the Objectinspection with the [InspectionTypeCatalogEntry and [InspectionProperty,
specializations of Catalog::-CatalogEntry and Property::Property, respectively.
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Apart from being related with the Finding, Objectinspection is also related with the
BuildingStructure..InfrastructureObject. This class is a part of the package used for the
description of the inspected infrastructure assets, named BuildingStructure. The inspected
bridge, its structural and non-structural elements, their mutual relationships, as well as
corresponding metadata is represented by the /nfrastructureObject class and similar
classes from the BuildingStructure package. All the information modeled by the resources
of this package is already included in BrIM, therefore it will not be discussed further.

The UML definition of classes Location.:SpaceUsage, Sketches: . Sketch, and
3DModel..3DModel in Figure 3.5 are considered self-explanatory, thus it will not be
discussed further. Moreover, the existence of these classes in the KUBA data model can
be understood as a compensation of a comprehensive geometric model, such as BriM.
Therefore, the introduction of BriIM makes these classes, as well as the corresponding
packages redundant.

3.1.3Establishment of a new data model for as-damaged bridge

Based on the analysis from the previous section and the structure and content of the
current BrIM data model, requirements for the data model on as-damaged bridge will be
formulated. Afterwards, a selection of relevant concepts and information from the existing
data model for damage description will be established. Finally, a new data model will be
proposed in a form of a UML class diagram.

General requirements the newly established data model needs to meet are as follows:

e Complete preservation of a BrIM and BMS data structure
e Highly detailed damage geometry and semantics
e Straightforward linking between BrIM and BMS objects

For each noticed damage, the following information needs to be assessed and documented:

e Damage type: classification of a visible surface defect, selected from the BMS
catalog.

e Deterioration process: physical-chemical process causing surface defects, selected
from the BMS catalog (KUBA distinguishes nine deterioration processes).

e Damage position: rough distance measure, relative to the dimension of the inspected
element.

e Damage extent: an approximate measure of the damaged region (areal dimension
or percentage of the damaged region relative to the overall element surface).

e Damage severity: damage condition rating complying with BMS damage rating
system.
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The position and the extent will be implicitly determined by the as-is IFC geometry. State
of the art tools for BIM analysis, such as spatial query language QL4BIM [72], are capable
of sophisticated analysis of mutual relationships between IFC objects. However, no
straightforward solution appropriate for damage severity assessment for bridges is
currently available. In most cases, due to the complexity of the task and the required
expertise, the deterioration process has to be manually assessed by an experienced and in
some countries licensed structural engineer.

For the easier distinction between the KUBA-based Finding, the corresponding class in
the newly established data model is named /nspectionFinding. Figure 3.7 depicts the
proposed class diagram of /nspectionFinding, compliant to the data structure of KUBA
5.0.

Inspection 1 0.* InspectionFinding
- Date: date refered by  refers to | - Description: string
- InspectionType: string J 1.7 includes
ﬂ included by
<<powertype>> DamageSeverity Damage
BMSCatalog <l
- Description: string - Remark: string
- HierarchyCode: int
- GeometricRepresentation: 3D geometry
ZE CatalogTypeOfDamage | 4 J S ko 07| damages
1| damaged by
- Description: string
StructuralElement

DamageProperty 0.* €7

&
BridgeElement @

- Remark: string

Figure 3.7. Newly proposed InspectionFinding class diagram.

In the proposed data model, /nspectionFinding should be understood rather as a damage
group, thus modeled as an aggregation of Damage instances. The only attribute of
InspectionFinding is the textual description. It is associated with /nspection, described by
date and type. The /nspectionFinding as a damage group is described by DamageSeverity,
which is a predefined catalog entry, or a free text. Damage class has two attributes:
Remark (string) and GeometricRepresentation (at this point unidentified format).
Besides by its attributes, Damage is described by CatalogTypeOrfDamage and Damage
property. As opposed to CatalogTypeOrDamage, the DamageProperty is optional, added
only if the damage extent cannot - at the moment - be precisely derived (e.g., crack width)
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from the GeometricRepresentation. Finally, Damage is related to the damaged
StructuralElement, coming from BriM.

3.2 Data model implementation in IFC

In order to enable the use of BriM by BMS, mapping of the proposed classes (entity types)
to the IFC is necessary. IFC data model strictly separates semantic from the geometric
representation of a bridge. Therefore, these two will be addressed separately by the
following sections. Rather than proposing the schema extension, the existing schema [60]
definitions are used. Colors of IFC entities in the proposed EXPRESS-G diagrams in the
following figures correspond to the colors of the classes in UML diagrams.

3.2.1 Semantics

As previously described, findings are results of carefully planned and scheduled
inspections. Adopting the proposal of Huthwohl et al. [67], in the IFC model /nspection
is represented by /fcTask. Its attributes T7ask7Time (time stamp) and user-defined
ObyjectType perfectly correspond to the definition of /nspection class (Figure 3.7), and
therefore, the Objectinspection (Figure 3.5) as well. /nspection (/fc Task) is connected with
InspectionFinding (IfcElementAssembly) by relationship /fcRelAssignToProcess (Figure
3.8).

(a) Inspection (b)
- Date: date [ IfcTask ]
- InspectionType: string T

-

refersd by [ IfcRelAssignsToProcess ]

0..* [refers to

InspectionFinding [ IfcElementAssembly ]user—defined type:

INSPECTIONFINDING

- Description: string

Figure 3.8. Mapping the /nspection class and its relationship with /nspectionFinding to IFC: (a) Proposed UML class
diagram, (b): proposed IFC structure in EXPRESS-G.

As described in Section 3.1.2., KUBA 5.0 groups mutually close damages related to the
same deterioration process. Therefore, the [/nspectionFinding is modeled as
IfcElementAssembly of the user-defined type INSPECTIONFINDING (Figure 3.8). The

members of this aggregation, instances of the Damage class, are represented in IFC by
the /fcSurfaceFeature (Figure 3.9).
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InspectionFinding
() (b) [ IfcElementAssembly ]
- Description: string T
includes
[ IfcRelAggregates ]
included by i :\
Damage : __________ . __________
o [ IfcSurfaceFeature ] : i |fcSurfaceFeature |
- Remark: string : é ARt e e
user-defined PrevErrrre. rrrrewee \
- GeometricRepresentation: 3D geometry type: DAMAGE . lfcSurfaceFeature

Figure 3.9. Mapping the /nspectionFinding class and its relationship with Damage class to IFC: (a) Proposed UML
class diagram, (b): proposed IFC structure in EXPRESS-G.

IFC schema defines the /fcSurfaceFeature as “a modification at (onto, or into) of the
surface of an element” [60]. This modification can affect only the part of an element
surface, or the entire surface. However, the consequential change of the element’s volume
must be proportionally small. Originally intended for description of the designed surface
features, such as wall covers, or small holes for the plumbing pipes, /fcSurfaceFeature is
able to represent damage as well. This have been firstly noticed by Huthwonhl et al. [67],
who used /fcSurfacefeature to map an image of a damage on to the bridge element surface.
Moreover, the IFC Bridge schema extension [73], which will be official soon, suggests using
IfcSurfaceFeature to describe any surface defect. The IFC Bridge expands the current set
of [IfcSurfaceFeature predefined types with the type named DEFECT. Contrary to
Huthwohl et al. [67], in this research, /fcSurfaceFeature will be used to subtract the
missing volume, caused by damage, from the original volume of the bridge element. The
IFC Bridge’s predefined DEFECT type is not used in this dissertation. Instead, the user-
defined type of /fcSurfacefeature, named DAMAGE is used to describe bridge damages.
The reason for this is the chronology of the establishment of these two solutions. Namely,
the user-defined DAMAGE is used in this research before the IFC Bridge schema
extension [73] has been released. Although the choice of the /fcSurfaceFeature type could
be easily changed in favor of the new extension, it has not been done. It is rather postponed
for the moment when IFC Bridge is improved with entity type definitions addressing
bridge management requirements.

KUBA partitions each bridge element based on damage groups found at that element.
Furthermore, the condition rating (e.g., DamageSeverity) refers to the damage extent,
which includes damages of the same group. Thus, DamageSeverity is represented by
AssesmentCondition, [fcPropertySingleValue of the predefined /fcPropertySet named
Pset _Condition, connected with the  /nspectionFinding by  relationship
IfcRelDefinesByProperties (Figure 3.10).
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@) InspectionFinding (b) [ IfcElementAssembly ]

- Description: string
T
1

[ IfcRelDefinesByProperties ]

DamageSeverity l
- Dsaptien: strig [ IchropTertySet ] Pset_Condition
€7 [ IfcRelAggregates ]
<<powertype>> l
BMSCatalog

[ IfcPropertySingleValue ]AssessmentCondition

- HierarchyCode: int

Figure 3.10. Mapping the DamageSeverity class and its relationship with /nspectionFinding class to IFC: (a) Proposed
UML class diagram, (b): proposed IFC structure in EXPRESS-G.
CatalogTypeOrfDamage and DamageProperty are represented by instances of
IfcPropertySingleValue, members of [IfcPropertySet, connected with Damage by

relationship /fcRelDefinesByProperties (Figure 3.11).

(a) Damage (b) user-defined type:DAMAGE
[ IfcSurfaceFeature

- Remark: string

- tricR tion: 3D
GeometricRepresentation geometry [ IfcRelDefinesByProperties ]

0.* % l
1 0." [ IfcPropertySet ]

CatalogTypeOfDamage DamageProperty T
- Description: string - Remark: string [ IfcRelAggregates ]
<<powertype>> ‘ l
BMSCatalog [ IfcPropertySingleValue ] [ IfcPropertySingleValue ]
- HierarchyCode: int

Figure 3.11. Mapping Catalog TypeOfDamage, DamageProperty, and its relationship with Damage class to IFC: (a)
Proposed UML class diagram, (b): proposed IFC structure in EXPRESS-G.

Any of the structural bridge elements can be damaged, so /fcElement, an abstract
superclass of all the structural components, is used to describe damaged elements in Figure
3.12. Damage (/fcSurfaceFeature instance) is connected with the damaged element of the
bridge (represented by the instance of [/fcElement) by the relationship
IfcRelVoidsElement. The complete proposal of the IFC structure is shown in Figure 3.13.
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(@) Damage (b)
- Remark: string
- GeometricRepresentation: 3D geometry [ IfcSurfaceFeature ]
0..* |damages ’

1 |damaged by

StructuralElement [ IfcRelVoidsElement ]

( ]
[ IfcElement ]
BridgeElement @

Figure 3.12. Mapping the relationship between Damage and damaged BridgeElement. (a) Proposed UML class
diagram, (b): proposed IFC structure in EXPRESS-G.
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Figure 3.13. Complete IFC structure for description of inspection findings (EXPRESS-G).

3.2.2 Geometry

IFC data model strictly separates semantic information from its geometric representation.
According to Borrmann et al. [56], every object in a building project is defined by its
semantic identity, which can be further linked to a single or multiple geometric
representation. Each instance of the /fcProduct supertype can have a geometric
representation. In IFC, the geometry is modeled using the entity types from Geometry
Resource, Geometric Model Resource, or Topology Resource sub-schema. The IFC schema
offers several geometry definitions, specified in the abstract supertype
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IfcGeometricRepresentation/tem. Borrmann et al. have grouped those definitions into
classes for definition of curves, spatial surfaces, and solids. Due to the topology of the
BrIM geometry and UAV photogrammetry outputs, solid and surface representations were
in the focus of the research. Defining geometry of damage is only possible in context of
the entire bridge and therefore both the geometry of intact bridge, as well as the proposed
geometric representation of damage is described.

3.2.2.1Intact bridge elements

BrIM models are created using BIM software, whose user interface hides the internal
process of generating graphic artefacts. Nevertheless, understanding of computer graphic
basics is essential for the development of methods for introduction of new artefacts to the
model. Being solid objects, bridges and their components are geometrically described in
IFC as solids (Figure 3.14).

€Y (b)

Figure 3.14. Geometric representation of the bridge: (a) integral view, (b) exploded view.

As thoroughly explained by Borrmann et al. [56], IFC schema offers several different ways
for the geometric description of 3D solids. Three basic methods for modeling of solids are
Boundary Representation (BRep), Rotation, Extrusion, and Swept Solids, and
Constructive Solid Geometry (CSG). In the following subsections, a brief description of
these methods will be presented. Further explanation of these methods in general is
provided by Borrmann and Berkhahn [74], while its implementation in IFC is thoroughly
described by Borrmann et al. [56], as well as in the IFC 4.1 documentation [60].
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3.2.2.2 Boundary representation

This method is based on the hierarchy of following boundary elements: body, face, edge,
and vertex, in that order. Lower elements in the hierarchy describe the upper ones, thus
two vertices define an edge, edges define the face, and faces define the body.

vertex | coordinates
[ 1 2,0,0
solid faces 2 0,00
1234 | [ 3 3.00
4 e
face edges edge | vertices
1 12 1 122
2 2,45 2 2.3
3 15,6 3 34
4 3,4,6 4 3.4
50024
6 1,4

Figure 3.15. BRep description of a pyramid (adapted from [74]).

Whereas straight-edged bodies are described by coordinates of vertices, for the description
of curve-edged bodies, the additional information on splines used for the edge description,
so-called discontinuities, need to be provided. This data structure is, however, sufficient
only for the description of bodies without voids. On the other hand, the BRep extension,
named ACIS, is capable of modeling more complex bodies.

3.2.2.3 Extrusion and rotation

The principle of this method is shifting of a closed planar boundary along a line, that can
be either straight or spatially curved. The former guide-line produces an extrusion,
whereas the later one produces a sweep. An additional variant of this method is called
lofting, and it refers to the interpolation of several parallel cross-sections, possibly of
different shapes and sizes. Figure 3.16 shows all described variants of this method.

(€Y (b) © (d)

Figure 3.16. (a) Extrusion, (b) Rotation, (c) Sweep, (d) Lofting (adapted from [74]).

3.2.2.4 Constructive Solid Geometry

CSG method generates a new object combining predefined objects named primitives (e.g.
cubes, spheres, pyramids, cones) by applying Boolean operations (i.e. difference,
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intersection, or union). Although powerful, using only primitives as Boolean operands,
significantly narrows the range of possible resulting shapes. Therefore, IFC, as well as
many other data formats enable applying CSG operations on objects of any shape. Figure
3.17 shows products of CSG operations between a cube and a sphere.

(@ (b) (©)
Figure 3.17. CSG operations on a cube and a sphere. (a) union, (b) intersection, and (c) difference (retrieved from
[75]).

3.2.2.5 Damage

The output of a UAV photogrammetry-based bridge inspection is a 3D point cloud of the
bridge. By further processing, point cloud is turned into a triangular mesh. A detail
description of available algorithms for a mesh reconstruction is provided by lIsailovi¢ et
al. [76]. In Figure 3.18, parts of a point cloud and triangular mesh of a damaged cylindrical
column are shown as an example of described photogrammetric outputs.

According to the previous description, the current schema, IFC 4.1 [60], is thoroughly
analyzed in order to find the most appropriate geometric representation entity type
complying with the triangular mesh data structure. The general idea for introducing
damage to BrIM, in terms of geometry, is to treat it as a material void and to subtract
its volume from the intact element.
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Figure 3.18. Outputs of a photogrammetry-based inspection. (a) 3D point cloud, (b) reconstructed triangular mesh,
(¢) close view to the triangular mesh.

A detail description of the actual CSG subtraction is given in Section 4.3. Here, just a
resulting mesh and its IFC implementation as a concrete damage will be considered.

The Representation attribute of /fcSurfaceFeature points to an instance of a certain
subtype of [/fcProductDefinitionShape. The chosen IFC entity for the geometry
representation of damage is /fcTriangulatedFaceSet, a tessellated set of triangular faces.
Table 3.1 shows attribute definitions of this entity type. Coord/ndex is a two-dimensional
list, of which the first dimension represents the list of triangular faces, whereas the second
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one provides the indices of three Cartesian points, triangle vertices. The Coordinates
attribute points to the /fcCartesianPointList3D, an IFC entity type representing an
ordered collection of three-dimensional Cartesian points, referred by a Coordindex.
Although an indirect vertex indexing is possible using a Pn/ndex, which is an integer value
providing the coordinate values location in the /fcCartesianPointList3D, here the indices
will point directly into the /fcCartesianPointList3D. A reason for this is the structure of
Wavefront OBJ, mesh data format used for generating the geometric representation of
damage in IFC, where face vertices are also directly addressed. The Normals attribute,
intended to provide the surface orientation, is also left valueless since the orientation is
completed during the mesh pre-processing.

Table 3.1. Definitions of Ifc TriangulatedFaceSet attributes (adapted from [60]).

# Attribute Type

Cardinality

Description

1 Coordinates

2 Normals IfcParameterValue

3 Closed IfcBoolean

4 CoordIndex IfcPositivelnteger

5 Pnindex IfcPositivelnteger

NumberOfTriangles:
=SIZEOF(CoordIndex)

Ifcinteger

IfcCartesianPointList3D

2 L[1:?] L[3:3]

L[1:?] L[3:3]

2 L[1:7]

An ordered list of Cartesian points used by the

coordinate index defined at the subtypes

of IfcTessellatedFaceSet.

An ordered list of three directions for normals. It is a

two-dimensional list of directions provided by three

parameter values.

e The first dimension corresponds to the vertex
indices of the Coordindex (i.e. triangle).

e The second dimension has exactly three values, [1]
the x-direction, [2] the y-direction and [3] the z-
directions

Indication whether the IfcTriangulatedFaceSet is a

closed shell or not. If omitted no such information can

be provided.

Two-dimensional list for the indexed-based triangles,

where

e The first dimension represents the triangles (from 1
to N)

e The second dimension has exactly three values
representing the indices to three vertex points (from
1 to 3).

NOTE: The coordinates of the vertices are provided

by the indexed list of

SELF\IfcTessellatedFaceSet. Coordinates. CoordList.

The list of integers defining the locations in

the IfcCartesianPointList3D to obtain the point

coordinates for the indices within the Coord/ndex. If

the Pnlndex is not provided the indices point directly
into the IfcCartesianPointList3D.

Derived number of triangles used for this
triangulation.

Defined this way, geometric representation of the defect is self-sufficient for any kind of
further structural analysis or condition assessment. An example of several instances of the
Ifc TriangulatedFaceSet representing the concrete spalling is shown in Figure 3.19.
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Figure 3.19. Geometric representation of damage. IfcTriangulatedFaceSet.

Once defined, damage geometry will be realized as a void in a volume of the damaged
element only if properly positioned, and the appropriate relationship with the element is
established. Figure 3.20 illustrates the IFC representation of concrete spalling on the
bridge column. The IFC objects describing spalling are colored green, whereas the objects
describing column are colored grey. The IFC objects defining the relationship between the
spalling and the column are colored red.
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Figure 3.20. IFC structure for geometric representation of damage.

The /fcSurfaceFeature instance must be hosted by an instance of a child of an /fcE/lement
(in this case /fcColumn). This is implemented by the /fcRelVoidsElement relationship
between the /fcSurfaceFeature and [IfcColumn. This relationship ensures an automatic
computation of the result of CSG difference between geometric representations of those
two objects every time the model is to be rendered in IFC viewer. The local placement
(/fcLocalPlacement) of both objects refers to the same instance of /fcCartesianPoint, so
the previously performed alignment between IFC and point cloud model representation is
preserved (e.g., the volumes of the objects overlap). Although nested in the geometric
representation of a column (/fcColumn), reinforcement bars (/fcReinforcingBar) are not
voided. Instead, they stick out of damaged elements. They also mostly correspond to real
spalling geometry and therefore this representation allows computation of the extent of
exposed reinforcement. Figure 3.21 shows the final geometric representation of damage in
BrIM, along with the corresponding photogrammetric mesh.
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Figure 3.21. Comparative concrete spalling representation: (a) photogrammetric mesh, and (b) proposed IFC
geometric representation.
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Chapter 4. Generation of as-is bridge information model/

4.1 Overview

Once defined, digital model of as-damaged bridge is instantiated by generation of BriM,
compliant to the proposed model. The essential input for this procedure is an as-designed
BrIM, which will be further enriched by inspection findings to produce the as-is BriM.
This chapter thoroughly describes the process of generating the as-is BrIM compliant to
the data model proposed in Chapter 3.

The method for generating the as-is BrIM is described using the Business Process
Modeling and Notation (BPMN) [77] (Figure 4.1). In the following sections, the process
will be explained step by step.

BrIM geometric &

Pre-processing of inputs Damage geometry semantic
for damage geometry extraction extraction enrichment
[+] o 5
A A T 1 VAN JAVA
¢ ¢ s e U R = S Y
Q—><|'>ﬁ desﬁs;med Unregistered As-is As-is As-built | {> Damage | = As-is f"<+>"o
IFgC 3D point cloud mesh mesh IFC ! : meshes IFC A

A A 0 0 -

BMS-compliant

BriM : /

generation
Photogrammetric
\ > survey <
of the bridge

Figure 4.1. Process map for as-is BrIM generation.

4.2 Photogrammetric survey of a bridge

Photogrammetry, a technology used in this step, is highly developed. However, until
recently, photogrammetry has been used mainly for mapping terrain, which is significantly
different than generating 3D point clouds of solid objects. Capturing imagery of building
structures and generating corresponding 3D point clouds has been investigated by many
authors, such as Tuttas et al. [52], mainly for construction progress monitoring.
Generating 3D point clouds of bridges, on the other hand, is a rather new field, which was
almost uninvestigated at the start of this research. As opposed to compactly shaped
buildings, bridges are much more demanding structures for capturing due to numerous
reasons, some of which are:
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Lengthy uncondensed shape,

Limited approachability by UAV,

Unfavorable wind conditions in the bridge proximity,
e and Loss of GPS signal under the bridge.

The sub-process of generating 3D point cloud of the bridge, in the context of the proposed
method for generating the as-is BrIM is shown in Figure 4.2.

\
Photogrammetric survey of the bridge
UAV-based Point Cloud
bridge geometry
photo capturing reconstruction

:\__ ___,E :\ ________________ Unregistered
> Imagery o e 3D point cloud

\ 4

Figure 4.2. Map of the photogrammetric survey sub-process.

For the purpose of this research, an exhaustive investigation of all requirements for the
photogrammetry application in the bridge inspection is performed, including series of field
testing. In the following subsections, the results of this investigation are presented.

4.2.1 Bridge imagery capturing technique

Perhaps the essential prerequisite for the generation of a high quality 3D point clouds is
an appropriate photo capturing. Based on recommendations from [78], and the experience
gained through various tests, the basics of the capturing technique will be presented.

Photo capturing in the context of bridge inspection can be done using a digital camera
with reasonably high resolution (5 MP or more), preferably with fixed lenses. If zoom lens
is unavoidable, a focal length should be set either to maximal or to minimal value for
more stable results. Using ultra-wide angle and fish-eye lenses is not desirable.

Images should be taken at maximal possible resolution. For sharp photos, an aperture
should be reasonably high. Furthermore, a preferable shooting method is manual,
otherwise the UAYV speed should be slow enough to avoid blurriness.

UAVs are usually equipped with a GPS device. Therefore, each photo carries geo-
information. This is important for completing the optional georeferencing task. However,
when capturing without GPS information related to photos, as well as for achieving a
more precise georeferencing and more accurate geometry of a point cloud, marker points
should be placed on the object of interest (Figure 4.3). To be able to determine a highly
precise scale of the generated model, marker points (at least two), with a known relative
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distance to each other, should be placed on the object before shooting, so the points are
later visible on images.

Figure 4.3. Marker point with precisely measured coordinates placed on a concrete column.

When shooting, each part of the bridge should be captured many times from all possible
angles, thus eliminating, or at least minimizing so-called ,,blind zones*, which prevent the

exact geometry reconstruction. Figure 4.4 shows a point cloud of the bridge, without and
with camera positions.

(@

(b)

Figure 4.4. 3D point cloud of the bridge: (a) without camera positions, (b) with camera position and orientation (blue
rectangle represents the camera sensor, whereas the sticking-out lines represent camera orientation).

All surfaces of the object should be covered by mutually overlapping photos. This overlap
should be between 60% and 80% of the photo dimension. The biggest part of a photo
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should be taken by the object of interest. If possible, a shooting should be done on cloudy
days, without using flash, thus providing a uniform brightness.

4.2.2 Photogrammetric software solutions tests

In order to make a highly precise georeferenced triangular mesh of the bridge, three
commercial solutions are tested: Bentley ContextCapture [79], Autodesk ReCap [80], and
Agisoft Photoscan [81]. Although there are some differences in workflows of those three
software, the basic principle is the same. After the imagery is imported, the software
estimates camera position for each photo and generates a point cloud. Afterwards, a
triangular mesh is generated, based on the point cloud data. The final step is adding
texture to the mesh. As a test case, a cylindrical concrete column of the approach structure
of the Pancevacki bridge.

Figure 4.5. Test case: Pancevacki bridge column.

4.2.2.1 Bentley ContextCapture

This is a photogrammetry tool developed by Bentley Systems. As one of the first reality
capturing software solutions developed by a CAD company, there are numerous
advantages regarding interoperability with other CAD programs. However, the
ContextCapture does not lack space for improvements. In the following subsections, a
general workflow of this software is presented, as well as its advantages and disadvantages.

4.2.2.1.1 Loading imagery

Although this is a common step in every reality capturing software, the ContextCapture
is special for the way it loads photos. Namely, the photos are automatically grouped in so
called photogroups. One photogroup contains all photos with the same size of the camera
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sensor, focal length of the lens, position of the principal point in the image plane and the
distortion of the lens. All these characteristics of the photo are the input data for the
camera position estimation step (Aerotriangulation) and they are automatically obtained
from the camera. Although the idea to group photos with the same parameters is good,
for some reason it does not always work. However, if photos are manually ungrouped,
aerotriangulation is executed in good quality. The model can be georeferenced in this step.
Points with the known coordinates (Control points) are selected on each photo. Apart
from being a prerequisite for the georeferencing, control points carry a valuable
information about the model geometry and, therefore, speed up the aerotriangulation step.
Nevertheless, ContextCapture is very demanding regarding georeferencing. The software
doesn’t even notify about georeferencing success. The only way to find out about the
unsuccessful georeferencing is to notice the software’s inability to export the mesh to
“.kml”, a standard format for geographic data representation.

4.2.2.1.2 Aerotriangulation

This step is critical for model geometry assessment. Here, the camera position in the
moment of photo capturing is calculated. The software calculates camera position with or
without initial information such as GPS record or control points for georeferencing.
Aerotriangulation is a well-known photogrammetric method, thoroughly explained by
Tang et al. [82]. In ContextCapture, aerotriangulation doesn’t always give satisfying
results. Several settings were tested both on photogroups and ungrouped photos. Better
results were achieved with ungrouped photos, so a few point clouds adhering to this
approach are generated (Figure 4.6). Key point density for all models was set to high,
whereas values of the rest of parameters remained default.

€Y (©

Figure 4.6. Point clouds for different aerotriangulation settings. (a) Positioning mode: automatic vertical (Points lie
on two different cylinders), (b) Positioning mode: arbitrary (Points lie on randomly distributed cylinder fragments),
(¢) Position mode. Arbitrary, Georeferenced (All points lie on the same cylindrical surface).

4.221.3 Production

This step includes mesh generation and adding texture to it. According to the previous
tests, outside of this research, for the quality of the mesh, a good quality of the point
cloud is critical. When it comes to texture, resulting model quality depends on several
factors, such as surface roughness and illumination. Namely, the rougher the surface, the
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blurrier the texture (Figure 4.7a). Artifacts, such as the “border line” between two texture
regions are noticed on the generated model (Figure 4.7b). This happens on spots where
textures from two different photos converge. The reason might be improper mesh
calculation or illuminance difference in two source photos. This is found inconvenient in
terms of the concrete element condition assessment, i.e. the “border line” may be
interpreted as a concrete crack.

(€Y

Figure 4.7. Texture errors: (a) Rough surface’s blurry texture, (b) “border line”.

Besides the listed problems, ContextCapture is fully interoperable with MicroStation [83],
BIM software developed by Bentley Systems. Microstation offers a possibility to import a
complete reality mesh in Bentley’s “.3mx” format. As about interoperability with GIS
software, reportedly it is possible to export reality mesh in “.kml” format. Having said
that, the case model (Figure 4.8) export to “.kml” was not successful. The assumed reason
is improper georeferencing.

Figure 4.8. Concrete column georeferenced reality mesh generated by Bentley ContextCapture.

4.2.2.2 Autodesk ReCap

This is another solution developed by a CAD company and therefore it is interesting for
this research, in terms of potential interoperability between the point cloud and the
corresponding BIM. As opposed to ContextCapture, this software is cloud-based, offering
none of the input parameters, so workflow analysis was impossible. Actually, the only
choice ReCap offers is a mesh density. Available mesh generating modes are Preview and
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Ultra. Since we have used an academic license, Ultra density of the mesh was not an
option. Resulting reality mesh is shown in Figure 4.9. Since this is not even a complete
model, texture quality is not further discussed.

Figure 4.9. Concrete column reality mesh generated by Autodesk ReCap.

Although ReCap is developed by Autodesk, its interoperability with Revit, Autodesk’s
BIM solution is not fully accomplished. The ReCap generated mesh cannot be imported
into Revit. In fact, Revit accepts nothing but point cloud to be imported. ReCap does not
support georeferencing of the model.

4.2.2.3 Agisoft PhotoScan

At the moment of the test, this was a software solution developed by Agisoft, company
specialized for computer vision. Meanwhile, the same company developed a new software,
MetaShape, heavily relying on the PhotoScan legacy. PhotoScan’s robust workflow
includes following steps:

4.2.2.3.1 Loading Imagery

This is a trivial step where all the photos of the model subject are being loaded into the
program. As opposed to ContextCapture, PhotoScan doesn’t make photogroups. This
way, it is much easier to load imagery, without worries about photos characteristics such
as focal length or orientation. When loaded, source images can be marked for
georeferencing. Similar as in ContextCapture, points with previously determined
coordinates need to be tagged on each photo where appeared.

4.2.2.3.2 Photos Alignment

After loading source images, in this step, camera positions are being calculated. Additional
tasks in this step are finding and matching the common points on photos. Moreover, the
program refines camera calibration parameters. Outputs of this step are sparse point cloud
and camera positions for each photo (Figure 5a). According to the previous generation of
about ten models, outside of this research, this step runs perfectly with accuracy set to
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high, which is found to give outputs with the optimal point cloud density/computation
time ratio.

4.2.2.3.3 Dense point cloud generation

For dense point cloud generation PhotoScan use previously estimated camera positions.
Sparse cloud is not used in this step. By calculating every point depth, this step is crucial
for the model’s final geometry. With the quality set to high, dense cloud is generated
successfully in all of about ten different photo sets (Figure 5b).

(@ (b)

Figure 4.10. (a) Sparse point cloud, (b) dense point cloud. Camera positions are colored blue.

4.2.2.3.4 Generating mesh

In this step, software reconstructs a 3D triangular mesh. Starting point for mesh
reconstruction can be sparse or dense point cloud, depending on user’s choice.
Additionally, PhotoScan offers two methods for mesh reconstruction based on surface
type: Height Field - for planar surfaces, and Arbitrary - for any kind of object.
Reconstructed mesh can be edited in the PhotoScan, or in a third party program. For the
test case, a dense cloud is set as a source data and surface type is set to arbitrary.

4.2.2.3.5 Adding texture

After the mesh is generated, the texture can be added to the model (Figure 4.11). There
are several texture mapping modes (Generic, Adaptive orthophoto, Orthophoto, Spherical,
Single photo, and Keep uv) and several blending modes (Mosaic, Average, Max Intensity,
Min Intensity, and Disabled). The test case settings were generic and mosaic. Although
not as detailed as ContextCapture’s, the texture achieved homogenous quality, without
blurry places or “border lines”. Interoperability with BIM software is not a PhotoScan’s
asset. The main reason are proprietary import formats. Nevertheless, point cloud created
by this program can be imported in Autodesk Revit or Bentley Microstation.
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Figure 4.11. Concrete column georeferenced triangular mesh with texture, generated by Agisoft PhotoScan.

4.2.2.4Tests conclusion

Among the tested solutions, two out of three are considerable. ReCap’s not transparent
workflow and low-quality outputs disqualify it for the use in the dissertation research.
ContextCapture does not always run smoothly, which is mostly settings related. Besides,
it gives a highly detailed texture which is blurry in some places and georeferencing can
sometimes be a problem. ContextCapture’s triangular mesh is fully compatible with
Microstation. On the other hand, PhotoScan is a robust software solution running almost
always flawlessly. It gives homogenous quality, but medium detailed texture. PhotoScan’s
point cloud is compatible both with Microstation and Revit.

4.3 Pre-processing of inputs for damage geometry extraction

Once the as-designed BrIM and a 3D point cloud of the inspected bridge are generated,
they need to be further processed in terms of triangulation, alignment, and geometric
adjustment to the as-built condition. The goal of this step is to fully prepare geometric
inputs for the flawless extraction of geometric representations of damages. Figure 4.12
shows the map of this sub-process.
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Figure 4.12. Map of the sub-process describing pre-processing of inputs for damage geometry extraction.

The first and the last step of this sub-process is BrIM geometry conversion to 3D
triangular mesh. Namely, the as-designed IFC and as-built IFC are subjected to this step.
IFCOpenShell library [84] is used to convert IFC geometry into triangular mesh. The
proposed file format of both point cloud-based and IFC-based mesh is Wavefront OBJ.
This format was chosen as it is text-based, easy to debug, supports indexed triangular
meshes and is one of the most widely supported 3D file formats (due it its legacy use). In
the following, the rest three steps of this sub-process are described in detail.

4.3.1 Photogrammetry-based 3D point cloud registration

As a prerequisite for all subsequent steps, the output of a photogrammetric survey of the
bridge, 3D point cloud, should be registered to the geometry of previously generated BriM.
Registration is a computer graphics term and it stands for aligning two graphical objects
(e.g. 3D point cloud, triangular mesh) by means of geometric transformations (i.e.
translations and rotations) and scale adjustment. More precisely, registration aligns one
object to another.

In this research, 3D point clouds are manually registered to the BrIM-based meshes using
CloudCompare software [85]. CloudCompare offers several ways for the registration of two
objects (i.e. two point clouds, point cloud and mesh, or two meshes), such as matching
bounding-box centers, manual transformation, point pairs picking, or fine registration.
Depending on the quality and shape of meshes, any of the listed alignment methods, as
well as a combination of few of them, can be appropriate for the alignment task. Based
on the experience aligning several bridge meshes to the corresponding BrIM geometries,
combining the point pairs picking and fine registration is the most efficient approach.
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Figure 4.13 shows the registration of a cylindrical column 3D point cloud to the swept
solid representation of an /fcColumn. To achieve a clean depiction of the described step,
the point cloud is cropped and the //cColumn is shortened. In the first step, it is necessary
to assign roles of Reference (static) and Aligned (dynamic) to each of two objects.
Afterwards, at least three equivalent points need to be picked in both objects. These
points are shown in Figure 4.13a (R and A in point labels refer to Reference and Aligned
object respectively). At this step, CloudCompare computes the transformation matrix for
the rigid transformation of Aligned object and the user executes it (Figure 4.13b).

Second step is the fine registration, applying the Iterative Closest Point (ICP) algorithm
[86] on the two objects. Like in point pairs picking, firstly the roles to each object are
assigned. Afterwards, the ICP algorithm iteratively re-computes the necessary
transformation for the minimization of a distance from the Aligned to the Reference object
(i.e. root mean square (RMS) of differences between the coordinates of the matched pairs).
In this step, the scale of Aligned object is automatically adjusted. The result of a fine
registration is shown in Figure 4.13c.

€Y (b) (©

Figure 4.13. Swept solid representation of an IfcColumn and a cylindrical column 3D point cloud: (a) original state,
(b) after point pair picking alignment, and (c) after a fine registration.

The upcoming step As-designed adjustment to as-built Br/iM should sort out all major
and minor deviations of the as-built geometry from the as-designed one. To be able to
adjust geometry, the as-built point cloud needs to be registered to the as-designed BriM
geometry representation. Sometimes, however, the deviations (caused by damage,
formwork imperfections, etc.) between these two are so significant that the registration is
hardly possible. Although the exhausting and time-consuming manual registration of
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separate coinciding parts of these two is possible, for the efficient use of the proposed
method, a systematic solution for this problem needs to be developed.

4.3.2 Triangular mesh reconstruction from 3D point cloud

For damage detection both the as-built BrIM representation and the as-is 3D point cloud
are required. Whereas the photogrammetric survey made a bridge 3D point cloud
available, the as-built BrIM is still to be generated. The as-built BrIM represents the
bridge at the time of completion. Although the geometry of the constructed bridge should
comply with the designed one, this rarely happens in reality. Newly constructed concrete
bridges contain various imperfections, mainly caused by the construction inaccuracy either
due to slightly misplaced formwork, or the formwork deformation due to the weight of the
fresh concrete. The settlement of the foundation can be also a less common cause. Before
the as-designed IFC is adjusted to the as-built one, a triangular mesh is reconstructed
based on the registered 3D point cloud.

Although all of the discussed software in Section 4.2.2 are capable of mesh reconstruction,
due to the more transparent control of the process (i.e. choice of reconstruction algorithm),
the MeshLab software tool [87] is used in this step. Among several geometric
reconstruction algorithms, the following two are considered for application in this research:
Poisson algorithm [88] and Ball Pivoting Algorithm (BPA) [89]. Whereas BPA can
preserve the sharper edge features in the reconstructed geometry result, Poisson geometric
reconstruction is suited for reconstructing organic shapes due to its nature to smoothen
hard edges in its 3D shape approximation. Thus, both algorithms are used in
reconstruction of differently shaped bridge elements.

To be able to perform CSG Boolean operations, both the as-built and the as-is mesh need
to meet the following criteria:

e Each mesh needs to be watertight, i.e. is must consist of one closed surface,
e Each mesh must not self-intersect, i.e. it must have neither non-manifold edges, or
non-manifold vertices.

Repairing a mesh to fulfil the listed conditions can be easily done by using any of the
open-source computer vision software (e.g. MeshLab [87], or CloudCompare [85]).
However, much more powerful software for the mesh repair is Geomagic Wrap [90],
capable of detecting and repairing non-manifold edges, self-intersections, highly creased
edges, spikes, holes, and tunnels. Since the test case is a cylindrical concrete column,
besides small holes (i.e. mesh reconstruction side effects), two large cylinder needed to be
filled. Figure 4.14 shows the result of automatic filling of holes by generating cover meshes.
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Figure 4.14. Automatically filled holes of a cylinder column by generating triangular cover meshes.

4.3.3 As-designed adjustment to as-built BriM

The as-built geometry of the bridge is assessed by slicing the reconstructed
photogrammetry-based mesh equidistantly in two orthogonal directions using MeshLab.
Exported in the DXF format, the cross-sections are overlapped, and the centerline is
manually fitted using Autodesk AutoCad. The cross-sections centerline represents the
actual bridge contour in two orthogonal directions. The actual bridge dimensions are
measured, and the BrIM is remodeled using Autodesk Revit [40]. Finally, the BrIiM is
exported to IFC format (as-built IFC). Figure 4.15 illustrate this step by showing the
transversally sliced mesh of a cylindrical column, and a fitted centerline of the assessed
as-built column contour.

When the centerline is fitted, the actual bridge dimensions can be measured. Finally, the
BrIM needs to be remodeled according to updated bridge dimensions. Remodeling can be
done manually, by any BIM modeling software. Nevertheless, only small number of BriM
elements usually need the dimension adjustment. Therefore, in order to save time of
modeling from scratch, it is highly recommended to use the same software used for the
initial model creation and only adjust the existing model. The use of parametric modeling
can facilitate the adjustments. Whereas for solids with non-changing cross-sections, such
as the presented cylindrical column, use of parametric modeling is almost needless, its full
potential is unfolded when adjusting complex geometries. The remodeled BrIM is finally
exported to the as-built IFC.
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Figure 4.15. Transversal slices of a cylindrical column. (a) originally positioned slices, and (b) overlapped (continuous
line represents the fitted centerline of an as-built column contour, and the dotted ones are overlapped sliced cross-
sections of the as-is mesh).

4.4 Damage geometry extraction

After both the as-built and the as-is triangular mesh are fully aligned and post-processed
to meet the criteria listed in Section 4.3.2, the CSG difference between these two can be
finally computed. For this task, the MeshLab software [87] is used. MeshLab uses a
Marching Intersections algorithm [91]. The algorithm re-computes meshes of two CSG
objects, by discretizing their surfaces, according to the given unique discretization step.
Afterwards, the CSG Boolean difference is computed with regard to the same
discretization step. For this reason, the resulting mesh may have a “rasterized” look.
However, it can be re-computed later again, in order to decrease the number of vertices
and faces, due to the rendering optimization. In this second re-computation, the mesh can
get the more “organic” look, since the only parameter for the repeated computation is the
node number decrease ratio. The output of this process is a triangular mesh representing
damage, in a Wavefront OBJ data format. Figure 4.16 shows the starting and ending
point of the computation of CSG Boolean difference between the as-is photogrammetry-
based and the as-built BrIM-based mesh.
(@)
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(b)

Figure 4.16. CSG Boolean difference operation: (a) the as-built BriM-based mesh (yellow) volume subtraction from
the as-is photogrammetry-based mesh (textured concrete), and (b) the resulting damage mesh.

4.5 BrIM geometric & semantic enrichment

Each extracted mesh corresponds to the identified damage. In this step the BMS catalog
is consulted in order to associate each detected damage with a corresponding damage type
from the catalog. Once each mesh is associated with a single or multiple catalog types, a
prototypical software tool was developed and used to enrich the as-built IFC with damage
data. Figure 4.17 shows the process map of this step.

/BrIM geometric & semantic enrichment A
Identifying the
appropriate damage Injecting damage
types in the into BriM
BMS catalogue
5 i AV
2
— e
Damage [ Necmmmmes :
BMS types o4 !
database I '
6 6 v
As-built Damage As-is
IFC meshes IFC

Figure 4.17. Map of the BrIM geometric & semantic enrichment sub-process.

The software tool is implemented using the IFCEngine [92]. This is a STEP toolbox
written in C++, and distributed as a Dynamic Link Library (DLL), and is interfaced
using the late binding technique. Late binding uses the standard data access interface
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(SDAI), an application programming interface (API) with a set of functions and methods
for reading and writing STEP files.

To insert the damage geometry into IFC, an OBJ parser is coded. The parser reads
vertices and faces data from an OBJ file and writes it into the IFC, as
IfcCatresianPointList3D and Ifc TriangulatedFaceSet. The final bridge geometry is a result
of CSG difference between the as-built IFC and damage geometry, implemented through
the /fcRelVoidsElement relationship between damage object (/fcSurfaceFeature) and
damaged bridge element (/fcE/lement). For the model visualization, the existing IFC
viewer developed by RDF is embedded into the prototype software. The software is
written in C++, using the Microsoft Foundation Class library (MFC).

Additional features are added to the viewer, such as adding damages interactively. Two
ways of adding damage objects are implemented. In the first one, the main damage object
(/fcSurfaceFeature) in the damage group is associated with the bridge element
(/fcElement) and the source of its geometric representation (OBJ mesh file) is selected
through the browse dialog box (Figure 4.18b). The second way to add damage is by
selecting Add sample damage. In this case, the damage object (/fcSurfaceFeature) without
geometric representation is created. It represents other identified damage types related to
the main damage type whose geometric representation is added. Due to the large size of
BMS catalog, the damage hierarchyCode and type name are entered through text boxes.
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Figure 4.18. Prototype software with embedded viewer: (a) selection of an element “to be damaged”, (b) browsing the
damage mesh file.
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box for associating damage instance with the corresponding catalog type.
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Chapter 5: Case study

5.1 Bridge description

The proposed method is applied for a photogrammetrically acquired point cloud of a
bridge over the river GrocCica, located in the Grocka municipality of the city of Belgrade,
Serbia (Figure 5.1). It is a 12.5 meter spanned simply supported double girder bridge built
in the 1930s.

WY o N
Imagery ©2018 DigitalGlobe, Map data ©2018 Google 20 m

@) | (b)

Figure 5.1. Case study: Bridge over river Grocica, located in Grocka municipality of the city of Belgrade, Serbia. (a)
Aerial photograph showing the location of the bridge, and (b) Perspective view of the bridge.

Neglect in addition to an inappropriate designed and poorly maintained drainage system
has caused large spallings, accompanied by extensively corroded reinforcement on girders,
abutments, and curbs. Detected damage corresponds to the following damage types from
KUBA catalog [14]:

e Cracks due to reinforcement corrosion
e Spalling

e Chipped off patched spots

e Fractured reinforcement

e Chipping-missing pieces

e Loss of chippings

e Slightly corroded Reinforcement

e Strongly rusted reinforcement

General information about the road section where the bridge is located:

e Road Section ID: 0337
e Road Section Name: 0404 Becarevo Brdo — 0405 Grocka
e Road Section Length: 9.557 km

General information about the bridge:

e Chainage at the middle of the bridge: 5+124 km
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e Spanned structure length: 12,50 m

e Area of the bridge with access roads: 284,41 m2
e Area of the bridge: 133,75 m?

e Bridge ID: 14818

5.1.1 Bridge management data

The last regular inspection report from 2006 labeled bridge condition as unfavorable. In
2013, the load carrying capacity analysis of the bridge is conducted. Although the analysis
recommended comprehensive reconstruction, the preliminary visit in the beginning of
August 2018 showed an extremely bad condition of the structural elements. The conducted
reconstruction mainly focused on the roadway, neglecting both the substructure and the
superstructure of the bridge. This is a relatively short bridge with two traffic lanes, located
close to Belgrade. With an extensive, visually noticeable damages, this bridge seemed
perfect for this case study.

This bridge is publicly owned and maintained by the Serbian NRA: Roads of Serbia (Ro0S).
RoS manages bridges using the inventory and inspection database. As the first step of
establishing the comprehensive BMS, back in 1990, the RoS’s predecessor - Road
Directorate of Serbia, created a bridge inventory and inspection database named BPM (in
Serbian: Baza Podataka o Mostovima) [93]. Unfortunately, the BMS has not been created
ever since.

The inspection data is addressing four groups of elements:

e Load-carrying elements

e Pavement, waterproofing and expansion joints
e Traffic indicators

e Bridge equipment

Condition rating of the entire structure is obtained as a weighted sum of the condition
ratings of all the bridge elements. During the inspection, each group is evaluated. The
evaluation scale depends on the group. Usually, the scale is consisted of six condition
ratings (Good, Satisfactory, Unfavorable, Poor, Serious and Critical). The inventory of
the Bridge over river Grocka is presented in Appendix 1. Whereas Al.2 contains
information about a bridge elements used in the description and elements to be inspected,
in the Appendix 2, the data from the inspection report is shown.

5.2 As-designed BrIM Modeling

Following the proposed process map, scanned paper drawings of the bridge (Figure 5.3),
provided by RoS, are used as geometry source to create the as-designed BrIM. The bridge
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is modeled using Autodesk Revit [94]. The model complies with the LOD 350, according
to [19]. Girders, railings, roadsides, and asphalt cover are modeled using existing Revit
families, whereas abutments and deck are modeled as in-place structural framing
components. Finally, the model is exported in IFC format. Due to the lack of bridge-
related IFC entities, abutments are exported as instances of /fcWall, deck is represented
by /fcSlab, whereas girders are exported as instances of //cBeam. The resulting as-designed
IFC is shown in Figure 5.3b.
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Figure 5.2. Scanned paper drawings of the bridge. (a) side view, and (b) cross-section.
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Figure 5.3. As-designed BriM.

5.3 Photogrammetric survey

5.3.1 UAV-based bridge photo capturing

The survey has been performed on August 10" and August 16, 2018. On August 10%™, in
the period between 10:00 and 15:00, the bridge is photographed by a UAV equipped with
camera. Weather condition parameters at the bridge location on the day of survey are
listed in Table 5.1. Detail solar data (e.g. Sun azimuth and altitude, shadow disposition,
etc.) important for the quality of the imagery is shown in Appendix 3.

Table 5.1. Weather in Grocka (retrieved from [95])

August 10t August 16" Unit
(10:00 =+ 15:00)  (7:00 = 8:00)

Average air temperature 30 19 °C
Precipitation 0 0 mm
Average wind speed 26 7 km/h
Wind direction SE, ESE w
Average air pressure 1008 1004 mbar
Average air humidity 42 94 %

The chosen UAV was DJI’'s Phantom 4 Pro (Figure 5.4). Thanks to its ability to turn
camera up to 30° relative to horizon and a high-resolution camera, which allows taking
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photos from under the bridge, this drone happened to have the highest performance/cost
ratio among other commercial UAVs. Some basic characteristics of the drone, important
for the photogrammetric survey are listed in the following, while the detail specification
of Phantom 4 Pro is available at [96].

e Camera sensor: 1” CMOS, 20 megapixels
Camera lens: FOV 84° 8.8 mm/24 mm (35 mm format equivalent) /2.8 - f/11 auto focus at 1

m - oo
e Gimbal Controllable Range: Pitch from -90° to +30°

e ——

Figure 5.4. Phantom 4 Pro (retrieved from [97])

In order to avoid blurriness and provide sufficient photo overlapping, shooting was
manual. Except from driveway, all the bridge elements were photographed from the
approximate distance of 3 meters. Because of the active traffic and the presence of electric
cables above the bridge, photos of the driveway are captured from the 20-meter distance.
In total, 590 photos (5472 x 3648 pixels) are captured. Focal length has been fixed to 9
mm, while the exposure has been manually adjusted for each photo. No flash is used. The
preliminary checkup pointed to the unfavorable sun altitude (shown in Appendix 3), which
caused oversaturation on 32 photos (Figure 5.5a). After the removal of the oversaturated
ones, 558 photos of satisfying quality left for 3D reconstruction.

(a) (b)

Figure 5.5. (a) Oversaturated photo of the bridge, (b) water reflection on the bridge deck.
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For 3D point cloud reconstruction, the Agisoft PhotoScan is used. During the generation
of a dense point cloud, particular inconsistencies of the model occurred. The water
reflection under the bridge (Figure 5.5b) and the insufficient imagery of the lateral sides
of the cross girder resulted in an inaccurate geometry of the cross girder, as well as the
uneven surfaces of the deck and the main girder (Figure 5.6). Since the cause of the model
inconsistency was the lack of geometric information in the source imagery, the second
survey was inevitable.

Figure 5.6. Misinterpreted cross girder geometry by Agisoft PhotoScan.

On the August 16, 2018, a repeated survey is performed. The goal of this survey was to
extensively capture the elements under the bridge. To avoid the water reflection, the
bridge is photographed early in the morning, between 7:00 and 8:00, when the entire area
under the bridge is in the shadow (Appendix 3). This time, a manual camera with a 35
mm lens is used. The reason for using manual camera is low UAV approachability to the
area under the bridge. Basic characteristics of the equipment is listed below. The total of
876 (6000 x 4000 pixels) photos is captured. The exposure has been adjusted both
manually and by auto mode, depending on the lighting conditions for each image. No flash
IS used.

e Camera: Nikon D5300
e Sensor: 24 megapixels
e Lens: AF-S DX Nikkor 35mm f/1.8G
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5.3.23D point cloud and triangular mesh reconstruction

This task is accomplished by using Agisoft Photoscan 1.4.3 [81]. Since the source imagery
is acquired by combining two different cameras, two independent models are generated
and later merged into one. It took about two days to complete the reconstruction using
PC with the characteristics listed below.

e CPU: AMD FX 8350
e GPU: ASUS STRIX-GTX980
e Memory: 32GB

The final outputs of this task are:

e Point Cloud (30.708.690 points)
e Triangulated mesh (14.999.999 faces, 7.504.065 vertices) + Texture

Figure 5.7. The result of 3D Scene Reconstruction: triangulated mesh with texture.

In the following, a short description of the Photoscan workflow and used settings are
presented.

5.3.2.1 Photo Alignment

After loading the source imagery, in this step the common points on different photos are
recognized and matched. In case of using UAV, each photo contains information on GPS
positions of the drone and gimbal azimuth and altitude. Otherwise, the common points
on different photos are recognized and matched. The program then refines camera
calibration parameters. The outputs are sparse Point Cloud and camera position for each
photo. Figure 5.8a depicts the result of this step.

Used settings: Highest accuracy, Pair preselection Disabled
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5.3.2.2 Building dense point cloud

To generate dense Point Cloud, Photoscan uses previously estimated camera positions.
Sparse Point Cloud is not used in this step. By calculating every point depth, this step is
crucial for the model’s final geometry. Figure 5.8b shows the dense cloud generated for
this case study.

Used settings: High quality

5.3.2.3 Building mesh

In this step, program reconstructs a 3D triangulated mesh using the points from the point
cloud as the mesh vertices. Starting point for mesh reconstruction can be sparse or dense
point cloud, depending on user’s choice. Additionally, Photoscan offers two methods for
mesh reconstruction based on surface type: Height Field (for planar surfaces) and
Arbitrary (for any shape). The user can edit the mesh after reconstruction in the
Photoscan environment. Figure 5.8c shows the mesh of the case bridge.

Used settings: Arbitrary surface type, Dense Point Cloud as a source, Medium face count

5.3.2.4 Adding texture

After the mesh is generated, the texture can be added to the model. There are several
texture mapping modes (Generic, Adaptive Orthophoto, Orthophoto, Spherical, Single
photo, Keep uv) and several blending modes (Mosaic, Average, Max Intensity, Min
Intensity, Disabled). Settings for our case study were generic and mosaic. Figure 5.8d
depicts the textured mesh of a Bridge over river Grocka.

Used settings: Generic mapping mode, Mosaic blending mode, 4096 x 1 Texture size/count
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Figure 5.8. (a) Detail of sparse cloud (433.935 points), (b) detail of dense cloud (30.708.690 points), (c) detail of
triangular mesh (14.999.999 faces, 7.504.065 vertices), (d) detail of triangulated mesh with texture.

5.4 Pre-processing of inputs for damage geometry extraction

The 3D model geometry from the as-designed BrIM was extracted as an Wavefront OBJ
file using the IFCOpenShell command line converter tool [84]. Afterwards, the process
described in Chapter 4 is followed to produce the as-is BriM.

5.4.1 Mesh registration to BrIM geometry

Using the Photoscan software [81], a 3D point cloud registration and triangular mesh
reconstruction from the 3D point cloud are performed at once (the second and the third
activity in the process map shown in Figure 4.12). Since the as-built IFC version of the
bridge did not exist, it had to be generated form the as-designed model. The as-built IFC
version of the bridge is what is semantically enriched later on. After the as-designed IFC
geometry is converted into triangular mesh, the as-is point cloud and as-designed IFC
models are imported into CloudCompare software for a two-step registration (i.e. scaling
and alignment) (Figure 5.9a). Transformed and scaled photogrammetry-based triangular
mesh overlapped with the as-designed IFC-based mesh is shown in Figure 5.9b.
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Figure 5.9 (a) Original positions of as-designed IFC-based mesh and photogrammetry-based mesh, and (b)
transformed and scaled photogrammetry-based triangular mesh overlapped with as-designed IFC-based mesh.

5.4.2 As-designed adjustment to as-built BriM

Dimensions of the transformed triangular mesh are analyzed in equidistant cross sections.
MeshLab software is used for slicing the mesh. Transversal and longitudinal bridge
sections are shown in Figure 5.10a and Figure 5.10b. Exported to DXF format, the cross-
sections are overlapped using Autodesk AutoCad. Neglecting the obviously missing
volume of the structural elements due to damage, the centerline of both transverse and
longitudinal section is manually fitted (Figure 5.10c). The only criteria were to keep the
cross section symmetric after the dimension adjustment. The automation of this step is
possible, however it was out of the scope of this research.
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Figure 5.10. (a) Transversal bridge sections. (b) Longitudinal bridge sections. (c) Main girder equidistant cross section
overlapped (missing cross section due to damage iIs circled in red).

After the analysis, the shape of the bottom console contours is slightly changed and
translated for approximately 5 cm upwards. The adjustments of girder dimensions are
shown in Table 5.2. Finally, the BrIM is remodeled according to updated bridge
dimensions using Autodesk Revit. The remodeled BrIM is exported as an updated as-built
IFC model.

Table 5.2. Adjustment of girder dimensions from as-designed to as-built.

Element Main Girders Middle Cross Girder End Cross Girders
As-designed cross section dimensions (cm) 50 x 110 30 x 106 50 x 125
As-built cross section dimensions (cm) 52.44 x 110 32 x 110 40 x 125

5.5 Extracting Damage

Once generated, scaled and positioned to perfectly fit the IFC geometry, the
photogrammetry-based mesh was used to identify defects as potential damages and extract
their geometry. The deviation of the photogrammetry-based mesh from the IFC-based
mesh is acquired using a MeshLab [87] software. A CSG Boolean operation tool is used
on the meshes. The results were meshes representing damages (Figure 5.11).
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Figure 5.11. Triangulated damage meshes.: geometry of the missing concrete as a result of spalling.

5.6 BrIM geometric and semantic enrichment

After the as-designed BrIM is firstly adjusted to the as-built geometry, it is further
enriched with geometric and semantic damage information, i.e. inspection findings. The
final result, as-is BrIM of the Bridge over river Grocica is shown in Figure 5.12.
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Figure 5.12. As-is IFC geometric representation of Bridge over river Grocica: (a) west side view, (b) east side view.

The as-is IFC file is generated using the proposed method, described in Chapter 4. The
as-is photogrammetrically acquired triangular mesh of the bridge IFC was compared
against the as-is IFC. The STEP code snippet and the IFC tree of the damage semantics
are shown in Figure 5.13, whereas Figure 5.14 shows the STEP code snippet describing
bridge inspection results. The IFC STEP code snippet describing the girder damage, its
geometric representation and relationship with the girder is shown in Figure 5.15. Both
the as-designed, and the as-is IFC file are enclosed on the provided USB flash memory.
Visualizations of the baseline IFC and the one with automatically detected damages are
shown in Figure 5.16 - Figure 5.18.
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#121013 = IFCPROPERTYSET('1S5u9YpID6kBOhVrFxchDd', $, 'Pset_DamageFeatures’,
‘Damage type & applicable metrics', (#121014));

#121014 = IFCPROPERTYSINGLEVALUE( 'Catalog type of damage', 'Spalling', '1303', $);

#121015 = IFCRELDEFINESBYPROPERTIES ('1kZOnhb4v4fx$Vt$Yar7va', $, $, $, #121005, #121013);

#121016 = IFCELEMENTASSEMBLY('1IuystymbE1BpwLStuzqYP', $, 'Damage group', $,
"INSPECTIONFINDING', $, $, $, $, .USERDEFINED.);

#121017 = IFCRELAGGREGATES('2XBTDOJsbDkhXwE82N67ph*, $, $, $, #121016, (#121005, #121022,
#121026, #121030));

#121018 = IFCPROPERTYSET('OXWwlHQT1FQgX3NYFEYPIi', $, 'Pset_Condition', 'Damage severity',
(#121019));

#121019 = IFCPROPERTYSINGLEVALUE( 'AssessmentCondition', 'Acceptable’, '2', $);

#121020 = IFCRELDEFINESBYPROPERTIES('1v71ckcjf7lgeYumWM tX_', $, $, $, #121016, #121018);

(@

E| % IfcElernentAssembly E| feSurfaceFeature
: El % IfcElementAssembly 'Damage group’ E [ IfcSurfaceFeature 'Bridge damage’
*| gecmetry
=53 properties . BT properties
=€ 'Pset_Condition' (Damage severity') -7 'Pset_DamageFeatures' ('Damage type & applicable metrics')
# AssessmentCondition = 2 ("Acceptable’) b # Catalog type of damage = 1303 ('5palling”)

(b)

Figure 5.13. Damage semarntics. (a) IFC STEP code snippet, (b) IFC tree of the embedded viewer.

#121059 = IFCTASK('1K9d8 vIX4j86qFmmakKUF3', $, 'Inspection’', $, 'Routine inspection’,
$, %, %, %, $, $, #121060, .USERDEFINED.);

#121060 = IFCTASKTIME('Inspection time®, 'MEASURED', $, $, $, $, $, %, $, %, $, %, $,
$, $, $, '2018-08-10T10:00:00', '2018-08-10T15:00:00', $, $);

#121061 = IFCRELASSIGNSTOPROCESS('1KCiqvVunBaBWqdRuHbhWY', $, $, $, (#120829, #120854,
#120879, #120904, #120933, #120962, #120991, #121016, #121045), $, #121059, $);

Figure 5.14. IFC code snippet describing the bridge inspection.

/*Bridge girder (IfcBeam)*/

#6 = IFCCARTESIANPOINT((®., ©., 0.));

#67962 = IFCAXIS2PLACEMENT3D(#6, $, $);

#67963 = IFCLOCALPLACEMENT($ , #67962);

#67985 = IFCBEAM('1_T5$UVOVAqB132$8LDVNv', #41, 'Concrete-Rectangular Beam:52 x 110:
316571', $, 'Concrete-Rectangular Beam:52 x 110', #67963, #67983, '316571');

/*Damage (IfcSurfaceFeature) geometic representation: IfcTriangulatedFaceSet*/

#121005 = IFCSURFACEFEATURE( ‘3k6jCKxz5BRuSEOW84Zh$V', $, 'Bridge damage', $, 'DAMAGE’,
#121006, #121009, $, .USERDEFINED.);

#121006 = IFCLOCALPLACEMENT($, #121007);

#121007 = IFCAXIS2PLACEMENT3D(#6, $, $);

#121009 = IFCPRODUCTDEFINITIONSHAPE($, $, (#121010));

#121010 = IFCSHAPEREPRESENTATION(#101, 'Body', 'Tesselation', (#121011));

#121011 = IFCTRIANGULATEDFACESET(#121012, $, .T., ((6, 8, 9), (12, 13, 366), ...)

#121012 = IFCCARTESIANPOINTLIST3D(((-893.999, -352.476, -186.071), ...)

#121021 = IFCRELVOIDSELEMENT( '©sIPpA3CHIivdmNTQ6keGd', $, $, $, #67985, #121005)%

Figure 5.15. STEP code snippet describing the geometric representation of girder damage.
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Figure 5.16. Bottom of the bridge superstructure: (a) photogrammetry-based triangular mesh, and (b) the as-is IFC
with spalling damage geometry.
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(b)
Figure 5.17. East girder and curb of the bridge: (a) photogrammetry-based triangular mesh, and (b) the as-is IFC
with spalling damage geometry.

- S e e e e e

(b)
Figure 5.18. West girder and curb of the bridge: (a) photogrammetry-based triangular mesh, and (b) the as-is IFC
with spalling damage geometry.

90



6 DISCUSSION




Digital representation of as-damaged reinforced concrete bridges Dusan M. Isailovic

6.1 Representation of Damage Semantics in IFC Model

After being reconstructed as triangulated geometry, the extracted damage clusters are
injected into the BrIM, using the proposed IFC geometric representation and prototype
software. To generate a visible void, the damage mesh needs to enclose the damaged
element. However, the damage mesh resulting from damage detection sub-process fails to
fulfill this criterion for two reasons. Firstly, the outer surfaces of the mesh and damaged
element coincide. Secondly, the mesh edges are chamfered as a result of a CSG
computation. As the most straightforward way to overcome these issues, the authors chose
to enlarge the damage mesh before injecting it into IFC, by scaling it. The scale is
determined based on empirical tests and the results of these tests are shown in Figure 6.1.
Figure 6.1a shows that the damage mesh in original size does not produce any visible void,
whereas Figure 6.1b shows the artifacts due to the insufficient enlargement of the mesh
(e.g., damage mesh does not completely enclose the damaged element). The smallest scale
which does not produce any artifacts is 100.5 % of original mesh size (Figure 6.1c). Thus,
each damage mesh is scaled to this percentage before introducing to the as-built IFC. The
change of the scale of damage mesh slightly increases the damage dimensions in the
resulting as-is IFC geometry. Most probably, the problem of artifacts can be solved even
without the scale change. However, that kind of solution would require changes in CSG
Boolean difference algorithm and mesh reconstruction algorithm.

(@ (b) (©

Figure 6.1. Analysis of different damage mesh scales (the last one is used as the damage geometry representation): (a)
original size, (b) scaled to 100.2%, (c) scaled to 100.5%.

The proposed IFC structure succeeded in representing all the detected damages. Using
the simple tree structure in IFC viewer, the damage structure and semantics can easily
be navigated and selected for further inspection by the user. Due to a large amount of
added data (e.g., coordinates of mesh vertices, mesh indices), the IFC file size increased
considerably after the semantic enrichment. The size of the as-built IFC file is 4.39 MB,
whereas the size of the as-is file is 13.1 MB.
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6.2 Automation of damage detection

The proposed method for generating the as-is BrIM is described by the process (Figure
4.1, Figure 4.2, and Figure 4.12) which is automated to a certain extent. This automation
is however present only on the activity level. Activities such as BrIM geometry conversion
to 3D triangular mesh and Triangular mesh reconstruction from 3D point cloud are
completely automatic. The proposed process also includes semi-automated activities, such
as UAV-based bridge photo capturing and Injecting damage into BriM. Finally, there are
completely manual activities. One of these activities is certainly the Damage geometry
extraction. If understood as damage detection, it is easy to realize that the accuracy of
this activity output is critical for the entire process. Moreover, this accuracy of this step
is critical for the bridge condition assessment.

As an extension of the method proposed in this research, Isailovic¢ et al. [76] proposed the
method for automated damage detection. The proposed method uses image-based
multiview classification to detect and extract large concrete damages, such as concrete
spalling. Image-based, multiview classification is used, where point cluster regions are
spatially divided using an octree data structure. Each of the octree nodes is used to
generate a cubemap representation of the point cluster inside it. These cubemap images
are then classified using a retrained Convolutional Neural Network (CNN), and the
damage classified clusters can then be extracted.

Using a 3D point cloud model of a given bridge, the proposed multiview approach can
detect spalling damage regions from partitioned 3D point cluster regions of the model -
by generating consecutive images of the given point cluster region, classifying them using
a retrained CNN, averaging the classification result by the number of multiview images
of the given point cluster, and streaming the classification result back to the point cluster
as a new semantic. Classified this way, point clusters representing damages are then
reconstructed to generate damage meshes, ready for injection into the as-built BriM.

6.3 Benefits for the BMS

Contributions of the proposed method to BMSs and Bridge Management in general, can
be analyzed from two perspectives:

e Improvement of the current BMS in terms of information quality, and
e Providing a basis for a new bridge quality control paradigm.

Since the damage data model is based on KUBA [14], whereas the inspection report of the
Bridge over river GrocCica (Appendix 2) is written following the rules of RoS [14], a
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straightforward comparison of the generated as-is BrIM with the corresponding inspection
is not possible. Accordingly, the analysis will be provided in a rather qualitative manner.

The /InspectionFinding semantics fully comply with the inspection database organization.
Therefore, a direct linking between the as-is IFC and the BMS is easy to establish. Once
established, each inspection finding from the BMS database, would point to the
InspectionFinding instance of the as-is IFC. Here, the real benefit of IFC can be realized.
Much more reliable element condition rating and making decisions about maintenance can
result from conclusions based on the simple 3D damage visualization. However, the full
potential of an as-is IFC goes far beyond the navigation of the damaged bridge element
in a viewer. A plenty of explicit and accurate geometric information can be easily derived
from IFC. An exact volume loss or a cross-section area loss of a spalled concrete element,
a reinforcement cross-section reduction due to a corrosion, or various deformations of
structural elements are explicitly or implicitly included in the as-is IFC.

Besides a short-term BMS benefits, an as-is IFC provides a solid basis for a fundamental
improvement of the current Bridge Management. Providing the exact dimensions of bridge
elements directly facilitates the condition rating. However, according to findings of Hajdin
et al. [98], the current approach of bridge quality assessment is inadequate since the bridge
condition rating is only loosely related to safety and serviceability that are widely accepted
as key performance indicators (KPIs) and should govern the decision-making process.
Moreover, the valuable information about safety and serviceability for different load
situations once evaluated in the design phase is not even stored in the BMS’s database.
Providing the precise and up-to-date information about the exact geometry, material
characteristics, and loads, BrIM can serve as a basis for the bridge safety and serviceability
calculation. However, considering the maintenance prioritization as the main task of
Bridge Management, and the number of bridges in one road infrastructure network, a
direct calculation of KPIs for each bridge would not be viable. To provide a more efficient
way of acquiring bridge KPIs, Hajdin et al. [98] introduced the concept of “vulnerable
zones”. The “vulnerable zones” are the areas of the bridge where the damage impact on
safety or serviceability is expected to be more pronounced than outside of it. There are
just a few types of vulnerable zones and all of them can be easily defined in BriM by
bounding boxes positioned and sized relative to a BrIM element, a group of elements, or
the entire BrIM. KPIs would be assessed based on the reduced resistance of the as-designed
bridge, due to the occurred damages, and the possible load increase, due to the changed
traffic conditions. Based on this principle, Isailovi¢ et al. [99] proposed a method for
assessing the bridge KPIs by using Bayesian nets. The information about damages scoped
in the established “vulnerable zones” can be derived from BrIM and linked with
corresponding nodes of the Bayesian net. This way, after each inspection, i.e. update of
the as-is BrIM, node values of the Bayesian net would be updated as well, thus providing
a direct bridge condition assessment.
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6.4 Economic viability of the proposed method

The inspection duration analysis presented in Table 6.1 includes the photogrammetric
survey and point cloud generation. The analysis does not include the as-designed BriM
generation because it is a one-time procedure. To analyze the duration of the proposed
method, the most efficient variant of the overall process is taken into account. Therefore,
rather than identifying damages manually, the automatic damage detection, proposed by
Isailovic et al. [76], is applied.

Table 6.1. Inspection duration (proposed method, with automatic damage detection applied)

Dominantly

Process Activity Software components engaged Domain expertise Duration [h]
Photogrammetric survey None Human labor UAV photogrammetry 5.0
3D point cloud generation Agisoft Photoscan Computer Photogrammetry 38.0
BriM geometry conversion to
‘ i Y IfcOpensShell Computer BIM 5.0
3D triangular mesh
3d point cloud registration to .
CloudCompare Human labor Computer graphics 15
BriM-based mesh Y P . puter graphi
. e Prototype web-based Computer graphics,
Multiview classification Computer . . 0.4
app machine learning
Reconstruction of damage
g MeshLab Computer Computer graphics 1.0

clusters

CSG subtraction of
reconstructed damage cluster MeshLab Computer Computer graphics 2.0
from IFC-based mesh

Triangular mesh

reconstruction from 3D point MeshLab Computer Computer graphics 10.0
cloud
-desi j - MeshLab, AutoCad, . .
As-designed _adjustment to as eshi-a .u o Human labor Structural engineering, BIM 4.0
built BriM Revit
Identifying the appropriate
damage types in the BMS None Human labor Structural engineering 0.2
catalog
Injecting the damage into
] g g Prototype app Human labor BIM 1.0
BriM
total: 68.1

The total duration of the inspection was approximately 68.1 hours, of which 56.4 hours
were spent on activities dominantly performed by computer. All computer processing is
performed on a workstation PC with the following hardware specifications:

e CPU: AMD FX 8350
e GPU: ASUS STRIX-GTX980
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e Memory: 32GB

The traditional routine inspection significantly varies in duration, depending on the type
of bridge structure, the number of spans, deck area, minimum applicable condition rating,
time of the year, access equipment and inspector. The average normalized duration of an
inspection of reinforced concrete slab bridges is 462 min/1000 ft2 [100]. The inspection of
the Bridge over river Grocica (133 m2 = 1440 ft2) therefore, would have taken 665 min,
or 11 hours. Besides the fieldwork, this duration refers to the report writing.

To perform the proposed process in this case study took six times longer than the
traditional one would. Nevertheless, whereas the traditional process requires permanent
human labor engagement, most of the work (83%) in the proposed process is done by a
computer. The generation of the photogrammetry-based point cloud is certainly the most
time-consuming activity in the process, taking more than half of the total inspection time.
Using the terrestrial laser scanning (TLS) instead of photogrammetry to acquire the point
cloud is indeed much faster and more accurate. One drawback when using a TLS to
capture a point cloud is a lack of encoded RGB values, which is crucial for damage
detection using multiview classification. Additionally, the duration of a UAV-based
inspection undoubtedly depends on the bridge size. Using UAVs is efficient in reducing
the inspection time when inspecting large bridges, whereas small bridges are faster
inspected in the traditional manner [44]. In 2012, 16.4 billion USD was spent on
rehabilitation or replacement of existing highway bridges in the USA [101]. According to
Zulfigar et al. [102], the USA spends only 2.7 billion USD per year on routine bridge
inspections. Rather than reducing the inspection cost, this research intended to reduce
the several times higher maintenance cost, by providing the inspection deliverable with
enough information for proper maintenance prioritization. The current inspection
deliverable is a paper report with condition ratings, loosely related to the bridge KPlIs
(e.g., safety and serviceability). Even the point cloud with marked damages is a much
more reliable basis for making decisions on maintenance interventions or bridge closure
[44]. In comparison to a simple point cloud, the output of the proposed process, as-is BriM
is the object-oriented model of both the bridge and damages, with accompanying BMS
semantics. Structured this way, the damage information is ready to be utilized in the
calculation of damaged bridge KPIs, the base for a more objective maintenance
prioritization.

6.5 Legal aspects

Finally, there are certain legal limitations for the application of the proposed inspection
process. Most country’s aviation authorities, such as the Federal Aviation Administration
(FAA), forbid UAV operating over a moving vehicle [103]. Due to this kind of regulation,
although technically possible, the utilization of UAV in bridge inspection is a bit limited.
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The first limitation is related to the pavement inspection, and the second one refers to
the inspection of the underside of an overpass. However, the traffic lane closure during
the inspection eliminates all legal issues of this kind.

97



7/ CONCLUSIONS AND FUTURE
WORK




Chapter 7: Conclusions and future work

7.1 Conclusions

This doctoral dissertation provides a rational and practice-oriented method to develop a
new generation of BMS by incorporating inspection findings into a BrIM model. Updated
with as-is information about the bridge, the BrIM would reflect the current bridge
condition more accurately. The proposed method managed to successfully enrich the
previously generated as-built BrIM of the case study bridge by the information about
identified damages. The identified damages, such as spallings, accompanied by extensively
corroded reinforcement, abutments, and curbs, are injected into the as-built IFC geometry
via CSG Boolean operations, and related textual semantics following the requirements of
a damage classification from the Swiss BMS KUBA - including the requirements of the
IFC 2x4 schema. Rather than proposing a schema extension, the existing schema
definitions are used to describe the damage type, extent, and severity — as well to group
them according to the location and causing deterioration process.

To enable identification of damages other than spalling, the resolution of the bridge point
cloud should be reasonably higher than the one used in the case study. Such a point cloud
could be generated using a combination of laser scanning and photogrammetry. Damages
detected this way could then be geometrically represented in a BrIM, by mapping image
segments depicting damages onto damaged elements as textures [67]. Since the damage
data structure and semantics definitions proposed in the presented approach comply with
the selected BMS structure, there are two ways to utilize it in the existing BMS: (1) It is
possible to either apply the proposed approach on an external IFC file and simply link it
with BMS, and (2): One can insert IFC representation of every specific bridge into the
BMS. The latter, a more robust method, would require certain extensions of the current
BMS software, such as an IFC viewer or custom tools for point cloud processing and
damage detection.

Once the data is acquired and properly integrated into BrIM, it can be used as a basis for
the straightforward assessment of bridge KPIs such as safety and serviceability. Research
by lIsailovi¢ et al. [99] proposes using Bayesian nets to assess the probability of bridge
failure based on inspection findings. Damage location and severity are roughly estimated
and introduced to Bayesian mesh by manually updating node values. Having the BriM
that contains all the damage information, nodes of the Bayesian mesh can be
automatically updated. Therefore, accurate and exhaustive damage information contained
in the BrIM can be introduced to a finite element model representation of the bridge
(eventually resulting in an accurate and up-to-date structural analysis of the bridge). Such
an analysis would directly provide the most important bridge KPIs: safety and
serviceability.

Besides the benefits listed above, the limitations of the proposed approach should be
pointed out. Due to both the legal and physical limitations, UAVs cannot always be used
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in bridge inspection without road(s) closure, implying additional costs. In the proposed
approach, the as-designed BrIM is a prerequisite. However, a minority of existing bridges
have BrIM representation, so the creation of such models by using BIM authoring tools
is required. Lack of digital drawings or even the paper ones makes this task rather difficult.
Another requirement of the proposed approach is highly precise registration of point cloud
to IFC-based geometry. Considering the usually present construction imperfections, this
task is sometimes very difficult. For that reason, manual registration is proposed, rather
than the automated one. Although the registration precision is achieved, this task
increased the total inspection duration for 1.5 hours. Even with precise registration, to be
able to detect fine damage, such as crack, the proposed approach would require an
ultrahigh-resolution point cloud. Last, but not least, the case study showed that the
proposed approach in the bridge inspection lasts approximately seven times longer than
the traditional inspection.

7.2 Future work

The proposed data model for bridge damages has proven the ability to fully represent all
identified damages, both by semantical and geometrical means. The data model is
established to comply with one particular BMS, thus the extension of the current IFC
schema has not been considered. Nevertheless, a more efficient way to store large portions
of data, originating from point clouds with millions of points, in the data structure such
as IFC should be established. This improvement should mainly address the graphic
processing issue.

Following the used workflow, defined criteria, and requirements for the establishment of
a new data model for damages, a more general data model compliant with many different
BMSs can be developed. When such a comprehensive data model is established, the need
for extension of the current version of IFC schema should be considered. Namely, it is
likely that the newly established model would be rather more complex than the one
proposed in this dissertation and therefore it would be reasonable to thoroughly analyze
the ability of current schema to support the IFC representation of this data model.

Although proven successful, the proposed method for generation of the as-is BrIM can be
improved in terms of efficiency. Development of a comprehensive software application
comprising the majority of activities from the proposed process (Figure 4.1, Figure 4.2,
and Figure 4.12) would significantly shorten the duration of an entire process. Few process
activities, such as the photogrammetric survey, and the adjustment of as-designed to as-
built BrIM are for obvious reasons impossible to integrate in the previously described
comprehensive software application. However, the latest autonomous UAV technology
promises to enable the completely programmed flight path, even in very demanding
environments. Recent commercial solutions combine a flight trajectory derivation from a
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3D model of the subject, and highly agile aircrafts equipped with ultra-sensitive sensors
enabling the fast avoidance of static and moving solid obstacles. For the time being, the
unapproachable terrain, mostly irregular shapes of bridges, and the water proximity
exceed the power of this technology. However, with the advances in computer vision,
augmented reality and machine learning, in not so distance future it might be possible to
insert a georeferenced BrIM into a specialized software, set the requirements, and let the
UAYV autonomously inspect the bridge.

After the UK adoption of BIM as a standard for data exchange on governmental
construction projects, it is likely to expect the rest of the world will follow. The BIM
mandates will thus provide repositories of BrIMs for newly constructed bridges. However,
to apply the proposed method for the as-is BrIM generation in the inspection of old bridges
will still require the as-designed BrIM modeling. Besides the often difficulty of finding the
documentation, which is usually paper based, as shown in the presented case study, this
additional step is significantly time consuming. The recent efforts in the so-called “scan-
to-BIM” technology enables the automatic BrIM generation based on a 3D point cloud.
The SeeBridge project [104] had success in generating the basic geometry of few common
types of overpasses. The development in this field, combined with the development of
UAYV scanning technology, would eventually enable the completely automatic generation
of BrIM with LOD 300, or even higher, thus eliminating the need for two steps of the
proposed process: generation of as-designed BrIM and the adjustment of as-designed to
as-built BriM.

Third, the image-based classification could theoretically be performed right after the image
capture stage and before the 3D point cloud generation stage. Therefore, the generated
point cloud model could already contain point with visual or encoded semantics indicating
the presence of potential damage features. The system would then just need to extract
these clusters without needing to classify the point cloud itself and reconstruct them into
geometric representations that would be used for semantic injection into as-is BIM model
via CSG operations.

Digital Twin (DT) technology uses the Internet of Things (IoT) technology for integrating
large amounts of various digital data from sensors embedded into bridge, for the purpose
of bridge monitoring. The data structure storing this information and the system for its
procession are commonly named DT. The current data models used for Digital Twins are
purely semantic and include no visual information. The utilization of BrIM as a data
repository for DT on one hand, and integration of the proposed as-is BriIM generation
method with the sensor data on the other may definitely change the paradigm of Bridge
Management. Moreover, DT can be perceived as the BIM successor, reflecting the subject
in various aspects throughout its entire lifetime.

Finally, the method presented in this research is applicable to a much broader range of

challenges in design, construction, and maintenance of the built environment, including

the processing of large point clouds to compile BIM models and to detect damage, a
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compilation of as-built and as-is models with explicit geometry and semantics. Further
development of this research aims to contribute to the acquiring and use of DTs for
managing the built environment.
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Appendix 1: Bridge Inventory

Al.1 General information

Facility ID
Facility code
Facility name
Affiliation type
Composite facility ID
Road Label

Road name

Road section ID
Chainage (start)
Chainage (middle)
Chainage (end)
Node ID

Node name

Node prong
Obstacle type and name
Closest township
Cadastre No.
Municipality
County

Region

State

Possible detour
Microlocation name
Latitude
Longitude
Position Z

Rank

Structural system
Designer

Project date
Designh code
Contractor
Construction year
Supervisor
Manager

Project stored by

Group manager

File date

Data prepared and processed
by

Reconstructed facility ID
Note

14818
R100-00-0337-010-MAPG
Bridge over river Grocica

1 (Bridge in the road body)

R-100
BGD.(GL.POSTA)-SMEDEREVO1
337

5 km + 124 m

River Grocica
Grocka

Grocka

City of Belgrade
City of Belgrade
Serbia

No

Grocka

Simply supported beam
Unknown

Unknown
Unknown

Unknown

State Enterprise "BGD - Odrzavanje", Public Comunal
Enterprise "Beogradput"

1.9.1999

N. Vukelic, Z. Milisic

"Chainage from video clip, state road Il - 127"
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Al.2 Description Elements

Appendices

No. Element Name Quantity Value Unit Description
130 Bridge type Bridge
140 Spans 12 m
150  Spanned structure length 125 m
160  Owverall structure length 26.3 m
170 Roadway width 7.1 m
180 Left sidewalk width 1.8 m
190  Right sidewalk width 1.8 m
210  Expansion joints type Don't exist
220 Description of abutments Piece
230 Description of piers Piece
240  Opening m
250 Drainage system Free fall
260 Number of drainage pipes 0 Piece

Electric and
270  Instalations Piece telephone
340  Foundation Unknown
350  Shape of the bridge axis Straigth
360  Shape of the cross section
370  Bridge skewness 0 Degree  Non skewed
380 Level line shape % <2
390  Transversal roadway slope % two-way
410  Bearings type
420  Superstructure material Reinforced concrete
430  Substructure material Concrete
440 Roadway material Asphalt
450  Sidewalk cover m2
460  Sidewalk dissociation type
470  Safety rail material & type
480  Guard rail material & type Doesn't exist
490  Hydroinsulation m2 Unknown
500  Construction technology Classic
540  Geological profile Unknown

115



Digital representation of as-damaged reinforced concrete bridges

Al.3 Inspection Elements
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Securit
Importance y Economic
No. Abbr. Element Name Quantity Unit Factor Factor Factor
50 TEM Foundations 11.3 1 1
55  TKS Abutment foundations Piece 11.3 1 1
60 TSS Pier foundations Piece 11.3 1 1
20 KST Aputments with embedded 113 1 1
wings
80 SSK Free standing wings 8 1 1
90 SST Piers 11.3 1 1
100 LEZ Bearings Piece 11.3 1 1
110 GNO Main girders Piece 11.3 1 1
120 PNO Cross girders Piece 11.3 1 1
130 SPR Bracings Piece 11.3 1 1
140 PIK Deck slab and consoles Piece 11.3 1 1
Occurence of renforcement
150 KOR and steel structure m2 8 1 1
corrossion
160 Hiz Hydroinsulation m2 5.65 1 1
170 DIL Expansion jonts m 5.65 1 1
180 KOL Driveway m2 5.65 1 1
Watercourse or the area
190 PRE . m2 5.65 1 1
under the bridge
200 OuUT General impression 5.65 1 1
210 KLI Cups Piece 4 1 1
220 PRP Approach slabs Piece 4 1 1
230 KEG Semi-rertaining abutment Piece 4 1 1
240 OGR Railings m 4 1 1
250 VI Curbs m 4 1 1
260 PST Sidewalks m? 4 1 1
270 ODV Drainage system m 4 1 1
280 INS Instalations Piece 2 1 1
290 SIG Signalization 2 1 1
Position of the bridge in the
300 POL 2 1 1
network
310 GEO Bridge geometry 2 1 1
320 SAO  Traffic load PGDS Vehicles 2.82 1 1
per day
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Appendix 2: Inspection report

A2.1 Element inspection record

Facility Condition ID
Report No.
Inspection Date
Inspection Type
Inspectors
Responsible Person
Facility ID
Facility code
Facility name
Rating

Condition category
Rating grade
Maintenance Type

55

2

0260010000594

3.10.2006

Regular

M. Bebeic, B. Stoisavljevic

14818
R100-00-0337-010-MAPG
Bridge over river Grocica
483.95

Fair/Unfavourable

N9 Unfavourable (200-500)
Intensive Regular

Abutment foundations

Importance Factor
Condition Rating
Condition category
Condition description

11.3
1
Good

60 Pier foundations
Importance Factor 11.3
Condition Rating 0
Condition category Don't exist

Condition description

70

Abutments with embedded wings

Importance Factor
Condition Rating
Condition category
Condition description

11.3
5
Satisfactory

"Signs of water penetrating into the concrete columns.
Intervention is currently impossible”

80 Free standing wings
Importance Factor 8
Condition Rating 0
Condition category Don't exist
Condition description

90 Piers
Importance Factor 11.3
Condition Rating 0

117



Digital representation of as-damaged reinforced concrete bridges

Dusan M. Isailovic

Condition category Don't exist
Condition description

100 Bearings
Importance Factor 11.3
Condition Rating 0
Condition category Unnecessary

Condition description

Directly supported

110 Main girders
Importance Factor 11.3
Condition Rating 10

Condition category
Condition description

Unfavourable

"Signs of water penetrating on lateral surfaces.

Damaged reinforcement cover. Reinforcement
corrossion”

Damages and intervention measures

No.

| Damage Name

: Maintenance

' ID

Position Code

. Position Name
Work Quantity

1

Urgent

0

0
Undefined
2

i Note "Reconstruction of reinforcement cover”

120 Cross girders

Importance Factor 11.3

Condition Rating 1

Condition category Good

Condition description
130 Bracings

Importance Factor 11.3

Condition Rating 0

Condition category Don't exist

Condition description

140

Deck slab and consoles

Importance Factor
Condition Rating
Condition category
Condition description

11.3

5

Satisfactory

"Console edge damaged by water and frost"

Damages and intervention measures

: No.

: Damage Name
Maintenance

L ID

| Position Code
Position Name

1

Urgent

0

0
Undefined

118



| Work Quantity

160

Appendices

2
"Reconstruction of the console (concrete MB30)"

Hydroinsulation

Importance Factor
Condition Rating
Condition category
Condition description

170

5.65

3

Satisfactory

"Signs of water penetrating on the consoles"

Expansion jonts

Importance Factor
Condition Rating
Condition category
Condition description

Damages and intervention measures

5.65

8

Serious

"Don’t exist. Cracks on the connection with the road
body. Necessary to install new expansion joints"

: No.

 Damage Name
Maintenance

L ID

\ Position Code
Position Name
| Work Quantity

1

Urgent

0

0
Undefined
12

;Note "Concrete cutting and installation of expansion joints” _:
180 Driveway
Importance Factor 5.65
Condition Rating 2

Condition category
Condition description

190

Satisfactory

"Cracks on the connection with the road body.
Reconstruction works described in the Expansion joints
section"

Watercourse or the area under the bridge

Importance Factor
Condition Rating
Condition category
Condition description

200

5.65
1
Good

General impression

Importance Factor
Condition Rating
Condition category
Condition description

210

5.65

2

Satisfactory

"Bridge is constructed about 70 years ago. After the
reconstruction desribed in the report, with regular
maintenance, an estimated life expectancy of the bridge
is additional 40 years"

Cups

Importance Factor

5.65
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Condition Rating 1
Condition category Good
Condition description

220 Approach slabs
Importance Factor 4
Condition Rating 1
Condition category Good
Condition description

230 Semi-rertaining abutment
Importance Factor 4
Condition Rating 2
Condition category Satisfactory
_Condition description _ "Abutments covered by vegetation”

| Damages and intervention measures
. No. 1

Damage Name Vegetation on the abutments
Maintenance Urgent
1D 14
i Position Code 14
Position Name Vegetation removal
| Work Quantity 100 m2
LNote
240 Railings
Importance Factor 4
Condition Rating 1

Condition category Good
Condition description "Safety rail in good condition."

250 Curbs
Importance Factor 4
Condition Rating 5
Condition category Serious

Condition description "Need for total asphalt pouring. Lifting necessary.'
Damages and intervention measures

| No. 1

. Damage Name

i Maintenance Urgent
1D 0

. Position Code 0

i Position Name Undefined
Work Quantity 40

' Note "Lifting"

____________________________________________________________________________________________________

260 Sidewalks
Importance Factor 4
Condition Rating 5
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Condition category Serious

Condition description "Not lifted enough and covered with waste. Damaged
_______________________________ cormice.”
Damages and intervention measures |
| No. 1
. Damage Name
i Maintenance Urgent
L ID 0
. Position Code 0
' Position Name Undefined
Work Quantity 12
| Note "/M3/ concrete for lifting"
' No. 3
Damage Name Sidewalk without an asphalt cover
| Maintenance Urgent
. ID 0
+ Position Code 0
Position Name Undefined
. Work Quantity 40
' Note "Installation of pipes"
L ID 16
. Position Code 16
! Position Name Asphalt laying on the sidewalk
Work Quantity 50 m?
' Note

____________________________________________________________________________________________________

270 Drainage system

Importance Factor 4
Condition Rating 4
Condition category Poor

Condition description "Drains out of order."

Damages and intervention measures

| No. 1

' Damage Name

Maintenance Urgent

. ID 0

. Position Code 0

i Position Name Undefined

Work Quantity 2

' Note "Installation of drains"

280 Instalations
Importance Factor 2
Condition Rating 2
Condition category Satisfactory
Condition description "Corroded installation cover"

290 Signalization
Importance Factor 2
Condition Rating 1
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Digital representation of as-damaged reinforced concrete bridges

Condition category
Condition description

300

Good

Dusan M. Isailovic

Position of the bridge in the network

Importance Factor
Condition Rating
Condition category
Condition description

310

2
3

M:30 < La < 50 km, R:20 < La < 50 km

Bridge geometry

Importance Factor
Condition Rating
Condition category
Condition description

320

2
1
Geometry tuned

Traffic load PGDS

Importance Factor
Condition Rating
Condition category
Condition description

50

2
1
PGDS < 2500

Foundations

Importance Factor
Condition Rating
Condition category
Condition description

11.3

1

Good

"Without signs of damage”

A2.2 Report summary

Importance Condition

Characteristic numbers

No. Element .
factor Rating Ry R; R; R,
1 Abutment foundations 11.3 1 11.3
2  Pier foundations 11.3 0 0
3  Abutments with embedded 11.3 5 56.5
wings
4  Free standing wings 8 0 0
5 Piers 11.3 0 0
6 Bearings 11.3 0
7  Main girders 11.3 10 113
8 Cross girders 11.3 1 11.3
9 Bracings 11.3 0 0
10 Deck slab and consoles 11.3 5 56.5
11 Hydroinsulation 5.65 3 16.95
12 Expansion jonts 5.65 8 45.2
13 Driveway 5.65 2 11.3
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Watercourse or the area under

Appendices

14 the bridge 5.65 1 5.65
15 General impression 5.65 2 11.3
16 Cups 5.65 1 5.65
17 Approach slabs 4 1 4
18 Semi-rertaining abutment 4 2 8
19 Railings 4 1 4
20 Curbs 4 5 20
21 Sidewalks 4 5 20
22 Drainage system 4 4 16
23 Instalations 2 2 4
24 Signalization 2 1 2
25 Position of the bridge in the 2 3 6
network
26 Bridge geometry 2 1 2
27 Traffic load PGDS 2 1 2
248.6 95.1 78.95 10 432.65
R R Rs R R
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Digital representation of as-damaged reinforced concrete bridges Dusan M. Isailovic

Condition rating categorization

Type of work R R: Rs R4 R
Regular maintenance 83 29 39 _
i +
Regular maintenance 115 40 54 a1
control
Regular intense
9 161 57 56 432.65
maintenance
Investment maintenance 104 77
Rehabilitation planning 322 113 151 114
Immediate rehabilitation >322 >113 >151 >114
Bridge safety Risk of Final
(based on further . . s Rehabilitation
. . Functionality  prioritization .
inspection structural planning
- preference
findings) damage
A 1518
1500+
.|_
_|_
.|_
+ Ratio of
1000 Bridge Condition Rating
1 and Maintenance Type
_|_
2T
g1
T 546
500 +
_|_
T 250
+ 177
100 e
B
Regular | Regular | Invest- | Reha- Imme-
Regular) ™= intense | ment | bilitation d'ﬁte
I 2 rena-
control planning bilitation
1 2 3 4 5 6

Maintenance Type

Overall condition rating: 4 (investment maintenance).
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Appendix 3: Solar data for Grocka

The following Geo and Solar Data for Grocka is obtained from [105].

Geo data for the Location

Appendices

Height
Latitude
Longitude
Timezone

Solar data for the Location

78 m
N 44°40'21.6" 44.67267°
N 20°43'7.38" 20.71872°

Europe/Belgrade CEST

Time

Dawn

Sunrise

Sun peak level

Sunset

Dusk

Duration

Altitude

Azimuth

Shadow length at an object level: 6 m

August 10*, 12:00 UTC +2  August 16%, 7:00 UTC +2

05:01:02 05:08:45
05:33:03 05:40:04
12:42:30 12:41:25
19:51:10 19:41:58
20:23:03 20:13:10
14h18m7s 14h1mb54s
59.49° 12.95°
159.51° 83.29°
3.54 26.1

Sun position and shadow disposition on the bridge:

P

Coere

August 10", 12:00

August 16", 7:00
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brnorpadumja aytopa

OywaH Vcannosuh je poheH 15. maja 1989. roamHe y Kparyjesuy, rae je 3aBpLunMo OCHOBHY U
cpeawy wkony. 2009. rognHe ynucyje paheBMHCKM hakynTeT YHuBep3uTeTa y beorpagy.
2013. rogmHe 3aBpliaBa OCHOBHe, a 2015 mactep akagemcke cTyauje, Ha Opfceky 3a
YKOHCTpyKLUMje. JoKTopcke cTyauje Ha MpaheBMHCKOM (hakynteTy YHuBep3uTeTa y beorpasy
AyuwaH je ynucao 2015. roguHe.

Y nepuoay og jyna ao oktobpa 2014. rognHe 610 je 3anocnieH y 'y dmpmm ,,TaHKMOHT® [.0.0.
Beorpag. 3a 10 Bpeme, pajmo je Kao MHXerwep capajHUK Ha opraHu3aumjy n KOHTPOn pasoBa
Ha n3Bohemwy YeTnpn HapTHa pe3epsoapa y Nypney, Pycka ®eaepaumja.

Op asrycta 2015. go mapta 2016. rognHe 61o je 3anocneH y y dompmun ,LleHTponpojekT” a4.0.0.
Beorpag Ha no3nuunju nNpojekTaHTa 6eTOHCKMX KOHCTPYKUMja. 3a TO Bpeme, YY4ecTBOBaO je y
NPOjeKTOBakY, HAZ30PY 1 PEBU3NjU NPOjeKaTa HEKO/IMKO objekaTa y Cpbumjn 1 MHOCTPaHCTBY.

Y janyapy 2016. roamHe oanykom W36opHor Beha pafeBUHCKOr hakynTeta YHuBep3nuTeTa y
Beorpagy, n3abpaH je, a y HoBembpy 2018 je NOHOBO M3abpaH y 3Bake acCUCTEHTa-CTyAeHTa
[IOKTOPCKMX CTyauja 3a y>Xy Hay4Hy o6nact VIHhopmaunoHe TexHonoruje y rpafeBnHapcTBy n
reogesvjn. Of Taga ydecTByje Y HaCTaB/ Ha BULLIe NpeaMeTa y OKBUpYy Kartefpe 3a ynpas/bare
npojekTuma y rpafhesmHapcTBy.

0Of 2018. roguHe, AywaH Vcannosuh je unaH yapy>xerwa BIM Cpbuja.

[AywaH Ncannosuh je aytop jegHor pagay MefhyHapoAHOM Hay4YHOM 4acornucy W BuLLIE pagoBa
KOju cy 06jaB/beHN Yy 300pHMLUMMA pafgoBa ca MehyHapoaHUX KOoHJiepeHumMja Koju ce base
NHPOPMaLMOHUM MogenpareM rpafeBUHCKMX 0bjeKkarta 1 yrpasbambeM NHDPACTPYKTYpe.
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N3jaBa 0 ayTOpCTBY

Vime 1 npe3nme ayTopa AywaH Wcannosuh

bpoj nHgekca 910/15

U3jaBmyjem
[la je JOKTOpCKa aucepTalmja noj Hac/08oM

Digital representation of as-damaged reinforced concrete bridges

AnrntanHun npukas owteheHnx apMmMpaHO6EeTOHCKUX MOCTOBa

e pe3ynrar ConcCTBeHOor NCTpaKmnBaykor paaa,

e [a AucepTaumja y LEeVHU HU Y [ef0BMMa HMje buna npeioXKeHa 3a CTuULawe apyre
AUMoMe npema cTyanjcKMM NporpaMuma apyrmx BUCOKOLLIKO/ICKUX YCTaHOBa;

e [la Cy pe3ynTaTh KOPEKTHO HaBeEHN 1

e [la HMCaM KpLMo/na ayTopckKa npasa M KOPUCTMO/Na NHTENEKTYa/IHY CBOjJUHY APYTux
nvua.

MoTnuc ayTtopa

Y beorpagy,
12.5.2020.



MN3jaBa 0 MICTOBETHOCTU LUTAMMaHe U eEKTPOHCKE Bep3uje AOKTOPCKOr paja

Vime 1 npe3nme ayTopa AywaH Wcannosuh

bpoj nHgekca 910/15

Cryaujckn nporpam ['paheBnHapcTBO

Hacnos paga Digital representation of as-damaged reinforced concrete bridges

AnrntanHun npukas owteheHnx apMmMpaHO6EeTOHCKUX MOCTOBA

MeHTop MMpod. ap Page XajamH

V3jaB/byjemM Aa je wtamnaHa Bep3vja Mor JOKTOPCKOr paja UCTOBETHA eNeKTPOHCKOj Bep3ujn
KOjy cam npepgao/na pagn noxpamwmneamwa y JUrntaiHoOM penosntopujymy YHusepsuteTa y
Beorpagy.

[o3Bo/baBaM fa ce o6jaBe MOjU NNMYHKM NoAauM Be3aHW 3a Aobujarbe aKafeMCKOr HasuBa
[IOKTOpa HayKa, Kao LUTO Cy MMe 1 Npe3nmMe, rognHa n Mecto pofera u gatym ogbpaHe paga.

OBV NNYHM MofaLM MOry ce 06jaBUTU Ha MPEXHUM CTpaHuLama AurutanHe 6ubnuoteke, y
eNIeKTPOHCKOM KaTasnory 1y nybénvkauvjama YHusepsuTeTa y beorpagy.

MNoTnuc ayTopa

Y beorpagy,
12.5.2020.



N3jaBa 0 Kopuhewy

Osnawhyjem YHuBep3uTeTcKy 6M61mMoTeky ,Csetosap Mapkosuh” pga y [AuUrntaiHu
peno3uTopujym YHuBep3uTeTa y beorpagy yHece Mojy JOKTOPCKY AucepTalmjy nog Hac/10BOM:

Digital representation of as-damaged reinforced concrete bridges

AnrntanHmn npukas owteheHnx apMmMpaHO6EeTOHCKMX MOCTOBA

Koja je MOje ayTOpPCKO feno.

[dunceptaymjy ca cBum npuaonMma npegao/na cam y enekKTpoHCKOM hopmarty norogHoMm 3a
TpajHO apXmBMparse.

Mojy AOKTOPCKY AucepTaunjy noxpamweHy y AUrnTanHOM PenosnTopujymy YHUBEpP3UTETa Yy
Beorpagy 1 AOCTYMHY Yy OTBOPEHOM MPUCTYNYy MOry [Ja KOPUCTE CBU KOjuU MOLWTYjy oapenoe
cagp)aHe y ogabpaHom Tuny nuueHue KpeatusHe 3ajeaHuue (Creative Commons) 3a Kojy cam
ce og/lyyumo/na.

1. AytopcTso (CC BY)
2. AyTopcTBo — HekomepuujanHo (CC BY-NC)
@AyTopCTBo — HekomMepunjanHo — 6e3 npepaga (CC BY-NC-ND)
4. AyTOpPCTBO — HEKOMepUWjasTHO — fennTu nog uctum ycnosuma (CC BY-NC-SA)
5. AytopcTBo — 6e3 npepaga (CC BY-ND)

6. AyTOpCTBO — fenutu nog uctnm ycnosmma (CC BY-SA)

(Monumo fa 3a0KpyXXuTte camo jefHYy Of LUecT NoHyheHnx nuueHum. Kpatak onuc nnueHum je
cacTaBHW [1e0 OBe 13jaBe).

MoTnuc ayTtopa

Y beorpagy,
12.5.2020.



. AyTopcTBO. [lo3BO/baBaTe yMHOXaBawe, AUCTPUOYUMjY M jaBHO caonwiTaBake fena, u
npepage, ako ce HaBefe MMe ayTopa Ha HauMH ogpeheH Of CTpaHe ayTopa WM fAasaoua
NIMLEHLE, YaK 1 Yy KoMepuwnjanHe cepxe. OBO je HajcnoboHMja of CBUX IMLEHLMN.

. AyTOpCTBO — HeKomepuujanHo. [lo3Bo/baBaTe YMHOXaBawe, [AUCTPUOYUMjy U  jaBHO
caonwiTasawe fena, U npepaje, ako ce Haeefe MMe ayTopa Ha HayuMH ofpeheH of cTpaHe
aytopa unm gasaoua nuueHue. OBa nnLeHUa He 03BO/baBa KoMepLmjaniHy ynotpedy gena.

. AyTOpCTBO — HEKOMepUMjanHo — 6e3 npepaga. [o3so/baBare yMHOXaBawe, AUCTPUoyunjy n
jaBHO caornLiTaBawe aena, 6e3 NnpomMeHa, NpeobnKoBara Un yrnoTpebe aenay cBOM [eny, ako
ce HaBefe MMe ayTopa Ha HauuH ogpeheH of CTpaHe ayTopa Wau fgasaoua nuvueHue. Osa
NMLEHLA He 03BO/baBa KOMepLnjaiHy ynotpeby fena. Y o4HOCY Ha CBe ocTasie /IMLEeHLLE, OBOM
NIMLEHLOM Ce orpaHnyaBa Hajsehn 06vm npasa Kopuwhewa gena.

. AyTOpPCTBO — HEKOMepLUjaIHO — feNInTU Noj UCTUM ycrioBUMa. [l03B0o/baBaTe yMHOXaBare,
AVCTPUOYLM]Y 1 JaBHO caoriiTaBakwe Aena, U npepage, ako ce Haeefe MMe ayTopa Ha HaunH
ofpeheH of cTpaHe ayTopa UK fasaolia IMLEHLe 1 ako ce npepaja AucTpubymnpa nog Uctom
WM CANYHOM nnueHuoM. OBa /nUeHUa He [03BO/baBa KOMepuujanHy ynotpeby fena u
npepaga.

. AyTopcTBO — 6e3 npepaga. [Jo3Bo/baBare yMHOXKaBawe, AMCTPUOYLNjY 1 jaBHO caorLuTaBakbe
fena, 6e3 npomMeHa, NPeo6/MKoBawa UK ynoTpebe gena y CBOM fefny, ako Ce Hasefde ume
ayTopa Ha HauuH ofpeheH o cTpaHe ayTopa unm gasaoua nmueHue. OBa NnLEHLa A03B0/baBa
KoMepLuujanHy ynotpeby aena.

. AyTOpCTBO — AeNuUTX Mof UCTUM YycrioBUMa. [l03BO/baBaTe YMHOXaBare, AUCTPUOYLNjY 1
jaBHO caonwiTaBare fena, U Npepaje, ako ce HaBefe MMe ayTopa Ha HauuH oapeheH o cTpaHe
ayTopa Mnv [aBaolia NULEHLIE U aKo ce npepaga AUCTpUbympa Mo UCTOM UAW CIMYHOM
nuueHuom. OBa NMUEHUA [03BO/baBa KoOMepuujanHy ynotpeby gena n npepaga. CnmuHa je
cohTBEPCKMM NMLEHLaMa, OAHOCHO NMLiEHL,aMa OTBOPEHOT Kofa.





