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Abstract: Although there is already a great amount of scientific literature dealing with the use of
building information modeling (BIM) in engineering activities, the majority refer to successful case
studies using the usual methods and technology of building construction but rarely bring up the
real problems for implementing BIM methodology to the field of transportation infrastructure. It
must be also considered that the construction activity is only a part of the infrastructure life and the
stakeholder must consider the works of enlargement, renewal, and maintenance of the
infrastructure. The purpose of this paper is not only to show a mere review of the existing literature
but also present a rational analysis for the use of BIM in different areas of civil engineering. For that
purpose, the gathered experience in the use of BIM in civil engineering projects in the final course
of Civil Engineering Master Studies in the Civil Engineering School (ETSICCP) at Universidad
Politécnica de Madrid were compared with the reported literature. This way, a complete and
updated information regarding tendencies, applications, and practice along with limitations and
benefits can be presented. The significance of this research relies on the original insight of BIM for
civil engineering applications through four case studies. Two of them were focused on construction
possibilities and the other two on the possibilities in the exploitation, rehabilitation, and
maintenance. The results showed that despite the lack of previous experiences, the use of BIM
methodology is possible for activities such as maintenance, managing, or expansion of
infrastructure by applying different specific software packages. Among the main problems needing
to be addressed are the following: handling of big data files, the integration of new data non-related
with the modeled object, and interchange of data without losing information. That proves the need
of new more efficient techniques to overcome the challenge of the full use of BIM in the civil
engineering field and obtain the mutual advantage of the co-operation of the academic and
industrial worlds.

Keywords: building information modeling BIM; BIM infrastructure; BIM data management; facility
management; monitoring systems

1. Introduction

The building information modeling (BIM) approach considered as a series of technologies and
methodology procedures is currently becoming a standard for developing projects worldwide [1,2].
In this context, most corporations have assumed that the professionals have not acquired enough
contents and competences in BIM methods along their university studies although they have got
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enough basic instruction as to overcome this lack of skills [3]. One of the main problems is the lack of
education of the professionals and the teaching personnel [4] and that is why this kind of formation
has been expanded and increased in the postgraduate studies, mainly in the fields of architectural
and building construction, but also, in recent years, in the civil engineering field [5]. The successful
use of BIM in the building construction projects proving the advantages of its implementation implies
that, with some perspective changes, it can also be used in infrastructure projects, including linear
projects [6].

The main subject to be taken into account for using BIM in infrastructure projects such a
hydraulic works, roads, railways, complex structures, complex foundations, and even historic
restoration works is that these projects have different characteristics compared with architectural
works and the BIM application should be resolved by the use of specific solutions and tools. That
must start with the application of scales consistent with the level of development (LOD) of the project
that in turn should be coherent with the definition or detail level of the project development (see

Figure 1).
LoD 300 LoD 500

Figure 1. Level of development of a traffic roundabout.

In recent years there have been an important impulse to the development and practice of
innovative technologies in construction projects. The universities are not unaware of this reality and
have included formation in BIM in order to improve the professional opportunities of their alumni
[7]. BIM methodology comes from the construction industry and is an approach that allows the
visualization of the design-simulated project [8] providing the overall understanding of the
functionality and operability of all integrated elements. It is an opportunity of developing not only
the 3D model but also the creation of a collaborative and centralized information system. The aim of
BIM is to capture all information and aspects of the project so that it can be further utilized in the
operation and maintenance activities.

Figure 2 shows some examples of BIM models that include the geometry of the building, the
spatial relationships, and the geographical information along with the quantities and properties of
the components. A common tool for a BIM approach is Autodesk Revit. This tool is normally used to
create highly visual models and is already of common use in building construction.
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Figure 2. Example of a design by building information modeling (BIM) methodology.

However, while the BIM application to architecture, construction, and manufacturing activities
has been widely adopted, it has gained scarce application in transportation engineering. The
tempting efforts have been so far insufficient and currently problems still exist for its implementation.
At present the use of BIM in the civil engineering field is focused in the application of BIM tools in
terms of working methodology, the integration of the gathered information and the data inter-
relation and the transfer to third parties. However, the adaptation to structures like bridges and roads
is a much more complex process.

The purpose of this work is to provide a critical analysis of the use and application of BIM in
different civil infrastructure works, identify gaps, and propose solutions to obtain the maximum
profit of the technology and computer applications so far utilized in the construction industry.
Published literature related to BIM has mainly focused on buildings and there is a lack of clear
possibilities and tendencies to be used in civil engineering even though it is mandatory in many
countries. The significance of this research relies on the original insight of BIM for civil engineering
applications through four case studies. Two of them were focused on construction possibilities (one
bridge and one road) and the other two on the possibilities in the exploitation, rehabilitation, and
maintenance (one bridge and one road). Those projects were developed with advanced BIM
technologies that have shown that the use of BIM in infrastructure projects not only clarifies the main
objectives of the project making it more visible, but also reduce the risk of errors, ease the possibility
of studying more alternatives and help the decision-making process for the management staff. In
addition, it can help to register and maintain all the historical actuation on the infrastructure through
the use of databases linked to the model. This can be of great importance for the future public facility
management (FM) and rehabilitation of bridges that are counted in hundreds of thousands in Europe
and developed countries older than 50 years.

2. Materials and Methods

The main purpose of this study implied the use of a significant diversity of software and
equipment. For each of the case studies, the methods and technology required were different. In order
to develop each project, the methodology had to be carefully studied, in addition to organize the
participation of the different academics with expertise in each topic as well as the contribution of
students. This process was based on an initial technical characterization of the four projects. The
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participants in this experiment included a group of civil engineers with an average experience of
fifteen years of experience. For these four studies, all the computing resources and access to all
Autodesk (Autodesk, Inc., San Rafael, CA, USA) and Bentley (Bentley Systems, Incorporated, Exton,
PA, USA) commercial software were available. In addition, other software of great interest such as
Dynamo, SketchUP, Revizto, Rhinoceros, and Grasshopper, required for the correct execution of the
modeling, were also available.

The projects were divided into two main sections: bridges and roads. In the case of bridges, as a
first objective, the detailed procedure of the virtual construction of three-dimensional bridge models
following BIM methodology was chosen. Further perspectives were defined for each of the case
studies.

The first case study introduced and implemented the developed framework for the maintenance
and exploitation of bridges. It was based on the possibilities of Dynamo. In addition to this, the main
data for the conventional maintenance of bridges was used to reach the main objective of the project.
Object-based parametric modeling is one of the bases of BIM technology, and Dynamo can be used
to bring procedural information into the BIM environment. In this case of study, Dynamo enabled
the communication between the worksheet samples from the government and the model. The second
case of study aimed to develop a methodology to design different rehabilitation alternatives. After
an extensive literature review, this project proposed a BIM-based rehabilitation of a bridge over the
Perales river using project management software.

The second section shows the other two case studies performed with the aim of showing new
perspectives of BIM applied to linear works, specifically to roads, tunnels, and highways. Thus, the
third case study shows the procedure developed based on parametric BIM generation with 3D
scanning through use of drones. In this case, a drone model Mavic-Pro M1P was used. The process
was divided into three parts: (1) data acquisition with ContextCapture, (2) geometry information
extraction in OpenRoads ConceptStation, and (3) parametric BIM modeling in SketchUP. The
purpose of this work was the acquisition of information for the management of the road, the building
of a virtual information model, and assessing both the costs of implementing this methodology per
kilometer and its suitability. The fourth case study introduces a BIM framework, which could
effectively integrate the assessment of optimized linear designs based on road traffic and risk. For
this study, an indicator of risk IRDO) based on hierarchical-analytical criteria was designed as well
as a Hasse diagram with the most important attributes. For the detailed elements SketchUp was used.
Various alternatives were generated using OpenRoads ConceptStation.

3. Results

3.1. Bridges

In recent years, the big worldwide development of transportation has given rise to the
construction of a very large number of bridges. Bridges play an important role in the transportation
system giving support in the social and economic development and, therefore, are very important
and indispensable infrastructure elements. The earliest research work encountered in the BIM
bibliography on transportation infrastructure is the development of a microcomputational system for
bridge management. Although bridges and buildings may appear similar and have similar
characteristics, they are quite different in terms of construction, operation, and element classification
[9].

According to official statistics Spain has a road network of 165,624 km and more than 100,000
bridges. From those, about 25,000 bridges are managed by the government and, given the age of
many of them, only 6.5% do not present anomalies of any issue [10]. In addition to this, other bridges
such as those of the train system or footbridges must be added as well as those managed by the
regional governments and local authorities. The economic value of their new construction has an
estimated cost of 12,000 million euros [11]. This gives an idea of the magnitude of the required
maintenance and structural management activities. Here is where the BIM technology can develop
an efficient management and maintenance system for bridges [12], which in turn will improve traffic
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safety. For that goal, a standard method for structural modeling is required. With it the bridge
modeling will be easily completed with all the pertinent information. If the information relative to
the foreseen actions to be taken in the bridge service life time, for example alerts to specific revisions
and maintenance actions, the system will allow extending the life expectancy of the bridge and
provide a planned schedule for future payments, so improving the project cost control. It is necessary
to create a standard of collaborative bridge maintenance containing information of the past, present,
and future status of the bridge.

As MacLeamy [13] states, for each dollar invested in the project phase twenty dollars are
invested in the construction phase and 70 or more along the infrastructure lifetime. Thus, BIM means
big public funds savings in cost overruns that can reach 40% according to the survey reported by
Stanford University [14] and in maintenance and management costs.

In order to obtain a scheduled planning of a bridge service life, the bridge information model or
BrIM must be built up during the design and construction stages [15]. However, most of the existing
bridges were designed and constructed without contributing to the modeling. Therefore, the model
must be reconstructed for most of the bridges. In this section some successful case studies of standard
modeling software packages are presented that can be further used to elaborate plans for the bridge
service life.

The most important criteria in the design and construction phases refer to the level of
development (LOD) and the level of information (LOI). In building construction LOD is directly
related to internal specifications but in civil infrastructure the focus is on external specifications
including geometry details and semantic information [16]. In fact, bridges have some unique
characteristics such as road alignment or beam slopes that are of most importance in the design,
construction, and fabrication of the bridge. An important number of publications [17,18] suggest
methods to achieve substantial improvements in the design process, a sharp reduction of conflicts
and even industrial benefits through use of BrIM. However, currently LOD faces an important
challenge in infrastructure elements like bridges [19]. Due to the high amount of work involved in
the bridge modeling it is necessary to unify the basic information prior to the model setup [20]. In
Figure 3 some examples of BrIM realized with different methodologies and with a high LOD level
(LOD 300-400) are described.
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Figure 3. Example of a design methodology by a bridge information model (BrIM).
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The working sequences shown try to show how by combining different software packages the
correct completion of a BrIM model system can be achieved. In the initial phase, the use of tools like
Infraworks or Civil3D allows the inclusion of data for the different configuration alternatives and the
definition of the basic parameters to be further exported to Revit for the design completion. If both
packages are used for the surroundings and access it must be taken into account that importing
Civil3D to Infraworks runs perfectly but the inverse process is quite problematic. For a second phase,
Infraworks infrastructure modeling can also be used although the most elaborate elements such as
hangers and ribs of the bridge must be previously created as parametric elements using Inventor or
Rhino. The problem appears when these structural elements are exported because neither Revit nor
Navisworks detect their area or volume and so they are not quantifiable. For this reason, at least until
this problem is resolved, modeling software such as Revit needs to be directly used for the detailing
design of the infrastructure although this requires the creation or modification of a number of
families, because such software type is rather limited for highly complex geometries. This can be
resolved utilizing “conceptual masses” by previous modeling in Civil3D, AutoCAD3D, or Inventory
(all Autodesk, Inc., San Rafael, CA, USA) making a family able to create a dotted Spline in Revit
whose area and volume parameters can be assigned. In a final phase, the most useful software to
combine the models is managing software such as Navisworks, though the textures and
georeferences sometimes may cause problems. It is also possible to combine them in Infraworks but
in that case the Revit model must be created as a 3D object.

Then, as shown in Figure 4 and following this procedure it is possible to create a virtual and
intelligent 3D model of the bridge containing all pertinent information for each component and for
the whole service life.

E igi i 3 ackground """ Database of
Original Dra Background ) Backgro SRERR (e
E i information GIS Data information Oriitial Drewing costs (Presta)
E
B
Architecture and structural design Environment 3D modeling Design of construction process Cosl estimale
Preliminary design Detailed design
g [ 6coni]
g T AUTODESK' AUTODESK T AUTODESK ALITOCAL
- AUTOCAD e
§ INFRAWORKS R REVIT AL INVENTOR CIVIL 3D NAVISWORKS NAVISWORKS
e —_— Adaptative Complex
- Structure families 5.T:|'omct|.'nc - Quantification
elements ) N
Ground planning coordination
Cost calculation
Final structural 1al ground
maodel o I
g - lanning process - -
o Preliminary BIM Measuraments
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Figure 4. Proposed facility management workflow for BrIM.

In Europe, there is a bridge management system (BMS) that provides support to the design,
construction, operation, and maintenance phases. This BMS improves the efficiency and cost control
of the infrastructure management problems. The countries investing most in this system are Finland,
Denmark, and Germany [21]. Nevertheless, the system still holds some drawbacks [12].

Although BIM has been implemented in the stages of design and construction of many bridges,
as commented above, the application to the stage of maintenance has started relatively late [22]. In
Spain, the BIM based management of the bridge service life is still under development. Additionally,
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as other countries, the tendency is combining BIM with the traditional managing methods to improve
the management efficiency [23].

3.1.1. Case Study 1

With the large amount of Spanish bridge inventory, the maintenance becomes an important and
challenging task. Additionally, that makes a BMS system a useful and essential tool. In fact, recently,
the government awarded a contract of an urgent inspection of 2500 flyover bridges by the amount of
18.12 million euros. Due to this, a BIM model in the near future would be necessary, at least in new
constructions. With these new data in the model, any incidence detected in successive inspections
along the bridge service life will be incorporated to the design model. Thus, by making use of the
data contained in the model [24] it would be possible to get a cost estimation of the repairing works
recorded in the inspection.

The BIM methodology has been proposed to incorporate the bridge inspection to a BIM model.
A flyover bridge (Figure 5) was selected because of the great similitude of elements and typology
with many other bridges and because of the design simplicity that would allow extending the model
to other bridges with scarce modifications.

Figure 5. Flyover bridge in the AP-41 highway.

A complete information model of a bridge was performed as a reference. Previously, LOD were
defined in order to gather all the information of the traditional project and drawings. Thus, the
components of the structure were defined and virtually created and constructed. Following the
rationale of any construction task, every structural component was considered (neoprene bearings,
footings, abutments, girders and prefabricated elements, decks, expansion joints, etc.). However, on-
site maintenance inspections can reveal pathologies associated to groups of elements such as spans
or abutments. These options were not preconfigured, and new families were created to group the
components in the following:

e  Abutments with their respective foundations.

e  Piers and pile caps with their respective foundation.
e  Spans.

e  Support lines and leveling.

e  Parapets.

The main purpose was to establish a connection between the basic inspection sheets (BISs) in
Excel currently used by the Ministry of Civil Works and the BIM model. The management data was
developed and is shown in Figure 6.
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Figure 6. Proposed facility management scheme of BrIM maintenance.

The flyover bridge management system must:

Classify the potential pathologies by categories, assign an ID, and prepare a digital format sheet
(Microsoft Excel) for inspection adjoining a base of unit prices to assess the repairing cost of each
pathology (BIS). Additionally, the 3D structure must be modeled (Autodesk Revit and Autodesk
Civil 3D) with the pertinent parameters for the damage statement as a BIS function.

Link up the BIS incorporating the field information with the structure. For that purpose, a
programming code in Dynamo must be created that is to be repeated for each possible damage
in each structural element, as can be seen in Figure 7.

a. Information import in Autodesk Revit. Each element family must be placed in a different
Excel sheet to facilitate the Dynamo programming language.
b.  Export the information to Microsoft Excel.

Graphic visualization of the 3D structure status along with an estimation of the repairing costs
according to the reported damage (Figure 8). This computerized data can be saved and analyzed
from different points of view:

a. Technically: some pathologies occurring with excessive frequency can be detected and an
alternative solution may be proposed.

b. Economically: costs of successive campaigns can be compared, and future costs can be
estimated, so optimizing resources.
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Figure 7. (a) Importing in Autodesk Revit the Microsoft Excel information and (b) exporting the

Autodesk Revit to Microsoft Excel.
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Figure 8. Graphical visualization of the bridge management system (BMS).

Given the large number of parameters to be introduced to each of the modeled elements, an
extensive code was developed. The groups generated in the code permitted treating damages as a
parameter affecting all the elements that belong to a family. Figure 9 shows detail with a simplified

view of how this import was programmed.

PL_DUR_SUP

Figure 9. Detail of the import code for damage with id PL_DUR_SUP.
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In Figure 9, two main functions have been highlighted given their relevance:

(1) Data.ImportExcel: extracts cell from a certain worksheet. The information read from the
worksheet will be gathered in lists through the command List.GetltemAtIndex.

(2) Element.SetParameterByName: the lists of elements read in the adequate position (through use
of the List. Transpose command) will be incorporated to the element parameter of a category by
means of this function.

This way, damage PL_DUR_SUP of each of the piers of the Pier category is added to the
previously created parameter. The same procedure was carried out in order to incorporate the rest of
the parameters to be introduced in the model (piers, abutments, spans, bearings, dilatation joints, or
parapets).

The main objectives of the project included not only to generate an information model but also
to enable the information of this model to be used for the maintenance of the bridge. That said, the
first exportation carried out is that referring to the economic value of the damages displayed in the
model. Such exportation, the parameters associated to the actual state of conservation of the element
as well as the observations and quantifications registered will complement the information for an
adequate analysis.

The code generated and executed in Dynamo to obtain a worksheet with the desired parameters
was significant given the large number of parameters obtained for each family of elements as well as
the large number of inspected elements. Each of the groups created was associated with an element
category. The code was generated by means of the commands and functions of Dynamo as can be
seen in Figure 10. First, the elements of the desired category are extracted and from that group of
elements the desired parameter is obtained using the function Element.GetParameterValueByName.
The chains generated with the values of the parameters of all the elements of the category will be
linked to a list using the command List Create. This is shown in Figure 10.

ISR

Figure 10. Detail of the extract exportation code to worksheets with id PL_DUR_SUP.

3.1.2. Case Study 2

BIM can also be used to avoid conflicts during bridge substitution works with no traffic
interruption [25]. This implies the construction of a temporary bridge to divert the traffic, the
demolition of the existing bridge and the final construction of the new bridge in the original position.

For this second case study, a bridge located over the Perales river in M-510 road in the Madrid
region was used. Such structure needed to be widened in order to improve the quality of the service
and the traffic safety.

The existing bridge only permits the traffic on one direction. Since the M-510 road is a two
directions road, therefore the traffic is regulated through traffic lights. The project seeks to replace
the bridge with a new one with two traffic lanes so that this problem can be solved. However, during
the construction, the traffic should not be diverted. Moreover, the opportunity permitted including
pedestrian lanes on each side given that it is currently normative.

The use of BrIM methodology will ensure the absence of interferences between the different
phases of the project. To do that it is necessary to create models of the bridges and the linear works.
Once the models are completed an interference analysis as a function of time can be carried out with
programs like Navisworks. Civil works modeling programs such as Istram, Open Roads, Clip, or



Appl. Sci. 2020, 10, 7072 11 of 22

Civil3D can be used. Each one has advantages and drawbacks but all of them are tools working in
the BIM methodology.

The construction works were simulated through all the constructive phases as it is shown in
Figure 11.

EXECUTION OF SIDE ROAD TO TRAFFIC DEMOLITION OF THE EXECUTION OF THE NEW STRUCTURE
DIVERTING
e STRUCTURES OCCUPYING = ExcavaTion AND FounDATION
- DemouTion  AND  TRAFFIC WORK FOR THE NEW FILES.
PROTECTION WITH A BARRIER - ParapeTs AND
£ GUARDRAIL - EXECUTION OF THE MEW PILES
= XCAVATION AND FOUNDATION REMOVAL AMD BEAM PLACEMENT.
WORKTO EXTEND ABUTMENTS. _
= DisassemBLY AND PLACEMENT THE NEW BRIDGE
- Execution oF LANDINGS, REMOVAL OF THE DECK
BRIDGE DECK OF SIDE ROAD AND EXISTING BRIDGE _ CoONNECTION OF BOTH DECKS
LOCATIONS OF BEAMS DECK
P D - PLACEMENT OF TRAFFIC SIGNS
= LACEMENT OF TRAFFIC SIGNS - EMOLITION OF
AMD BARRIERS
AMD PROVISIONAL BARRIERS THE EXISTING PILES

= TRAFICC DIVERSION FOR THE

Figure 11. Phases for BrIM rehabilitation of the bridge over the Perales river.

For the old bridge modeling (Figure 12) Autodesk Revit was employed. However, due to the
complexity of the columns it was necessary to turn to Inventor software for the creation of some families.

Figure 12. Graphical visualization of the old bridge.

The construction works of the new structure were defined from a general axis that coincided
with the axis of the road platform. The geometrical aspect of the bridge can be seen in Figure 13.
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Figure 13. Graphical visualization of the new bridge.

3.2. Roads, Tunnels, and Highways

The transport infrastructure plays a key role in the economic and social activities for any country
development. Presently most of the road projects keep using for design and construction a 2D model-
based methodology in plan and elevation views with some cross sections. That makes a difficult,
error prone task the checking of the required rules. Thus, new initiatives intending to improve the
design, construction, and maintenance of these infrastructure elements are to be expected. In this
respect the use of BIM methodology can be decisive to increase the quality of the infrastructure along
their service life. With that objective a consortium of Spanish companies has launched a project called
ROADBIM ITC-20161077 using state I+D+i program funds of the Spanish Government to unify
criteria for road design [26]. The project’s main purpose is to achieve a more efficient development
of the road designs for their whole service life using BIM methodology. The great majority of the road
and transport systems in Spain are public owned so that the benefits of this BIM implementation will
mostly be for the government and the sector companies.

On one side, the applications of this methodology in the design and construction of linear works
incorporating geographical information is a high value source to adjust the road layout according to
hybrid conditions including social impacts, material proximities, etc. This way different layout
alternatives can be studied in order to select the most appropriate [27] thus avoiding extra costs and
construction delays. However, the adaptation of BIM methodology to the construction of linear work
layouts keeps facing significant challenges. There are several previous studies trying to integrate the
design and structural analysis in BIM by breaking down the layout in individual sections [28].
Nevertheless, in most cases the design cannot be made apart to the structural design because they
affect the long-term performance of the layout [29]. The lack of standardization of the structural
elements makes it necessary the use of different software packages because none of them ensure the
integration of all requirements. As above commented, Revit is the reference software for 3D modeling
including simultaneously other information. However, the capacity of this software is quite limited
in high dimension linear works and the interoperability with some specific software like Infraworks
or Civil 3D is poor. It is also needed to keep in mind that the effort required for infrastructure
modeling will greatly depend on the complexity of the project and that the creation of a level of detail
(LOD) with the basic information will be indispensable prior to the model construction as can be
observed in Figure 1 [19].

Several stretches of the M-30 Madrid ring highway have been modeled [30] including linear
works and some parts of the tunnel (Figure 14). It is one of the world’s highest traffic density roads
with 300,000 vehicles per day and a length of 325 km. The goal is to develop a workflow model similar
to Figure 6 for the infrastructure maintenance and to link the information of the maintenance workers
with the model.
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Figure 14. Design methodology of a linear work infrastructure.

13 of 22

In this case, for the creation of the operation and maintenance model, the Revizto program was
used. Revizto is a software package for visual collaboration based on the cloud that centralize the 3D
environment and is useful for problem detection. The management data was developed and is shown
in Figure 15.
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Figure 15. Proposed facility management for maintenance and exploitation of roads.
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Civil 3D and subsequent revision with Navisworks are the most useful software for simple and
efficient design of a road. In the case of a road followed by a tunnel the script was in charge of locating
the parametric family. The curve is defined by coordinates in an Excel sheet (exported form a Civil3D
file). Then, with the families distributed along the curve a solid is created by the unification process
of the cross sections.

To allow Dynamo making of the process a series of inputs are required, mainly providing the
coordinates of the tunnel points, the difference of families, and the distance step in which the families
are distributed. With these data the script is able to generate a new family that covers the complete
tunnel modeling.

It must be taken into account that the activities for constructing new linear works are only a
small percentage of the total network and that suggests that the new efforts should concentrate in
developing efficient systems of management and maintenance. Initially the information was obtained
manually and later, progressively, a fleet of technology equipped vehicles was launched. In parallel,
several software packages were developed to allow the fast and simple management of the site data.
At this point it is necessary to use BIM models to gather the saved information, so achieving better
planning and cost reductions due to the automatic transferring of the information. There are already
several successful BIM applications in the design, construction, and management of linear
infrastructure like the MI ]33 in the United Kingdom or the enlargement of road Al 2LB between
Leeming and Barton [31]. However, in all cases the authors insist in the need of improving the
operability between the software packages and developing a data integration strategy in order to
improve the value of the 3D model.

It is therefore necessary to obtain the geometrical definition of the road alignment in an
automatic way and integrate all the management systems of the network in a single model. The
detection and measuring system of objects using a Laser Imaging Detection and Ranging (LIDAR)
has been a kind of revolutionary in the field because it can generate a big point cloud of the
infrastructure with high resolution and precision [32].

3.2.1. Case Study 3

The project was based on the idea of applying BIM to the conservation and exploitation of the
M-513 road in the Madrid region. The high cost of the LIDAR is the main obstacle for it developing
in small scale cases like the present one. Photogrammetry is in these cases an ideal substitute because
it is affordable, saves time, and is able to scan large areas with reasonable precision. This way it is
possible to generate a model containing: geometry, special relationship data, geographical
information, quantities and properties of construction elements, and cost and inventory of materials.
By the integration of all these parameters the final dimension of BIM (7D) is reached allowing the
management of the whole life cycle of the project and associated services like inspections, repairing
works, management, etc.

This final dimension or operational phase requires a complete, well-structured, and adapted
information bank and that is why the information flow must be active with a methodology similar to
the one shown in Figure 16.
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Figure 16. Methodology for the maintenance and repair road section.

A drone Mavic-Pro M1P was employed. The surface taken and the flight routes can be seen in
Figure 17.

(b)
Figure 17. Different flight routes of the drone: (a) curved flight (b) straight flight

As above said, the application of the BIM methodology to road maintenance requires the
previous generation of a photogrammetric grid provided by drone flying. In these cases, the
operability with Revit software of Autodesk is quite limited. It is then necessary to turn to
intermediate software such as Meshlab, Inventor, or FormlIt that use friendly formats as *.obj, *.dgn,
or *.skp although they still suffer important information losses. In these circumstances the use of
OpenRoads ConceptStation of the commercial firm Bentley and ContextCapture as intermediate
software are recommended. The reconstruction process used the information of the aerial
triangulation to process the images and create a three-dimensional dataset. Such a dataset can be
obtained as a 3D mesh, a point cloud, or raster images (see Figure 18).

Figure 18. 3D view of the raster images with ContextCapture.
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Nevertheless, to reconstruct the virtual 3D model this program shows limitations because it is
oriented to preliminary studies and the use of OpenRoads Designer is required for higher detail such
as road marking. To introduce the information in the elements of the road for the BIM management,
AssetWise ALIM can be used. It helps improving accessibility, quality, integrity, and relevance of the
active data through all the service life of the infrastructure. It allows controlling of the information,
documents, and registry and managing the changes guarantying the deliver and reception of the
information to the engineers and operation staff. An alternative is using Infraworks that allows
including such information and with the help of SketchUP vertical elements can also be introduced.

Figure 19 shows the comparison of the reality with the model, revealing that the model was a
very highly visual model and rich in information. This information could be used through facility
management programs to manage the infrastructure, offering advantages in terms of efficiency and
quality. In addition, the visual information can help the decision-making process and can reduce
errors that lead to higher costs.

Figure 19. Comparison of the reality on top with the model below.

3.2.2. Case Study 4

This fourth study is about the incursion of the BIM methodology in road projects focusing on one of
their fundamental aspects: the provisional deviations and the road safety of the different alternatives
[33,34]. Due to the affectations made by the work in progress, BIM could be an efficient tool.

However, as was shown in the previous study (Figure 11), there is a lack of references about the
systematization in construction. In order to achieve this objective, taking the road safety and the costs
as key variables that guide the design through the different software and independent criteria,
aligned in such a way that the best design could be systematically guaranteed. The project objective
was to deviate the A-30 highway in Murcia, Spain. To do so, a fly-over bridge was included, and the
main platform was modified as can be seen in Figure 20.
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Figure 20. Graphical visualization of the modification in A-30 from ConceptStation.

An indicator of risk (IRDO) based on hierarchical-analytical criteria was designed based on the
legislation and audits reviewed in terms of road safety. It is a way to grade the deviation proposed
by variables directly read from the design models.

Additionally, by using a Hasse diagram, the most important attributes: signs and beaconing
have been recognized as the guarantors of the safety during the work execution. For that reason, these
elements were modeled with greater detail using SketchUp, which is such a useful example of the
LOD characteristic of the BIM methodology. Moreover, as a part of this higher definition, every signal
includes parametric modeling, incorporating worksheets, and web directions to the technical
specifications of the supplier to achieve the design suitability throughout the whole project’s life.

A range of alternatives was generated for being an example of deviation using OpenRoads
ConceptStation (Figure 21). The design of each alternative on a reality grid allows obtaining the
quantifying variables of the program’s own risk, incorporating at the same time, those coming from
signaling and beaconing by importing said elements. From each one of the proposed alternative
designs, a value of the construction cost and another from the IRDO was obtained.

Figure 21. Three alternatives for the deviation of the A-30 highway.

The weighted valuation of the cost and the indicator was obtained (Figure 22), having more
importance than the last of them. The alternative that involves the minimum risk was chosen in order
to include on it the improvements carried out in a design defined and optimized.

@ (b)

Figure 22. (a) Quantification of the risk associated to road drainage and (b) relative distance among
signaling.
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4. Discussion

In the first case study, it is shown that it is possible to develop an efficient bridge management
system (BMS) that is indispensable to satisfy the massive demand of bridge maintenance activities in
Spain. Previous studies have posed that bridge maintenance, mainly for historical bridges, applying
this methodology for a given case [35]. However, it is worth highlighting that there are thousands of
bridges at the moment that could not be considered as cultural heritage and their lifespan could reach
100 years [36,37]. BMS proposed in this study is based on BIM methodology according to real needs
and using existing resources [10], and fills a blank space in the BIM standards for the maintenance
and exploitation of bridges. Nevertheless, although the system is promising, it would require the 3D
model of the existing bridges and that is why the procedure is quite limited. Additionally, the
generated data should utilize Big Data technology to be useful and achieve an efficient bridge
management [37].

In the second case of study, the potential use of BrIM for infrastructure replacement has been
demonstrated. Navisworks has shown to be a key tool to detect interferences because it considers
time as an ordinary dimension [18-39]. There are some other programs with the same possibilities
such as Synchro. In this case, Navisworks was chosen because it was considered that using the
software of a single commercial firm might enhance the precision of the data interchange among
programs [40].

The third and fourth case studies were based on parameters that allowed gathering three-
dimensional and parametric models from the 3D-scanning data. Thus, each item was linked from
SketchUp to the uniform resource locator (URL) for each datasheet. This datasheet can vary and
include requirements such as reflectance, service life, etc., in the tendering phase. Such features may
be replaced by those supplied by the manufacturer when the real works are performed. Moreover, in
both OpenRoads ConceptStation and OpenRoads Designer, it has been possible to incorporate the
elements with their attributes on the program library [41]. In addition, a new table indicating element
to element any aspect associated with any specific traffic sign including its location or other aspects
of the construction works was included. The conclusion of this project showed the successful use of
BIM for this purpose, including in the same model elements with different LOD, sequentially
designed and with a final impartial value for the decision-making process [42].

The above discussion and examples reveal that in spite of the scarce implementation of BIM in
active management of civil engineering constructions [6] its use is very interesting. With it a single
model contains all the historical information relative to the vital elements of the roads and bridges.
Respecting the available software packages and their interoperability it has been shown that the main
problems with BIM usage are just the interoperability between different software packages,
especially if they are supported by different firms [43].

Through use of a combination of software and some programming, the case studies reveal the
outstanding possibilities of the use of BIM for the maintenance and exploitation of important existing
infrastructure. In addition, it has shown that it helps studying the work schedule and program of the
construction works in order to maintain the service during the execution of rehabilitation works [44].
Moreover, the use of digital tools and BIM can help assessing the best alternative in terms of safety
[45]. The results have shown that BIM helps the decision-making processes of the managing staff as
well as diminish the risk of errors.

Regarding the augmented reality, photogrammetry is a method able to produce models of
precision similar to the point clouds [46] when the resolution of the captured image is high enough
because the deviation will be in the range of two pixels. In these cases, it is a suitable methodology
for research, documentation, and environment characterization and is faster and less expensive
compared to the sophisticated and hardly operable LIDAR equipment. This way a grid texture with
simple visual interpretation is generated, also including real shapes and information relative to the
existing conditions that can be more easily analyzed by the above-mentioned programs.
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5. Conclusions

The aging and deterioration of transport infrastructure is a problem of most importance that
consumes high annual budgets due to the huge infrastructure patrimonies of all countries. The high
increase of road construction makes it insufficient and inefficient the traditional existing management
and inspection systems. In this paper some successful examples in which the BIM methodology
produced optimum and sustainable infrastructure management have been presented. Additionally,
maintenance cost reductions were obtained.

However, the application of BIM methodology in infrastructure is still quite complex. The great
impediment to the implementation of BIM in the management and maintenance of infrastructure is
the lack of specialized software. Currently, the existing infrastructure design software is not capable
of being used as BIM models. The most used infrastructure programs Civil 3D or
OpenRoadsDesigner, only allow the creation of 2D or 3D models of surfaces, but it is not possible to
create all the elements with their own characteristics that allow reflecting the particularities and
differences between the different elements. This means, that they are empty geometrical elements, so
they are not really BIM models. Moreover, the most used BIM design programs (Revit) are not
adapted to the design of infrastructure. These architectural design programs have been created to
design vertical elements defined in different horizontal levels (floors), so it does not allow one to
work in a simple way with structures with a large horizontal extension. It would be very interesting,
if future developments could add some tool that would allow generating alignments as reference
elements or vertical levels, to subdivide the linear infrastructure. In this way it would be possible to
work with this type of infrastructure software packages.

There is also a series of programs recently available, which allow the design of infrastructure in
a 3D environment, with parameterisable elements as Infraworks or Openroads Conceptstation. These
types of programs are much closer to the concept of BIM for infrastructure and are very interesting
tools. Unfortunately, although these programs allow the 3D visualization of projects in their
environment easily and quickly, they still lack many functionalities required to be implemented in a
BIM-FM model. One major problem with these programs is the impossibility of exporting 3D models.

It can then be stated that, although BIM is not yet implemented as an active management tool in
the great majority of infrastructure projects, a successful and promising future for it is to be expected.
With this technology important advantages are achieved in the design, construction, maintenance,
and rehabilitation of infrastructure elements with the additional feature of having different working
alternatives in the design process.

In short, it could be said that BIM is already a reality and, although today its use is more related
to the civil engineering industry, the complete introduction of this methodology in the design of
roads, highways, tunnels, or bridges is only a matter of time.
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