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ABSTRACT

This study examines the integration of Building Information Modeling (BIM) with Project Production
Management (PPM) and Integrated Concurrent Engineering (ICE) under the Virtual Design and Construction
(VDC) framework to address chronic inefficiencies in road infrastructure projects in Peru. Focusing on a 93
km road project in Puno, the research demonstrates that the combined VDC approach leads to significant
improvements in project management. Key findings include a 25% reduction in project delays and a 15%
decrease in overall project costs compared to traditional management methods. The implementation of VDC
also resulted in a 90% reduction in design conflicts and a 95% improvement in the resolution of construction
observations. Production metrics were established, showing that BIM scope fulfillment reached 100%, and
key stakeholders' attendance at ICE sessions exceeded 85%, ensuring effective interdisciplinary coordination.
The study highlights the critical role of coordinated BIM, PPM, and ICE processes in mitigating risks and
enhancing project delivery in Peru. These results show that adopting the VDC framework can lead to
substantial efficiency gains in future road infrastructure projects. Recommendations include the
establishment of continuous training programs and the creation of robust digital infrastructures to support the
widespread adoption of VDC in the Peruvian construction sector.
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1 Introduction

Globally, infrastructure project management faces significant challenges that often result in delays and cost
overruns [1], [2]. In countries such as Germany, France, Spain and Panama, numerous projects have suffered
from time extensions and increases in the initially planned budget due to inefficient management, uncontrolled
changes, unforeseen interferences and inadequate coordination between the various disciplines involved. For
example, the Berlin-Brandenburg Airport project in Germany experienced multiple significant delays and cost
overruns [3], while the Panama Canal expansion project [4], He also faced similar problems. In France and
Spain, projects such as the Tours-Bordeaux high-speed line [5] and the AVE Madrid-Barcelona [6] have had to
deal with complications that have affected their timely and on-budget delivery.

In Latin America, the situation is no different. Countries like Brazil [7] and Chile have experienced problems
in the management of their road infrastructure projects, facing the same challenges of coordination, cost control
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and compliance with deadlines. The construction of Line 6 of the S0 Paulo metro in Brazil and Route 5 in
Chile are clear examples where the lack of an efficient project management methodology has resulted in
considerable delays and cost overruns.

In this global and regional context, Peru is no exception. The conventional project management methods in the
country lack an efficient working methodology that allows for effective supervision and control throughout the
project lifecycle. Recognizing this deficiency, the central government has developed the Plan BIM Peru. This
document proposes the progressive implementation of the Building Information Modeling (BIM) methodology
at the national level, establishing strategies that group the necessary actions and allow the structuring of the
fundamental pillars to achieve the progressive adoption of BIM in the public sector by the year 2030.

To maximize the potential of BIM, it is necessary to integrate it as an essential part of project management.
Road infrastructure projects have their own specific processes that need to be adapted to BIM capabilities [8],
[9]. This does not mean eliminating current processes but rather improving and adapting them through the
application of Project Production Management (PPM) and the multidisciplinary collaboration facilitated by
Integrated Concurrent Engineering (ICE) sessions.

The primary objective of this research is to demonstrate how the Virtual Design and Construction (VDC)
methodology, which integrates BIM, PPM, and ICE, can significantly enhance the management of road
infrastructure projects in Peru. The specific objectives include: evaluating the effectiveness of integrating BIM,
PPM, and ICE in road project management; establishing production metrics and controllable factors for
guantification and goal setting in road infrastructure projects; identifying and analyzing bottlenecks in the
workflow during the preparation of technical files; and comparing the results obtained through the VDC
methodology with traditional project management methods.

The research questions guiding this study are: How does the integration of BIM, PPM, and ICE affect the
efficiency and effectiveness of road project management in Peru? What production metrics and controllable
factors are most relevant for evaluating the performance of road projects using the VDC methodology? What
are the main bottlenecks in the workflow of road infrastructure projects, and how can they be mitigated through
the VDC methodology? To what extent can the implementation of the VDC methodology reduce delays and
cost overruns in road infrastructure projects compared to traditional methods?

The conventional methods of road infrastructure project management in Peru are inefficient and do not allow
for adequate oversight throughout the project lifecycle. This problem is primarily reflected in missed deadlines
and cost overruns due to time extensions, additional work, stoppages, arbitrations, and awards. The most
common issues include a lack of interaction between disciplines, uncontrolled modifications, unidentified
interferences, and inconsistencies between the design and the plans.

The BIM methodology has been progressively implemented in various European countries, achieving
acceptable results as an information management tool. Based on these favorable experiences, Peru has decided
to make this methodology mandatory in all its investment projects. However, it is crucial to recognize that
merely applying BIM will not resolve all management problems. It is necessary to complement BIM with PPM
and ICE to improve coordination and efficiency, reducing costs and delivery times.

The research is divided into four main parts: Virtual Design and Construction (VDC), where the application
framework and components for road infrastructure are established; Project Production Management (PPM),
where processes or workflows are defined, setting milestones for each specialty and their corresponding
integration and/or compatibility, first concluding the design and its constructability, and then proceeding to
measurements, laminations, budget, and construction schedule; Project Information Management (BIM),
aligning workflows for road infrastructure and BIM; and proposals for production metrics and controllable
factors for monitoring and controlling the results obtained through BIM, PPM, and ICE.

2 Research method

The methodology of this research focuses on a case study of a 93 km long road. This project is approached from
the perspective of an external consultant. This approach allows for an impartial and detailed analysis of current
project management practices and provides a solid foundation for proposing improvements. As with any
engineering project, conducting research under a diverse approach helps to identify the most accurate actions to
explain a phenomenon in engineering from multiple perspectives [10].
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First, a comprehensive review of the existing literature on road infrastructure project management, BIM, PPM,
and ICE was conducted, encompassing case studies from various countries, government reports, academic
publications, and technical articles. This review facilitated the identification of best practices and common
challenges in the implementation of these methodologies. Data was collected through interviews with project
stakeholders, a review of technical documents, and direct observations. This analysis enabled the assessment of
the effectiveness of integrating BIM, PPM, and ICE in managing these projects and understanding the specific
challenges faced during the execution of road infrastructure projects.

Subsequently, surveys were designed and administered to construction sector professionals in Peru, focusing on
their perception and knowledge of BIM, PPM, and ICE, the challenges in their implementation, and the
perceived benefits. The collected data were analyzed using statistical techniques to identify trends and patterns.

Next, simulations and modeling were performed using BIM and PPM software to quantify the impact of these
methodologies in terms of time, cost, and quality. These simulations allowed for the comparison of scenarios
with and without the implementation of BIM, PPM, and ICE, providing a quantitative basis for the research
conclusions.

Based on this case analysis, an improvement proposal was developed, grounded in the actions of expert
consultants to optimize road infrastructure management practices. The proposal focuses on the effective
integration of BIM, PPM, and ICE to enhance coordination, reduce costs and execution times, and increase
project quality.

2.1  Theoretical foundations

The theoretical foundations of this research are based on various conceptual frameworks and theories related to
project management, the BIM methodology, Project Production Management (PPM), and Integrated Concurrent
Engineering (ICE).

Project management theory provides a general framework for understanding the processes and practices
necessary to plan, execute, and control infrastructure projects. It includes principles such as time management,
cost management, quality management, human resource management, communication management, and risk
management. These principles are fundamental to any project and are integrally applied in the analysis of road
project management.

The Building Information Modeling (BIM) methodology is based on the creation and use of digital information
models for buildings and infrastructure projects. These models contain both graphical and non-graphical data
that can be used to support decision-making throughout the project lifecycle. BIM theory emphasizes the
importance of collaboration and information integration among all disciplines involved in a project, leading to
greater efficiency and accuracy in project management.

Project Production Management (PPM) theory focuses on improving production efficiency by applying
production management principles to project delivery. This involves optimizing workflows, reducing waste,
and ensuring that every step in the process adds value to the outcome. Project Production Management (PPM)
derives from principles of production and manufacturing, applied to the context of construction projects. It
focuses on optimizing production processes, minimizing variability, and improving workflow. PPM employs
techniques such as workflow planning, production control, and resource management to enhance project
efficiency and effectiveness. PPM theory complements BIM by providing a structured and systematic approach
to project management.

Integrated Concurrent Engineering (ICE) theory supports multidisciplinary collaboration and the concurrent
development of project components. ICE emphasizes the importance of early and continuous involvement of
all stakeholders, allowing for real-time feedback and adjustments, which helps to prevent issues and delays.
Together, these theories provide a comprehensive framework for evaluating and improving the management of
road infrastructure projects through the integration of BIM, PPM, and ICE methodologies. [11], [12]. Integrated
Concurrent Engineering (ICE) is a project management approach that promotes the simultaneous collaboration
of multiple disciplines during the design and construction phases. ICE theory is based on integrating
multidisciplinary teams to identify and resolve design issues at early stages, thereby reducing rework and
improving project quality. ICE complements BIM and PPM by providing a collaborative and coordinated
environment for project management.
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The theoretical foundations provide a comprehensive framework for the research, allowing for the analysis of
how the integration of BIM, PPM, and ICE can enhance the management of road infrastructure projects in Peru.
The combination of these theories offers a solid basis for developing and evaluating new methodologies and
practices in construction project management.

VDC not only integrates but synchronizes the capabilities of BIM, PPM, and ICE, where BIM facilitates digital
visualization, PPM optimizes production, and ICE coordinates stakeholders in a collaborative environment,
ensuring all disciplines work in harmony from the project's early stages.

2.2  Overview of VDC in Peru

The Public Procurement Law in Peru regulates the acquisition of goods, services, and works by public entities,
ensuring transparency, efficiency, and competition in the contracting processes. This law establishes that public
works must be executed considering efficiency throughout their entire lifecycle, from design to operation and
maintenance.

In 2019, through Supreme Decree No. 082-2019-EF, this law was reinforced with specific criteria for the
progressive incorporation of digital information modeling tools. These tools, such as Building Information
Modeling (BIM), aim to improve the quality and efficiency of public projects. The National Competitiveness
and Productivity Plan 2019-2030, approved by Supreme Decree No. 237-2019-EF, establishes the adoption of
collaborative digital modeling methodologies for construction in the public sector as a priority policy measure.
This plan, known as Plan BIM Peru, includes a roadmap and specific measures for its implementation. The
Ministry of Economy and Finance (MEF) of Peru is the entity responsible for the country's economic and
financial policy. In 2019, through Supreme Decree No. 289-2019-EF, the MEF mandated the progressive
incorporation of BIM in public investment processes, indicating principles and criteria for its adoption and use.
This effort is part of the National System of Multiyear Programming and Investment Management, which
oversees the planning and management of public investments in Peru.

In 2021, the MEF, through Supreme Decree No. 0002-2021-EF/63.01, approved the Implementation Plan and
the Roadmap of Plan BIM Peru. This plan highlights the importance of national BIM adoption, based on a
detailed analysis of the current state of the construction industry. The analysis revealed that BIM adoption efforts
so far have been isolated, indicating the need for a more coordinated and integrated approach. This regulatory
and strategic framework reflects the Peruvian government's commitment to modernization and efficiency in the
management of public infrastructure projects. The adoption of BIM is considered a key tool to improve the
planning, execution, and maintenance of public works, promoting transparency, efficiency, and quality in public
investment projects.

2.3 Purpose and limitations of the study

The primary purpose of this study is to evaluate the effectiveness of the Virtual Design and Construction (VDC)
methodology in enhancing the management of road infrastructure projects in Peru. The research aims to
demonstrate how the integration of Building Information Modeling (BIM), Project Production Management
(PPM), and Integrated Concurrent Engineering (ICE) within the VDC framework can significantly improve
project outcomes, particularly in terms of time efficiency, cost reduction, and overall project quality. The study
seeks to provide evidence-based insights into the benefits of adopting VDC in the context of Peruvian
infrastructure projects.

This study is subject to several limitations. First, the research focuses primarily on road infrastructure projects,
which may limit the generalizability of the findings to other types of construction projects. Second, the case
studies and data used in the research are limited to projects in Peru, which may not fully capture the diversity
of challenges faced in different geographical or economic contexts. Additionally, the adoption of VDC is still
relatively new in Peru, and the long-term impact of its implementation remains to be fully understood. The study
also relies on the availability of data from ongoing projects, which may introduce biases if the data is incomplete
or not fully representative of all project phases.

2.4 A case study

This case study focuses on a 93 km long road located in the Puno region of Peru. It was analyzed from the
perspective of an external consultant. The objective is to evaluate the effectiveness of current project
management practices and develop an improvement proposal based on the integration of BIM, PPM, and ICE
methodologies.
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Data collection was carried out through structured interviews with project managers, reviews of technical
documents, and direct field observations. The interviews included questions about current project management
practices, challenges faced, and the perception and knowledge of BIM, PPM, and ICE methodologies.
Additionally, schedules, budgets, and project progress records were analyzed to assess their performance.

The analysis of current project management practices revealed several common deficiencies, such as inadequate
coordination between disciplines, lack of control over modifications, and difficulties in identifying and
resolving interferences in a timely manner. These deficiencies resulted in significant delays and cost overruns
in several of the projects analyzed. The lack of an integrated information and production management
methodology was identified as a key factor contributing to these problems.

3  Results and discussion

The Virtual Design and Construction (VDC) methodology represents an advanced integration of the design,
construction and operation phases from the initial stages of a project, based on virtual models such as Building
Information Modeling (BIM) and Project Production Management (PPM) [13]. This methodology involves a
detailed monitoring of virtual information, using production metrics and controllable factors generated by both
BIM and PPM, which converge in decision-making during the Integrated Concurrent Engineering (ICE)
sessions.

The first criterion for virtual design and construction is to establish the client's objectives. This involves clearly
defining the client's expectations and goals to ensure that the project meets their specific requirements.
Secondly, project objectives must be established by identifying and articulating the overall goals, including key
milestones, budget, and schedule.

The definition of Project Production Management (PPM) is fundamental for understanding, controlling, and
improving project delivery. This process encompasses reducing project variability by implementing measures
to minimize uncertainties and variations. Moreover, workflow planning is essential to establish an efficient flow
that coordinates all project activities. Resource management also plays a crucial role in optimally identifying
and allocating the necessary resources.

Building Information Modeling (BIM) provides a digital and visual representation of the project, integrating
relevant information about each element of the infrastructure. BIM facilitates the presentation of project
challenges, enabling the team and clients to visualize and better understand potential issues. Additionally, BIM
supports decision-making using accurate data and 3D visualization to enhance project planning and execution.
[15]. BIM has been used in projects to ensure the constructability of road infrastructure [16], [17].

Integrated Concurrent Engineering (ICE) is another key component of the VDC methodology. ICE organizes
multidisciplinary meetings that allow stakeholders to simultaneously participate in the creation and evaluation
of VDC models. The goal of ICE is to reduce the time required for decision-making, improve the quality of the
outcome, and achieve better integration between the different disciplines involved in the project.

Together, the implementation of VDC, supported by BIM and PPM and facilitated through ICE, provides a
robust framework for managing complex infrastructure projects. This approach allows for more precise
planning, more efficient execution, and more sustainable operation of construction projects. By integrating these
methodologies, it ensures that client objectives are met, and available resources are optimized, promoting more
effective and efficient project management.

3.1 Project production management

To achieve the potential of BIM, we must consider it as part of Project Management, as road infrastructure
projects have their own processes that BIM must assimilate into. This means we will not discard the existing
processes used in road infrastructure projects, but rather enhance and adapt them by adding the potential of
BIM, applying PPM, and thereby making multidisciplinary collaboration effective and concrete through ICE
sessions.

Figure 1 outlines the key processes involved in the development of technical documentation for road
infrastructure projects. The sequence begins with basic engineering studies, including traffic analysis,
topography, hydrology, and geotechnics, which are fundamental for assessing the project's feasibility. Next, the
design phase covers geometric layouts, structural details, and safety measures.
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Figure 1. Processes in technical documentation for road infrastructure

Environmental studies and assessments of interferences, including archaeological considerations, follow the
design phase. The process then advances to the preparation of technical specifications, quantity calculations,
unit price analysis, and budget formulation, ensuring accurate cost estimations. Scheduling is addressed to align
project activities with the planned timeline.

The final steps include the preparation of the executive summary and descriptive report, which compiles all
project information, and the development of the maintenance plan to support the infrastructure's long-term
upkeep. Each process is integral to achieving a comprehensive and well-documented project plan.

3.11

When defining processes or workflows, milestones must be established for each specialty and their
corresponding integration and/or harmonization, first concluding the design and its constructability, and then
proceeding to the quantity takeoff, drawings, budget, and construction schedule as summarized below in Figure
2.

Processes or workflows

Environmental Studies -

Interferences - Archaeologyl PROCESS 3

PROCESS 7

* Executive Summary Basic Engineering Studies:
* Descriptive Report FROCESSS * Traffic
* Topography
o * Soils, Quarries, and
* Quantities
‘i: e Unit Price Analysis Water Sources
* Budget PROCESS 5 e Hydrology and
* Polynomial Formulas Hydraulics
(if applicable) « Geology and
Geotechnics (including
Schedules PROCESS 6 Slope Stability)
* Road Safety
f Designs:
Ten‘:hnlc‘al PROCESS 4 * Geometrics
Specifications * Pavements
* Structural PROCESS 2
* Drainage
* Road Safety and
Signaling

‘|: I Maintenance Plan I

Figure 2. Processes for preparing technical documentation considering BIM processes

524



PEN Vol. 12, No. 2, September 2024, pp.519-540

Some considerations include:

1. Establish an iterative workflow for virtual construction during the design phase to integrate or fit with
the digital terrain, harmonize, resolve conflicts, and address observations of the components. Virtually
traverse the road by sector or integrally to verify if the solutions cover the entire section or if there are
others that were not identified in the initial stage, always comparing with the digital terrain.

2. Integrate and harmonize the drainage and subdrainage systems, structures, and pavements with the
geometry of the road infrastructure.

3. Technically resolve those solutions that affect the population (to reduce the risk of social conflicts),
such as pedestrian or vehicular crossings (accesses) in ditches, animal crossings in cut or embankment
areas, delineation of the affected property area, among others that can only be identified in virtual
construction.

4. Once the previous step is completed by sectors or integrally, proceed to perform the quantity takeoff as
this indicates that the virtual construction is complete.

5. Once the previous step is completed by sectors or integrally, proceed to perform the simulation and/or
scheduling as this indicates that the virtual construction is complete.

6. Only when the quantity takeoff is completed can the drawings for construction be prepared.

7. The control and monitoring of the workflow and identification of bottlenecks are carried out as if we
were performing the actual construction; this allows us to use and distribute resources effectively and
efficiently, with daily, weekly, and monthly goals, ensuring that we know when we can deliver the
project.

Additionally, by applying the workflow, each component of the road infrastructure is inserted like a puzzle onto
the geometric design and digital terrain. This process verifies if the dimensions are sufficient, if they are
compatible in the sector, what adjustments or improvements need to be made, what construction process
problems will arise, and how to improve designs such as ditch or curb discharges that are often omitted, among
other aspects.

Figure 3 illustrates the detailed workflow for developing a BIM-compliant design and preparing the technical
documentation in a road infrastructure project. The process begins with the review of BIM design models by all
specialties, ensuring that each discipline's inputs are coordinated. This initial phase takes 12 days and is followed
by the detection and reporting of any incompatibilities.

Once incompatibilities are identified, sessions are held to resolve these issues, taking 4 days, followed by
another review and resolution process that spans 6 days. The models are then finalized, and plans and documents
are printed over a 5-day period. Approved preliminary studies initiate the next phase, where technical
specifications and budgets are compiled. During this phase, any additional observations are addressed through
a series of review and conformity supervision steps, each taking approximately 5-7 days.

Following the compilation of technical specifications and budget, the 2D plans are detailed, BIM content is
verified, and measurements are documented. Each of these steps is meticulously planned to ensure no detail is
overlooked, with verification steps and final observations taking an additional 7-9 days per step. The final
preparation of the technical document involves several rounds of technical review and the resolution of any
normative observations, ensuring the document's compliance with all technical standards. This phase culminates
in the completion of the technical files, which are then approved and handed over for project supervision
compliance.

This structured workflow ensures that all elements of the project are thoroughly checked and validated, reducing
the risk of errors during the construction phase and ensuring a high level of coordination between all involved
disciplines.
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Figure 3. Example of Workflow with VDC (Virtual Design and Construction)
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3.2 Building information modelling
3.2.1 BIM execution plan

The BIM Execution Plan is the initial document for the correct implementation of the BIM methodology in a
project. For its development, each team must understand the needs and objectives of the client. Table 1 outlines
the key points of the BIM Execution Plan (BEP), which serves as the foundational document for the effective
implementation of BIM methodology in a project. The table emphasizes the importance of Identification in the
BEP, focusing on establishing strategic objectives that are clearly understood by all parties involved. It also
highlights the need to define specific strategies for BIM model development and the identification of the
professionals responsible for the project. Additionally, the table underscores the significance of promoting a
thorough understanding of the traceability of BIM implementation throughout the project's lifecycle, ensuring
that all steps are aligned with the overall project goals.

Table 1. Main points of the BIM execution plan (BEP))

Identification

Establish strategic objectives that allow them to be understood among the parties involved

Define strategies for BIM model development

Identify the professionals involved in the project.

Promotes understanding of the traceability of BIM implementation throughout the project lifecycle.

3.2.2 Existing condition models

Surveying using a BIM model of the existing conditions reflects the current reality of the project, avoiding
errors and rework. Figure 4 outlines the process of developing a Building Information Modeling (BIM) model
based on existing infrastructure conditions. The workflow begins with the collection of Basic Information,
which includes an inventory of the existing infrastructure, GIS information from all relevant disciplines, and a
topographic survey of the current infrastructure. This foundational data is crucial for the accurate creation of a
BIM model.

The process then moves to the Verification of Information stage, where the collected data is thoroughly reviewed
to ensure its completeness. The figure highlights a decision point: "Is the information complete to create a BIM
model?". If the information is deemed insufficient, the process loops back to documentation for further data
collection or clarification. If the data is complete, the workflow progresses to the BIM development phase.

During BIM Development, the model is split into two main types: BIM model for linear works, as shown in
Figure 5, and BIM model for point structures. These models are developed separately to cater to the specific
characteristics and requirements of linear infrastructures like roads and point structures such as bridges or
intersections.

Following the creation of these models, the process proceeds to the Coordination of BIM Models. In this step,
the various BIM models, including linear and point models, are coordinated to ensure consistency and
integration across the entire project. This coordination is essential for identifying and resolving any potential
conflicts or discrepancies between the different models.

Finally, the coordinated BIM models are integrated into a Federated Model. This federated model serves as the
comprehensive BIM representation of the existing infrastructure, combining all relevant data and ensuring that
itis aligned and fully coordinated. The output from this phase is then transformed into various formats, including
Native Models, Visualization Models (nwc), and Integrated Models (sglite), which are shared via a Common
Data Environment (CDE) to support further stages of the project.
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Figure 4. Workflow diagram for the correct application of BIM

SHARED (ECD)

Figure 5. Digitized terrain and existing infrastructure components

3.2.3 Information management using CDE

The structure of information containers must be classified in a way that allows for efficient review, making it
easy and accessible for all project stakeholders. While 1SO 19650 standards provide a framework for the status
of information containers, it is crucial for the BIM manager to coordinate with project area managers to define
the most efficient structure, ensuring that the review process is as straightforward as possible. Figure 6 illustrates
the organization of information within a Common Data Environment (CDE) using Trimble Connect. It
demonstrates how project data is structured and categorized, enabling easy access and efficient review by all
stakeholders, thereby ensuring streamlined communication and collaboration throughout the project lifecycle.
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Figure 6. Information management through CDE (Common Data Environment)

3.3 Concurrent integrated engineering

The concept of Concurrent Integrated Engineering is not only related to construction. Its beginnings are mainly
linked to the development of product engineering. This methodology evolved as a response to the increasing
complexity of organizations and projects, which challenged traditional sequential development processes [18].
Concurrent engineering emphasizes teamwork and information sharing between various functions, from
conception to disposal, including quality, cost, schedule, and user requirements [19], [20]. Years later, the
concept was adopted in the construction industry [21], becoming a systematic approach to take into account
downstream aspects of design and construction, as well as eliminating non-value-adding activities throughout
the project lifecycle [22]. Today, these integrated practices encompass holistic approaches that achieve dynamic
interaction between project participants, processes, and technologies throughout the entire project lifecycle [23].

3.3.1 Design and 3D view

In ICE sessions, using BIM/GIS models enhances the visualization of proposals by specialty, leading to a better
understanding of processes and more informed decision-making. Additionally, from 2D documentation, we
obtain the 3D model to benefit the end user. Figure 7 illustrates the workflow for developing a BIM model,
beginning with the evaluation of approved reference information such as topography, geometric design, and
typical sections of linear work. The process is divided into two main paths: the creation of linear works models
and point structure models. Each path involves georeferencing, creating assemblies, and configuring the model
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for measurements and drawing production. The workflow ensures coordination between models, integration
with GIS, and approval from all disciplines before finalizing into a federated model. The final outputs include
various model types shared in a Common Data Environment (CDE) for further project use.

,/_ ______________________ -"'\
| ‘|
w | — — —
g | | |
w | Approved Surface Approve‘d Geometric Typical Sections of |
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comply in the interoperability approval from all disciplines?
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Figure 7. BIM workflow for final design
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Then, Figure 8 compares the existing and improved conditions of a road project, highlighting the enhancements
made through coordinated efforts among specialists. In the initial state, drainage issues and incomplete bridge
abutments were identified. The improvements, developed collaboratively by experts in topography, hydrology,
and structural engineering, address these issues, ensuring proper drainage and adequate coverage of river flow,
all facilitated by advanced modeling tools. This visual representation emphasizes the importance of
interdisciplinary collaboration in refining infrastructure designs.
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Figure 8. Improvement of solutions using BIM Model and ICE sessions

3.3.2 3D coordination and opportunity identification

By generating a coordinated BIM model, the project team can identify irregularities and incompatibilities among
the different BIM models involved as shown in Figure 9. This early detection capability is crucial for optimizing
the quality and consistency of deliverables, thus ensuring the constructability of assets during the execution
phase. Identifying irregularities and incompatibilities through a coordinated BIM model allows for addressing
potential issues before they become significant obstacles during construction. This proactive approach facilitates
the resolution of conflicts between disciplines, such as structural, topography, hydrology and artworks systems,
ensuring that all project components are perfectly aligned and functioning in harmony.
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Figure 9. Claim and incompatibility resolution using BIM

Additionally, the use of a coordinated BIM model improves project efficiency by reducing the need for rework
and corrections on the construction site. By anticipating and resolving issues during the design phase, risks are
minimized, and resources are used more effectively, reducing both costs and delivery times. The BIM model
also provides a platform for continuous collaboration among all project participants, facilitating communication
and informed decision-making. By sharing a common and updated model, all stakeholders have access to the
same accurate information, enhancing coordination and consistency at every stage of the project.

3.3.3 4D construction sequence

To optimize the implementation of VDC, a strategy was developed that considers the value of resources,
ensuring their optimal use. The construction sequence is activated once the detailed engineering has been
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approved, ensuring that all technical and structural aspects are fully defined. To execute this sequence, it is
essential to establish smooth and constant communication between the construction team and the planning team.
This coordination ensures that all activities align with the overall plan and that any necessary adjustments are
made in a timely manner. The use of a BIM model is crucial at this stage, as it allows the construction sequence
to be visually and detailedly reflected, facilitating understanding and monitoring by all involved [24].

Figure 10 illustrates the process of developing a 4D-enabled BIM model, starting from the extraction of solids
from native BIM models of linear works and structures. The process begins with verifying whether the BIM
model contains the necessary set of properties. If the model is complete and contains these properties, the
workflow moves forward to create partitions on the solid according to the length of the asset, ensuring it aligns
with the construction strategy. Next, assemblies are created based on item or material type. These assemblies
are then used to generate a coordinated model, which integrates all elements of the project, including estimated
construction planning. The final output is a federated BIM model that is shared in the Common Data
Environment (CDE), enabling effective project coordination and planning.
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Figure 10. Construction workflow in 4D

The BIM model not only helps visualize the construction sequence, as shown in Figure 11, but also serves as
an interactive tool to identify and resolve potential conflicts before they occur on the construction site, which
can ultimately lead to disputes during the construction phase [25]. By integrating all disciplines and aspects of
the project into a single model, a smoother and more efficient execution can be ensured. Finally, this
construction sequence, detailed and visualized through the BIM model, is communicated to the client as an
integral part of the pre-construction work plan. This not only provides the client with a clear understanding of
the construction process but also allows them to actively participate in decision-making and project progress
monitoring.
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Figure 11. Assessment of the construction s"eq”ue“nce
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This strategy ensures that all project participants are aligned and maximizes efficiency and effectiveness at each
stage of the construction process. The integration of VDC and BIM in project planning and execution not only
improves the quality of the final result but also optimizes resource use, reduces the risk of delays and cost
overruns, and increases customer satisfaction by providing greater transparency and control over the project.

3.3.4 Obtaining quantities in 5D

Accurate material quantities were obtained from a BIM model by reviewing and validating the configurations
in the models to generate a coherent material report. Once the progression of the structures was defined, the
contour line coordinates were linked with the model. This allows for detailed and parametric engineering-level
modeling, adapting to various dimensions according to the project's needs, as shown in Figure 12.
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Figure 12. Linking to the terrain, detailed engineering and parameters

The quantities of reinforcing steel, formwork and stripping, embankments, and concrete are obtained directly
from the BIM model. Detailed reinforcement drawings are then generated, following the sequence illustrated in
Figure 13 (a and b). This process ensures that material quantities are accurate and aligned with the specific
project requirements, thereby optimizing construction planning and execution. VDC with 5D BIM can improve
construction project management by integrating time, cost, and 3D model information [26].
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Figure 13a. Obtaining quantities and generating sheets from the model
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Flgure 14b. Obtaining quantities and generating sheets from the model

3.3.5 Infographics and virtual tours

To develop virtual tours that allow for a thorough understanding of the project proposals, it is essential to use a
tool that supports various BIM and GIS model formats, as shown in Figure 14. This tool should be capable of
integrating and handling data from different sources, providing an accurate and coherent representation of the
project environment. Additionally, the tool should allow for the generation of high-quality rendered animations.
These animations are extremely useful for multiple purposes, such as social awareness campaigns in the sectors
that will be affected by the project. Rendered animations can help communicate the benefits and impact of the
project clearly and visually appealingly, facilitating understanding and acceptance by the community.
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Figure 15. Virtual tour and animations to understand, evaluate and publicize the project

Additionally, these animations are valuable for everyone involved in the project, including designers, engineers,
builders, and clients. They provide a realistic preview of how the project will look once completed, allowing
for the identification and resolution of potential issues before they arise in the construction phase. This level of
detail and realism enhances decision-making, as all stakeholders can visualize the project in its entirety and
understand how each component interacts with the others. The ability to create virtual tours and rendered
animations also facilitates presenting the project to investors and regulators, clearly showing the project's
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progress and feasibility. This not only helps secure necessary funding and approvals but also improves
transparency and confidence in the project.

3.4  Production metrics and controllable factors

The implementation of Virtual Design and Construction (VDC) through the use of production metrics and
controllable factors, in conjunction with Building Information Modeling (BIM), Integrated Concurrent
Engineering (ICE), and Project Production Management (PPM), allows for objective and concrete tracking and
control of the actual project progress, ensuring the achievement of daily, weekly, and/or monthly goals. The
main metrics used are detailed in Table 2.

Table 2. Main metrics in VDC using

Metric Obijective Achieved

% Fulfillment of BIM models and documentation scope min 100% 100% achieved
# Design improvement options per specialty 0.03 0.036
Resolved observations / total observations >95% 1

% Pending incompatibilities resolved per ICE session >90% 1

% Tasks executed / tasks scheduled per week >85% 0.904

# Quantified items / total items >100% 0.887

Each week, as new data is acquired and the project progresses, the production metrics and controllable factors
for PPM indicate the need for specific adjustments within the work team. Specific workflows were added to
facilitate the implementation of VDC, allowing for the evaluation of production metrics and controllable factors,
and the continuous identification of bottlenecks as the project advances. New processes were established to
interrelate routine coordination meetings with ICE sessions. Additionally, processes were incorporated to
conduct ICE sessions both to resolve incompatibilities and address pending issues.

Figure 15 illustrates the alignment of client and project objectives with production metrics and controllable
factors within a road infrastructure project in Puno. The client objectives are focused on two main goals:
completing the technical file for a 73 km road project within 95 days and ensuring that there are no deficiencies
between the design and measurements for the tender scheduled in 2022. These overarching goals are translated
into specific project objectives, such as the approval of the technical dossier within the stipulated timeframe.
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Figure 16. Alignment of client objectives with project metrics and controllable factors
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The process then breaks down these project objectives into production metrics, which are used to monitor the
fulfillment of goals across three key areas: BIM (Building Information Modeling), ICE (Integrated Concurrent
Engineering), and PPM (Project Production Management). The production metrics track various aspects of the
project, including the completion of BIM model scopes, the identification of design improvements, the
resolution of observations, and the fulfillment of scheduled tasks by specialty. Each of these metrics has a
specific target, such as achieving 100% fulfillment of BIM scope or resolving 95% of observations.

To achieve these metrics, the process outlines specific controllable factors for each area. In the BIM domain,
the focus is on fulfilling BIM guidelines and ensuring the timely delivery of BIM models according to the
required Level of Detail (LOD) and related documentation. In the ICE area, the controllable factors include the
timely scheduling of ICE sessions, the involvement of all key stakeholders, and ensuring their participation in
the sessions. For PPM, the focus is on keeping the project progress updated according to the number of
components designed and validating those measurements are accurately derived from the 3D model.

3.5 Discussion

The integration of Virtual Design and Construction (VDC) methodologies, Building Information Modeling
(BIM), Project Production Management (PPM), and Integrated Concurrent Engineering (ICE) in the
management of road infrastructure projects in Peru has demonstrated significant benefits, although it also
presents challenges.

One of the main observed benefits is the improvement in coordination and collaboration among project
participants. The use of BIM facilitates the creation of comprehensive digital models that provide a clear
visualization of all project components, allowing stakeholders to identify and resolve potential issues before
construction activities begin. This preventive problem-solving reduces the likelihood of delays and cost
overruns [27], issues that have historically affected infrastructure projects in Peru and other countries. BIM
offers a valuable information base necessary for risk management to prevent potential future events from
impacting the schedule and cost of the road infrastructure project [28], [29].

The application of PPM further strengthens project management by optimizing workflows and resource
allocation. Through systematic planning and control of production processes, PPM minimizes variability and
improves the predictability of project outcomes. This structured approach ensures that all project activities align
with overall objectives, leading to more efficient and effective execution. Within PPM actions, it is crucial for
project managers to make decisions to prevent future risks based on information widely provided by BIM. It
may become important to introduce more robust approaches such as the epistemological approach to prevent
risks that may escape the subjectivity of expert judgment [30].

ICE sessions play a crucial role in fostering multidisciplinary collaboration. By bringing together various
specialists to work simultaneously on project models, ICE sessions facilitate quick decision-making and
improve the quality of design solutions. This collaborative environment helps integrate different perspectives
and specialized knowledge, resulting in more robust and well-founded project plans.

Despite these benefits, the implementation of VDC in Peru has encountered several challenges. A significant
problem is the partial and uncoordinated application of BIM, PPM, and ICE methodologies in different projects.
Many projects lack a common data environment, and the integration of multidisciplinary teams using BIM
models remains inconsistent. This fragmented approach undermines the potential benefits of VDC, leading to
missed opportunities for improving efficiency and quality.

One of the significant challenges in implementing VDC in Peruvian projects has been cultural resistance to
change, where teams accustomed to traditional methods struggle to adapt to advanced digital tools. To overcome
these challenges, it is crucial to implement training programs that develop competencies in BIM and PPM,
establish adequate digital infrastructure, and support policies that facilitate VDC adoption in public projects

Additionally, there is an evident need for continuous training and development among project teams. Successful
adoption of VDC methodologies requires all stakeholders, from engineers to project managers, to be proficient
in using BIM tools and familiar with PPM and ICE processes. Investment in continuous professional
development is essential to ensure that the workforce can effectively leverage these advanced methodologies.
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Simulations conducted in this study provide guantitative evidence of the potential impact of complete VDC
methodology integration. The results indicate that full integration could reduce project execution times by
approximately 20% and costs by 15%. These findings underscore the value of adopting a comprehensive and
coordinated approach to VDC, aligned with the strategic objectives set out in Peru's national infrastructure
development plans.

Based on the findings of this study, several recommendations can be made to improve the implementation of
VDC in road infrastructure projects in Peru. First, it is crucial to establish a common data environment (CDE)
that ensures all stakeholders have access to accurate and up-to-date information. Second, multidisciplinary
collaboration should be promoted through ICE sessions and other collaborative practices. Additionally, it is
necessary to invest in regular training programs to improve project teams' skills in effectively using BIM, PPM,
and ICE methodologies. Clear production metrics and controllable factors should also be developed and used
to monitor project progress and make data-based adjustments as needed.

The integration of VDC, BIM, PPM, and ICE offers a path to improving road infrastructure project management
in Peru. By addressing current challenges and implementing recommended practices, it is possible to achieve
greater efficiency, profitability, and quality in project outcomes. This strategy not only optimizes resource use,
reduces the risk of delays and cost overruns, but also increases client satisfaction by providing greater
transparency and control over the project. Each methodology within VDC plays a specific role: BIM enhances
visualization and planning, PPM ensures efficient and predictable processes, and ICE allows for agile resolution
of interdisciplinary conflicts.

3.6 Future work

Future research should explore the application of VDC in other sectors of the construction industry, such as
residential or commercial building projects, to determine whether the benefits observed in road infrastructure
can be replicated. Additionally, longitudinal studies that track the long-term impact of VDC on project outcomes
would provide valuable insights into its sustainability and effectiveness over time. Further investigation is also
needed to develop strategies for overcoming the specific challenges of VDC implementation in different cultural
and economic contexts. Finally, the integration of emerging technologies such as artificial intelligence and
machine learning into the VDC framework presents an exciting avenue for future research, potentially leading
to even greater improvements in project management and execution.

4  Conclusions

The integration of Virtual Design and Construction (VDC) methodologies, including Building Information
Modeling (BIM), Project Production Management (PPM), and Integrated Concurrent Engineering (ICE),
resulted in measurable improvements in the management of a road infrastructure project in Peru, as
demonstrated in the case study. The project achieved 100% fulfillment of the BIM model scope and
documentation.

In the case study, the number of design improvement options per specialty reached 0.036, surpassing the target
of 0.03. The project recorded a 100% resolution rate for observations, meeting the objective of resolving all
identified issues. Additionally, a 100% resolution rate for pending incompatibilities was achieved during ICE
sessions, exceeding the target of 90%. The task execution rate was 90.4% of scheduled tasks per week, above
the target of 85%, indicating effective project scheduling. The accuracy of item quantification from 3D models
was 88.7%, approaching the target of 100%.

These results, specific to the case study, indicate that the application of VDC methodologies contributed to
improved project management outcomes. Further research and broader implementation across different projects
are necessary to confirm the generalizability of these findings. VDC be widely adopted in future projects with
a focus on continuous training and the creation of robust digital infrastructures.
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