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EXECUTIVE SUMMARY

3D modeling for horizontal infrastructure projects has been increasingly implemented by state
transportation agencies. These agencies have found numerous benefits to using 3D models during
both the design and construction phases, leading them to pursue an entirely digital delivery
approach to project development where the 3D models replace all or part of the 2D plans. The
benefits of a digital delivery solution include greater efficiency, lower-cost bids, improved
construction quality, and an opportunity to provide digital as-built information to improve the
hand-over process when the facility transfers to Maintenance and Asset Management departments.
PennDOT has committed to pursuing digital delivery through the Digital Delivery Directive 2025.

Thus far, 3D modeling implementation has capitalized on existing design software, but using itin
new ways. Nevertheless, there are numerous challenges to developing the policy, technology, and
workforce to meet 3D model-based project delivery requirements. These challenges have included
lack of guidelines, lack of expertise, lack of training, and questions regarding legality of providing
3D data for bidding. There are additional downstream challenges for changing the medium of
communication from 2D plans to 3D models. These include the need to perform model-based
design reviews, develop new quality management procedures for 3D models, interoperability of
the 3D models for contractors, and a need to develop and deploy new workflows and technology
for construction engineering and inspection.

The Highway industry is pursuing 3D model-based digital delivery individually and collectively
through cooperative research and AASHTO committees, as well as through programmatic
partnering with their local industry. As State DOTSs develop their own incremental solutions, they
exchange knowledge to take advantage of lessons other State DOTs have learned. While no State
DOT has a comprehensive digital delivery solution yet, collectively, there has been significant
progress that PennDOT can learn from. This report summarizes many of the best practices and
implementation recommendations from across the nation.

The Implementation Strategies presented at the conclusion of the report provides
recommendations for approaching PennDOT’s Digital Delivery Directive 2025. These are:

« defining the objectives as user-focused requirements and consistent with a data governance
framework,

« defining the implementation in terms of the policy, technology, and workforce capabilities
to develop,

. assessing areas in which PennDOT can glean insights from peer State DOTSs,

. prioritized areas for early development, and

. Strategic partnerships to pursue.

PennDOT is well placed to establish a digital, 3D model-based workflow for the department that
enables projects to be surveyed, designed, bid, constructed, and handed over using 3D modeling
technology, achieving the vision of the Digital Delivery Directive 2025.



1: INTRODUCTION

3D modeling for horizontal infrastructure projects has been increasingly implemented by state
transportation agencies. These agencies have found numerous benefits to using 3D models during
both the design and construction phases. These benefits include greater efficiency, advanced
conflict detection, improved construction quality, and advanced project management support. 3D
models may also provide benefits during the post-construction stage, such as advanced as-builts.
However, there are challenges that impede expanded 3D modeling adoption. These challenges
include lack of guidelines, lack of expertise, lack of training, and questions regarding legality of
providing 3D data for bidding. These challenges must be addressed as an agency moves toward
full 3D modeling implementation. FHWA promoted 3D modeling in the second and third rounds
of its Every Day Counts program. PennDOT’s Digital Delivery Directive 2025 will establish a
digital, 3D model-based workflow for the department that enables projects to be surveyed,
designed, bid, constructed, and handed over using 3D modeling technology. Temple University’s
role in this effort has been to identify the previous efforts of PennDOT regarding 3D modeling and
to review how other agencies have addressed aspects of their process to design and construct
projects using a 3D model.

BACKGROUND

Temple University’s role in the TEM WO 002 efforts thus far has been to identify the previous
efforts of PennDOT regarding 3D modeling and to review how other agencies have implemented
3D models for design and construction. The research team has delivered five reports. The first
report, Task 1.1, described PennDOT designer’s experiences with 3D modeling for design and
construction. Task 1.2 provided an overview of PennDOT efforts related to 3D modeling based on
previous literature and a review of PennDOT’s SharePoint drive. The third report, Task 2.1,
examined 3D modeling efforts at a national level, providing case studies and current practices from
other state DOTs. Task 3.1 focused on how 3D models may be effectively implemented in the
construction and post-construction phase. The following report, Task 4.1, discussed policies,
business models, and 3D model criteria for the successful implementation of 3D models. The next
report, Task 5.1, provided a summary of all findings from the previous reports and provided
recommendations for the implementation of 3D models. This report, Task 6.1 is the draft final
report and implementation strategy for the research project.

OBJECTIVES

Task 6.1 provides a summary of all previous findings related to the TEM WO 002 research effort.
The report will give an overview of 3D modeling for design through construction, discuss previous
PennDOT efforts related to 3D modeling, provide a benchmark of other state DOTs, summarize
best practices and recommendations for implementation, and create an implementation strategy.
Task 6.1 will primarily focus on aggregating information from the previous TEM WO 002
deliverable reports in a way that will improve the understanding of 3D modeling practices and
highlight the best actions to successfully implement 3D models.



SCOPE

Task 6.1 will provide a summary of all previous findings from TEM WO 002 reports related to
3D modeling. The report will provide an overview of 3D modeling, highlight best practices, and
include an Implementation Strategies guide to successfully implement 3D modeling. This report
may be used to advance PennDOT’s Digital Delivery Directive 2025.



2: 3D MODELING OVERVIEW

The following section provides an overview of 3D modeling. The intent of this section is to provide
context for the terms and topics discussed later in the report.

3D MODEL DEFINITION

A 3D model is a digital graphical representation of proposed facility and site data consisting of X,
Y, and Z coordinates for producing representations of objects in three dimensions. The model is
used to communicate existing conditions, design intent, or as-built conditions. 3D models are
useful for visualization, analysis, animation, simulations, plans, quantity take-off, and may support
life-cycle asset management (Reeder & Nelson, 2015a). In this report the term 3D engineered
model’ will be used interchangeably with ‘3D model’ unless otherwise specified. The 3D
engineered model is the product of extensive survey, design, and coordination that accurately
conveys design intent and communicates existing and proposed conditions to the contractor. A 3D
engineered model can be used in combination with or replacing traditional 2D plans for a roadway
or bridge projects and may include the following components:

Surface Models — a representation of the existing ground or proposed grading and pavement
surfaces. Data may be exported for use by Automated Machine Grading (AMG) equipment for
grading and paving operations.

Alignments — the horizontal and vertical alignment of a roadway are vital to a roadway project and
can be used by AMG equipment for construction.

Proposed Utilities and Structures — the proposed utilities model may contain storm sewer, water
main, utility poles, traffic signals, and any other utility that may be part of a roadway project. The
structures model may contain structures such as box culverts, retaining walls, and bridges.

Existing Conditions — the existing conditions model can be a comprehensive 3D model that
contains all relevant information about the existing conditions of a site. It may contain survey data,
digital terrain models (DTMs), subsurface utility data, and existing structures.

BUILDING INFORMATION MODELING

3D models are a basis for Building Information Modeling (BIM) for Infrastructure, which applies
BIM to horizontal design and construction projects. BIM is a construction process that allows the
development of design scenarios and conveyance of those scenarios to project personnel, the client,
or the public while maintaining a single model. BIM may incorporate project scheduling and cost
(4D and 5D modeling, respectively) alongside 3D models.

Data exported from the 3D models can be transferred to AMG equipment that guides roadway
construction equipment like bulldozers, pavers, rollers and excavators in real-time. Connectivity



allows workers to receive and work with the most accurate, up- to-date models, for example when
a design revision occurs (McAuley, 2013).

This research project focuses on how 3D models have been implemented among various state
DOTs. Once a department has become familiar with designing in 3D, it may take steps to further
develop a BIM process by incorporating elements such as scheduling, cost, and life-cycle analysis.

USES AND BENEFITS OF 3D MODELS

3D modeling allows roadways and/or bridges to be developed to various levels of detail and
complexity in a way that is conducive to visualization. These models are used to more effectively
connect a project’s design and construction phases. They can also be applied to other phases of the
project lifecycle to positively affect safety, quality, and efficiency during construction,
maintenance, and asset management. 3D modeling has been used in the transportation industry for
several decades, and although the focus has historically been on roadway design and construction,
DOTs are exploring the adoption of 3D modeling practices for bridges and utilities. 3D models
can be used during all phases of a project, from preconstruction to closeout.

For bridge design and construction, BIM offers significant advantages over traditional 2D design.
BIM is a comprehensive digital representation of the physical and functional characteristics of a
facility. The FHWA promoted 3D engineered models for bridges as part of their innovation
deployment program from 2014-2016. (FHWA, 2017a) While 3D modeling practices for roadways
have significantly matured over the past half-decade, 3D modeling for bridges is still emerging.
The DOTSs leading advancements in this area have begun to implement BIM on bridge projects.
However, even in these states, BIM for bridges is still limited to pilot projects. Nevertheless, the
benefits gained from the process are encouraging.

One of the major advantages of designing with parametric 3D models is that design changes can
be propagated quickly and seamlessly. Using the traditional method, processing design changes
was often a manual process that was time-consuming and prone to error. In contrast, adjustments
to a parametric 3D model propagate dynamically across all the derivative products like alignment
and profile sheets, cross-section sheets, and volume quantities. Using parametric 3D models with
dynamic sheets can also improve accuracy of the plans compared to previous approaches because
manual errors are avoided. Even labels are automated and update when the model changes. When
3D models that fully reflect the design intent are shared with contractors in a way that is compatible
with their business systems, it eliminates their need to recreate 3D models from the 2D plans.

During the scoping and planning phases it is important to consider the goals of using a 3D
engineered model. A clear understanding of the project objectives helps guide the design team to
ensure 3D models are used efficiently. On a project-wide scale, 3D models could improve
efficiency, decrease construction costs, improve safety, and facilitate coordination. During design,
a 3D model can help identify conflicts and improve communication between disciplines. 3D
models are beneficial to all design disciplines, from structural to geotechnical to hydraulic. Table



21 from Maier et al. (2017) identifies applications of 3D models at milestones during design

development.

Design Stage

3D Models Uses

NEPA (National
Environmental
Policy Act) — 15%

Quantify impacts on sensitive environments
Minimize Right-of-Way (ROW) impacts
Compute preliminary quantities

Review proof-of-concept constructability
Minimize utility relocations (clash avoidance)
Plan surface drainage systems

Preliminary — 30%

Check site distance

Perform visual impact analyses

Minimize ROW impacts

Optimize earthwork quantities

Coordinate interdisciplinary design

Perform staging and constructability reviews
Minimize utility relocations (clash avoidance)
Create preliminary plans and estimates

Final NEPA — 70%

Check site distance

Perform visual impact analyses

Review surface drainage

Coordinate interdisciplinary design

Create 3D graphics and 4D videos for ROW acquisition & public
involvement

Compute quantities

Perform staging and constructability reviews

Conduct maintenance of traffic conceptual planning

Create ROW and utility relocation plans

Final Plans — 90%

Design validation and interdisciplinary review
Create 3D graphics for public involvement
Create 4D videos for public involvement
Compute final quantities

Perform staging and constructability reviews
Conduct maintenance of traffic review

Create contract plans and final estimate

Certify — 95%

Create bid documents
Create 3D model reference data

Award — 100%

Create contract documents
Create staking/layout data
Create AMG/real-time verification models

Table 2.1. Applications of 3D models during design development. (Maier, et al., 2017b).




There is overlap in benefits when using 3D modeling for both roadways and bridges. However,
3D models are used in different ways for bridge design and construction than they are for
roadways. As with roadways, the life-cycle uses of bridge models may be broken down into four
main categories: Design, Construction, Operation, and Maintenance. Brenner et al. (2018)
identified key uses of 3D bridge models from planning to construction which include:

e Visualization for design review and construction planning

e Computer-based clash detection

e Virtual assembly

e Enhanced automation for detailing and reinforcement schedule production

e Inventory data

e Collaboration with other disciplines such as terrain surfaces, alignments, and profiles

3D models may provide benefits to construction and inspection teams as well. 3D models could
be used for construction management tasks, including constructability details, construction
sequencing, and equipment placement. Mitchell et al. (2019) conducted a return on investment
analysis on behalf of Michigan DOT, which included conducting a survey of eleven contractors to
gauge experience with 3D models as Reference Information Documents (RID). The researchers
found that most contractors use 3D models to prepare files to be used for AMG construction
equipment. Other uses of 3D models included (Mitchell et al., 2019):

e Performing quantity take-offs for bidding estimates.

e ldentifying inconsistencies between the RID files and the plans.

e Validating contractor independently created models.

e Determining storage locations (i.e., defining haul distances, balancing earthwork, locating
batch plant locations, and identifying waste and borrow areas) during the bidding process.

e Creating 4D models to visualize schedules.

AMG is a significant primary use of 3D models for highway construction. For AMG, 3D models
(e.g. surfaces or line strings) are loaded onto onboard computers, which work with sensor
positioning information to provide guidance to the operator (e.g. for excavation) or to control the
blade of the equipment (e.g. grading and paving) to provide real-time layout. AMG is widely
accepted in the construction industry due to its ability to increase productivity and quality of work
while also reducing labor time in the field. Benefits of AMG include reduced construction costs,
reduced schedules, reduced fuel usage, increased quality, and increased safety.

4D and 5D modeling represents another use of 3D models. 4D and 5D models may be used for
schedule simulation and cost simulation, respectively. A 4D model results from segmenting a 3D
model and connecting discrete pieces of 3D geometry to tasks in a critical path method schedule.
When that schedule is cost-loaded, the model is called a 5D model (Maier, et al., 2017b). Currently,
4D and 5D modeling are beyond the scope of most DOTSs, although some agencies, such as New
York State DOT, have begun to use 4D and 5D models, particularly for use on high-complexity
bridge projects.



Uses of 4D and 5D models include (Maier, et al., 2017a):

e Construction progress and payment tracking
e Enhanced visualization

e Estimate and resource optimization

e Risk mitigation

Based on the knowledge gained from PennDOT workshops and experiences of other state DOTS,
the following are significant benefits that could be expected from the implementation of 3D
modeling:

e Increased accuracy by highlighting errors early in the project life and more closely adhering
to the designer’s intent

e Smoother and more efficient communication between the Department and the contractor.

e Better visualization for analysis and coordination.

e Time and cost savings. 30-40% time savings and 6% construction savings. (Bentley
Systems and Montana DOT, 2016)

e Improved safety.

By implementing 3D modeling, the numerous benefits of AMG can also be fully realized. Federal
Highway Administration (2013) reported total project cost savings of 4% to 6%, 15% to 25%
efficiency gains for contractors’ earthmoving activities, 66% savings for grade checking, schedule
contractions, and productivity increases ranging from 40% to 50%. Additional benefits of AMG
include accurate predictions of quantities, better paving smoothness, low opportunity cost for real-
time verification, less rework, and a reduction in claims. However, it should be noted that asphalt
paving generally does not appear to benefit from AMG; the paver and screed are less reactive to
slope and grade changes and there are less opportunities to control yields at the paver. Although
with fewer opportunities to control yields, the contractor may be able to utilize a less experienced
crew and still receive a reliable surface (Maier, F. et al., 2017a.).

Many of the benefits of 3D modeling are realized during the construction phase by reducing the
number of errors, inaccurate quantities, unresolved transitions, and inefficient methods. However,
the investments to realize these benefits must be made during the project scoping and design phase
through accurate survey and model development. For some projects, creating a 3D model may not
provide significant benefits to the design team, but will greatly increase time savings and
productivity during construction. The implementation of 3D modeling should be viewed in a
holistic manner and should include costs and benefits spread across all project phases (Maier, et
al., 2017b). During the final design phase, 3D modeling can provide benefits to several engineering
disciplines including structural, hydraulic, and geotechnical.

Using BIM for bridges offers distinct advantages over traditional bridge design. 3D and 4D
modeling for bridges can produce benefits during design, construction, and throughout the
lifecycle of the bridge as models can reduce maintenance and repair costs. BIM uses a single source
of bridge information that is exchanged for various applications in the bridge lifecycle. The



following benefits are specific to bridge design and construction and may be realized by using 3D
modeling (Brenner, et al., 2018):

e Avoid manual data entry, which is error-prone

e Avoid inconsistencies in duplicated data

e Reusing design data in construction or beyond

e Auvoid physical pre-assembly through virtual fit-up
e Prefabrication, which accelerates construction

Value of 3D Modeling

3D models are particularly useful for planning, designing, constructing, operating, and maintaining
transportation facilities (Turkan & Shane, 2016). However, DOTS, especially those in the early
stages of 3D modeling development, must find a balance between efficiency gained and level of
work required to develop a 3D model. The DOT should identify which types of projects will
benefit most from being designed in 3D and focus designer’s efforts on those projects. Factors that
may influence the use of 3D modeling include project complexity, price, and nature.

Based on a return on investment analysis conducted on behalf of Michigan DOT looking at projects
from 2012 to 2016, projects in the range of $5 million to $20 million benefit the most from the use
of 3D models. However, as DOTs become more advanced, the range of projects that may benefit
from 3D modeling will likely increase. Furthermore, regardless of project size, 3D models
consistently produced bids that were lower than the engineer’s estimate. Even when bids came in
higher than the engineer’s estimate, projects delivered with 3D models as RID produced fewer
change orders than those with only 2D plans (Mitchell, et al., 2019).

While benefits of 3D models can be realized when used for a single function (i.e. roadway design),
implementing 3D models across functional units will result in higher benefit realization and offers
an opportunity to share the costs of data acquisition and technology deployment (FHWA, 2017b).
It may be difficult to justify the costs and efforts to implement 3D modeling for one functional
unit, but if the data is used across multiple disciplines such as roadway and bridge design,
construction, and asset management, the benefit realization will be much higher. Using 3D data
across multiple functional units may reduce cost for data collection, improve workflows for
preconstruction activities, improve as-built records, and streamline procurement of technology.

As an example of the value added to projects, Georgia DOT began requiring 3D model files for
projects that propose earthwork or grading operations while still in the early stages of 3D
development. Examples of such projects include, but are not limited to (Georgia DOT, 2018):

e New location roadways

e Widenings

e Bridge replacements

e Grade separations

¢ Interchange reconstructions



e Roundabouts
e Turn lanes
e Passing lanes

3D models were not required for projects that did not propose earthwork or grading operations or
for MicroStation V7/CAICE projects. (Note: MicroStation V7 was replaced in 2004 and CAICE
software was discontinued in 2008. GDOT last updated their CAICE support files in 2016.)
Despite the benefits of 3D modeling, a model may not always provide enough value to warrant
development. As an example, Figure 2.1 is a decision support tool to establish contractual
requirements for 3D models. The different approaches between Michigan DOT and Georgia DOT
highlight how the value added by 3D modeling is dependent on a number of factors.

Roadway project
is Assigned

Identify known risks
of construction
elements (e.g.
unknown utilities,
material conditions
and quantities)

fiethece will will
known risks, r!eed alternative delivery will PS&E collaborative
for clash detection or 4D/5D models be 4
E : or AMG be review be
is project requested? used?

used?
complex?

Determine an Determine
accuracy rating for LOD to support
survey data needed schedule
to meet the needs or loaded
of model use case schedule

Is accuracy
rating acceptable for A 3D model should
delivering a be delivered
model?

Is cost of Delivering a 3D

data lower than model may not add
potential change value

order?

Figure 2.1. 3D Modeling Decision Tool (Mitchell, et al., 2019).



CHALLENGES FOR IMPLEMENTING 3D MODELING

Adoption of 3D modeling by DOTSs has been slowed by the difficulty in its implementation. As
part of the Every Day Counts initiative, FHWA conducted a number of workshops at which
participants identified the following challenges associated with adoption of 3D modeling (
(Mitchell, 2014):

e Lack of guidelines or best practices

e Costs associated with setting up technical infrastructure (storage, bandwidth, accessibility,
etc.)

e Mismatched technological advances (software vs hardware)

e Consistency in file standards and data exchange

e Lack of expertise

e Lack of investment in training and technology

e Accelerated deadlines reduce time to learn 3D modeling practices

e Lack of consistency from contractors

e Questions regarding legality of 3D data for bidding purposes

¢ Questions regarding the designer’s ability to sign and seal a model

e Development of specifications

e Quality assurance (QA) and quality control (QC)

Transitioning to 3D modeling has a far greater impact than simply learning a new software
package. It represents a significant change in the way state DOTs conduct business across multiple
functional areas. 3D modeling adoption therefore requires a significant amount of new training
that represents a direct expense when implemented across a large staff. This expense does not even
consider the costs associated with short-term loss of productivity or the costs to purchase software,
licenses, and survey equipment. Often, performance measures for DOTs are project focused,
leading to “poor” performance on the first projects that attempt to use these new technologies.

Standardization of 3D models adds more elements beyond typical drafting standards. Drafting
standards typically require consistency of file names, layer names, and line styles, colors, and
weights. With 3D modeling (especially using BIM), object naming conventions are also important.
Each DOT has specific needs related to file type and file transfer. While contractors typically use
their own 3D modeling software and workflows, contractors’ needs for file formats and
preferences for content are similar. These are: surfaces, alignments, and 3D line strings with data
points every 10 ft on tangents and every 2 ft on curves. (Maier, et al., 2017b)

Despite the clear benefits of sharing 3D models for construction, designers have enduring concerns
regarding liability. Currently, project plans and specifications are considered legal contract
documents. Designers are concerned that they will be held liable for errors or omissions in
reference 3D models and states developed disclaimers to mitigate the risk. Some states require
that the contractor certify the model before using it for AMG, while others consider the model to
be the contractor’s layout means and methods.

10



There are statutory issues regarding the designer’s ability to sign and seal the model. Having a
single engineer sign-off on an entire model involves several disciplines that fall outside of his/her
area of expertise, including work that is done by subconsultants. There are legalities that must be
addressed in this area. States have overcome this by providing a memo indicating which specific
files contain design elements that are certified by the various engineers in charge.

There is also significant variability in the development of specifications for using 3D models for
construction layout and AMG. Some states are issuing specifications that merely permit the
contractor to use AMG while others attempt to be more prescriptive and define the process that
the contractor must follow to have their control and Global Navigation Satellite System (GNSS)
localization information certified and shared with the owner’s engineer. The sections of the
specifications that are affected by 3D modeling primarily relate to the contractor’s Control of Work
and how the contractor and owner’s engineer exchange information. These sections include the
survey clauses related to verifying and establishing control monuments, and the order of
precedence of the 3D models related to coordinating contract documents. (Maier, et al., 2017b)

Finally, state DOTs want their surveyors and engineers to manage the quality of the 3D model.
However, they have neither the training nor the manpower to do so. Protocols for managing the
quality of 3D models are evolving. Another separate, but related concern is how to perform and
document design checks using a model-based workflow.

Each DOT should subsequently identify challenges under its control and create a plan that fits the
agency’s needs. When doing so, a review of other DOT practices is also extremely valuable.

11



3: OVERVIEW OF PENNDOT EFFORTS

As part of the Digital Delivery Directive 2025, PennDOT has held several workshops with industry
leaders to discuss 3D modeling implementation for design through construction. During these
workshops, PennDOT personnel met with designers, surveyors, and contractors to determine needs
and best practices in regard to 3D modeling.

PennDOT has also been involved in several 3D design projects and, in 2015, began implementing
3D pilot projects. However, results from the Task 1.1 survey indicate that several of these pilot
projects have not been completed or 3D files were not used through construction. Projects that
were completed include the United High School Curve project in District 10, the US 219 Garrett
project in District 9, and the SR 19-S02 Widening/Reconstruction project in District 1. PennDOT
has also been involved in consultant-designed bridge projects with High Steel Structures, NTM
Engineering, and Gannet Fleming.

The level of 3D modeling experience varies among PennDOT districts. Some districts rarely create
3D models, while other districts create 3D models for nearly every roadway project. As is the case
with the many state DOTSs currently implementing a 2D workflow, PennDOT designers typically
create a digital representation of the project, convert the design to 2D plans, and then provide the
2D plans to contractors. Realizing the benefits of a 3D model, contractors often convert the 2D
plans into a 3D model for construction. The contractor must also convert models to 2D shop
drawings for review and approval. Due to the inefficiencies of the process, very few PennDOT
projects are constructed using the model created by the design team.

PennDOT designers have cited several reasons to not design in 3D, including low project
complexity, lack of survey information, inexperience, and the effort associated with creating a 3D
model. Chapter 5 addresses strategies used by other DOTSs to combat these challenges. PennDOT
would like to expand on the current uses of 3D models to fully realize the benefits of designing
and constructing in 3D. In aiming to deliver more information through digital means, PennDOT
expects to see an increase in the number of projects in which 2D plans are not the sole source of
information. Digital delivery aligns with the goals of the Digital Delivery Directive 2025 initiative,
improves efficiency, and requires far less paper than traditional delivery methods. Digital models
will contain critical information and components will have 3D geospatial coordinates.

3D MODEL DELIVERABLES

The district decides whether or not to provides 3D files to the contractor using guidance provided
in a Strike-Off Letter. When no 3D data is provided, the contractor often digitizes the plan sets to
create their own 3D model. However, some districts do share 3D models. Even among these
districts, 3D files are not always provided to the contractor despite the potential improvement in
quality and reduction in costs (McAuley, 2013). To produce uniformity and consistency that will
increase the contractor’s understanding of the design intent, PennDOT provides directions to
designers when modeling in 3D. These directions may be found in PennDOT Pub 14M (DM-3).
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Standard deliverables based on construction needs are integral to the successful adoption of 3D
modeling. The following deliverables are recommended as a minimum for PennDOT projects
(PennDOT Bureau of Project Delivery, 2016):

Plan Set (can be derived from the DGN/DWG file). The plans produced from the 3D model must
appear as the previously accepted plan sets.

e DGN or DWG file(s) of:
o Horizontal and vertical alignments
o Coordinate geometry of points used in model development
o Component lines, areas, and volumes
o 2D and 3D line work
LandXML translation (3D Model) for:
o Horizontal and vertical alignments
o Surface triangles of each corridor
o Surface features of each corridor
o Cross sections of each corridor
Reports
o Alignment
o Point/feature names
o Key station report
o Coordinate system used to create data in the 3D model
Survey

Final Design zip file

All districts interviewed for the Task 1.1 report provide LandXML and DTM surface files as a
minimum when delivering 3D data. Several designers responded that they provide as much 3D
data as possible with the bid package. However, some respondents noted that contractors generally
only request 2D CADD files.

CONSTRUCTION AND CONTRACTOR REQUIREMENTS

PennDOT recognizes that there are numerous benefits to 3D engineered models for construction.
These benefits include labor savings, greater accuracy, reduced traffic impacts, increased
productivity, increased efficiency, and the ability to utilize AMG. (McAuley, 2013)

According to PennDOT, 82% of contractors reported they recreate the 3D model from the 2D plan
set provided to them at least half the time (Reihart, 2016). It is evident that contractors see benefits
to using 3D models, and PennDOT aims to make it easier to construct using 3D by requiring 3D
data files to be included in the bid package.
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Constructability Analysis

The purpose of a constructability review is to examine a project’s design to assess its construction
efficiency. PennDOT requires that constructability reviews be conducted by constructability teams
at various stages throughout project development. These teams should always consist of district
personnel from design, construction, and maintenance, as well as consultant staff, Central Office
staff, and FHWA staff as needed. 3D digital models should be reviewed whenever they are
available. The following general requirements are essential for successful constructability reviews:
(PennDOT Bureau of Project Delivery, 2018):

e Integration of constructability reviews into the early design process prior to final plans
submission.

e Uniform and flexible methodology that can be implemented according to individual project
requirements and the abilities and available resources of each District.

e Proper tools for each District. This includes training in constructability as necessary and
access to using the statewide open-end agreements for consultant services.

e Involvement of experienced construction personnel.

Additional information regarding constructability review procedures for highway and bridge
projects may be found in Appendix N of DM-1 (PennDOT Bureau of Project Delivery, 2018).

PennDOT only allows users to download the standard configuration of approved mobile
applications (also called “apps”). PennDOT currently uses apps such as:

e Mobile Construction, which allows field staff to access plans and other project
documentation from Engineering and Construction Management System (ECMS) on their
iPads,

e MC Project Site Activity for inspection data input,

e MC Punchlist for managing contractor requirements throughout the project duration to
avoid a last-minute rush to closeout,

e Office Lens, which converts scanned images or photos to editable documents, and

e Air Watch, which is a mobile device application management tool.

PennDOT issued over 300 iPads to department staff for entry of Mobile Construction Docs
information. PennDOT estimates that Mobile Construction apps realized an overall cost savings
of $28 million (Schneider & Weisner, 2017).

SURVEYS

An accurate survey is a critical component of a successful 3D model. Survey data is used to
generate maps, original ground surface, earthwork cost estimates, and more. Conventional field
surveys may still be used with success, but newer equipment types and survey methods are often
helpful to increase productivity and obtain enhanced accuracies for creating a 3D model. Such
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survey methods include static and mobile lidar, digital levels, robotic total stations, UAS
photogrammetry, and real-time kinematic (RTK) devices like GPS/GNSS rovers.

According to PennDOT questionnaire respondents, conventional field survey is the most popular
method of survey collection for projects designed in 3D. However, other methods such as GPS
rovers, mobile and static lidar, and photogrammetry are also used to gather data; the extent to
which these methods are used varies by district and project. The department typically uses vehicle-
mounted mobile lidar on existing corridors, supplemented by photogrammetry outside the corridor,
especially in vegetated areas. This reduces the need for lane closures and limits the exposure of
survey crews to active traffic. Static lidar is used for specialized projects, especially where other
survey methods are limited by safety concerns. Surveyors for PennDOT use static lidar to capture
specific smaller portions of roads, bridges, and rugged terrain. PennDOT’s photogrammetry unit
is typically involved in more than one hundred projects a year. (Krot, 2018)

PennDOT designers have noted issues with survey products when creating 3D models. There have
been instances where the initial survey fails to cover all the required areas on the first attempt, so
supplemental surveys are required to collect more information. Some designers have also noted
that survey accuracy is not always sufficient for 3D design; most designers agreed that additional
survey detail would be beneficial.

QUALITY MANAGEMENT

QC and QA are two distinct, but related critical quality management processes that are used in
design and construction. The switch from 2D plans to 3D models affects how these processes are
executed. With mature quality management protocols, constructors should be able construct using
the information in the design model without design revisions. However, State DOTSs are still
developing and refining procedures to manage 3D model quality, including programs to check the
model before it is sent out with bid documents.

PennDOT has established that there should be a different review checklist for the 3D model than
what is used with the 2D plans. The Department obtained a review checklist from Michigan DOT
to use as a template, and developed quality management guideline for 3D modeling projects. The
PennDOT QA/QC process consists of Review of Plans and Digital Models, Conduct Meetings to
Discuss Stage Reviews, Prepare and Disseminate Reports and Presentations, and Prepare an
Implementation Plan for Recommendations. Further details on this QA/QC process can be found
in the Task 1.2 report.

DATA MANAGEMENT AND SHARING

PennDOT made pre-bid electronic files available through its ECMS at the start of 2014. The ECMS
site provides current information on PennDOT construction projects, construction contracts, and
consultant agreements. The system handles biddings, estimates, approvals, work orders, consultant
agreements, and project closeout documentation. PennDOT has also published a user guide for the
ECMS. However, between January 2014 and August 2016, only 120 design consultant firms
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signed up to access the files in the ECMS. In that time period, about 122 projects, or just over 24%
distributed pre-bid design files (Reihart, 2016).

PennDOT uses ECMS, PennDOT Project Collaboration Center (PPCC), and Electronic
Construction and Materials Management System as primary technologies for administering
construction contracts and managing construction and materials data. PPCC is a SharePoint-based
platform that allows for submittals from both PennDOT and contractors with automated workflows
and shared project files and photographs. PPCC is estimated to provide an overall cost savings of
$29.1 million, with $5.2 million in development costs (Crawley, et al., 2015).

PennDOT uses electronic approvals in certain instances, with formal digital signatures in others
(e.g., contract documents and change orders). The Department has used electronic signatures since
2015 and, in 2017, had approximately 300 people signed up for the service, half of whom were
contractors (Crawley, et al., 2015).

MODEL OF RECORD AND AS-BUILT RECORDS

PennDOT has established that both the DOT and the contractor should use the same model after
both parties have reviewed and approved the model. Subsequently, the constructed 3D model will
become the Model of Record for future projects and asset inventory. Maintenance will have access
to the Model of Record for incident management, system impact review, and for inclusion in their
asset management system. An as-built model should be created after construction that contains
metadata about the features that can be utilized for asset management. PennDOT designers have
identified 3D models as being particularly useful for future maintenance and inspection purposes.

TRAINING

PennDOT has identified training as a significant hurdle towards the adoption of 3D modeling
practices. There has been a lack of training on developing a construction-ready design model.
PennDOT aims to develop design training with new standards and a focus on construction.

Responses to the Task 1.1 survey questionnaire show that PennDOT designers have not received
formal 3D modeling training for many years—since 2010 for some personnel. Additionally, no
training had been carried out for the new OpenRoads software at the time of the survey. Instead,
many designers had to teach themselves or learn from colleagues to become proficient with the
3D modeling software. PennDOT identified the need for separate ‘design’ and ‘construction’
training sessions for 3D modeling.

The FHWA held a 2-day workshop in Harrisburg in July 2014. The workshop was used as a
training and information session that covered topics regarding 3D modeling practices such as the
national state of practice, uses for construction inspection, QA/QC methods, and implementation
strategies. The workshop worked well as an introductory session, but hands-on training is needed
to improve designers’ ability and confidence with the 3D modeling software.
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WORKFLOW

PennDOT workflow varies by district. The following workflow for the creation and delivery of a
design applies to the majority of PennDOT districts:

1. Analysis and design using 2D or 3D models
2. Documentation using 2D contract plans
3. Contractors/Fabricators take the 2D drawings and recreate a 3D model

In districts that regularly design in 3D, a 3D model is created during the analysis and design phase.
In these districts, the survey is performed in 3D, the design team creates 3D models, and the 3D
files may be provided to the contractors at project advertisement. However, these 3D files are not
governing documents and are not always provided. In cases where a 3D model is not created or is
not part of the bid package, the contractor may convert the 2D plans to 3D for construction. Both
designers and contractors have noted that the 3D model files usually are inconsistent with the 2D
plans because designers use manual edits to the plans for expediency. Often, it takes the contractor
longer to identify and address these differences than it takes to digitize plans and recreate the 3D
model.

PennDOT has outlined requirements for its new workflow when designing and constructing in 3D.
A description of the workflow tasks may be found in the Task 1.2 report.

3D MODELS FOR PUBLIC PRESENTATION

PennDOT recognizes the importance of using 3D modeling for visualization purposes. 3D
renderings of major roadway and bridge projects are an effective way to communicate a design
concept to the public and non-technical stakeholders. The department has divided 3D models for
public engagement into three main categories:

e Static, two-dimensional
e Three-dimensional without animation
e Three-dimensional with animation

Additional information about these types of renderings may be found in the Task 1.2 report.
PennDOT has also made efforts to create physical models for visualization. In 2015, PennDOT
obtained a 3D printer to make models for roadway and bridge projects. The Department reached
out to districts to provide the 3D printing service for public meetings and outreach.
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4: ABENCHMARK OF STATE DOTS

This section provides an extensive review of DOT experiences with 3D modeling. Publications
from other state DOTs such as implementation guides, design manuals, presentations, project
reports, and research papers were examined to benchmark these agencies and determine 3D
modeling experiences on a national scale.

OVERVIEW OF EFFORTS

Leading DOTs have many years of experience working with 3D models and have completed a
significant number of projects using 3D modeling technologies. Some of these DOTs have
integrated 3D models into project deliverables as reference information documents. These
agencies have published many reports including implementation plans and 3D modeling guides
that will be useful to PennDOT in their efforts with 3D modeling. In particular, several state DOTs
have either institutionalized the use of 3D modeling and CIM technology for roadway and bridge
design or are making significant strides towards their adoption:

e Utah DOT

e Michigan DOT

e Oregon DOT

e |lowaDOT

e Minnesota DOT

e New York State DOT
e Wisconsin DOT

e Texas DOT

e Florida DOT

e Massachusetts DOT

This section of the report includes a brief description of the 3D modeling efforts of each of the
DOTs named above. Case studies and reports from these DOTs have been examined and
recommendations for 3D modeling practices have been based on this review.

Utah DOT

Utah DOT began their 3D modeling implementation plan in early 2014 with a peer exchange with
lowa DOT and a FHWA-sponsored workshop and peer exchange. Utah DOT estimated that as
much as 50% of the time spent designing a project was used to convert the engineers’ 3D model
into 2D paper plans to be provided to the contractors. The department’s plan was divided into three
sections: a short-term; mid-range; and long-range plan. In short, the implementation plan aimed to
gather information on 3D design, modify provisions, begin training, and address the specifics of
transitioning to a 3D model-based workflow. Starting in 2014, Utah DOT began formally
supplying digital surfaces and other design files, along with the paper plan sheets, to contractors
as part of the bidding package (Lukes & McDowell, 2017). As of 2018, Utah DOT pre-releases
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information to contractors and uses Google Sites for requests for information from bidders. The
Utah DOT specification requires the contractor to provide a GNSS rover (including training and
maintenance) for the inspectors’ use when the contractor elects to use AMG. UDOT equips
inspectors with iPads, and laptops.

In 2014, Utah DOT also moved forward with a pilot program to use what they called Intelligent
Design and Construction, which is a 3D model-based or BIM-based workflow using the 3D model
as an official contract document, replacing most 2D plans. (Note: Utah DOT now uses the term
“Digital Delivery of Model-Based Design and Construction” or simply “digital delivery.”) Utah
DOT initially used Intelligent Design and Construction on pilot projects using construction
manager/general contractor (CM/GC) procurement and subsequently expanded to design-build
and design-bid-build procurement. Utah DOT’s first pilot project was completed in 2016 and was
named 2016 Utah DOT Innovative Project of the Year (Lukes & McDowell, 2017). Utah DOT
uses a combination of in-house designers and consultants for design work. Utah DOT initially used
digital delivery on low complexity roadway projects and increased the complexity with increasing
experience. Utah DOT has now completed more than ten digital delivery projects.

A key component of Utah DOT’s 3D modeling system is the department’s integrated data
management system. In 2007, Utah DOT began to develop a data visualization tool called UPlan
to improve their long-range planning process (FHWA, 2016b). UPlan is a web-based geographic
information system (GIS) that allows users to share and customize maps of geospatially located
data. After realizing the potential of UPlan, Utah DOT developed UGate, the Department’s
geospatial data warehouse, between 2009 and 2011. The system acts as Utah DOT’s central
geospatial data repository and pulls data from different Utah DOT databases that is then accessible
through portals. Beginning in 2012, Utah DOT began using statewide mobile lidar data to extract
features representing roadway assets to update the asset inventory residing in UGate. The point
clouds are also in UGate, which allows the department to examine any feature across the state.

As per the department’s 2017 Intelligent Design and Construction Guide, Utah DOT uses the
following packages to produce, deliver, and transmit the project deliverables:

e Bentley MicroStation

e Bentley InRoads/OpenRoads

e Bentley ProjectWise

e Bentley OpenRoads Navigator

e Utah DOT Electronic Project Management

e Utah DOT Project Development Business System
e UPlan/GIS

Utah DOT has subsequently updated their design modeling guidance. The latest copy is available
on the Utah DOT Digital Delivery website. (Utah DOT, 2019)

Michigan DOT
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For over a decade, Michigan DOT has used 3D modeling practices for roadway design, survey,
and construction. Michigan DOT was one of the lead states for 3D modeling that assisted the
FHWA with the Every Day Counts rounds 2 and 3 deployments of 3D Engineered Models. The
department is currently using both Bentley OpenRoads and OpenBridge Modeler software for
roadway and bridge design, respectively and was a lead state for using paperless project delivery
or “e-Construction.” In 2012, Michigan DOT began providing 3D models as RID to contractors
as part of the bidding package. As of 2015, Michigan DOT has required all RID to include 3D
models and all Michigan DOT’s construction and materials offices use a paperless document
management system (Crawley, et al., 2015). Michigan DOT’s e-Construction solution uses
ProjectWise, the electronic document management tool the department has used since 2003.

With well-developed 3D design for roadways, Michigan DOT began considering using BIM for
bridge design. In 2016, Michigan DOT initiated a research project to evaluate how to incorporate
3D and 4D modeling into bridge design. The research was conducted in four phases: (1)
preliminary review of 3D modeling practices; (2) further review of modeling practices; (3)
demonstration of 3D modeling for bridges; and (4) training development and a final report. The
researchers completed an extensive literature review of 3D and 4D modeling for bridge design,
resulting in a number of practical applications and recommendations that can be used to advance
the use of 3D modeling for bridges. The primary opportunity identified was to use 3D models
during the preconstruction process to automate plans production. For most projects, the first use
of 3D data would be during the Study phase, which follows the Scoping phase. During the Study
phase, topographic survey is collected, and alternatives are considered to a high level of detail
(Brenner, et al., 2018).

Oregon DOT

In May of 2008, Oregon DOT published a 25-year plan for the development and implementation
of “Engineering Automation.” The plan detailed the importance of transitioning to 3D design and
included key concepts such as information technology infrastructure, survey networks, and
construction automation. (Singh, 2008) The (current) 2012 Highway Design Manual has been
updated to include a chapter on 3D Roadway Design and an appendix for 3D model quality control.
(Oregon DOT, 2015)

Like Utah DOT, Oregon DOT developed a system to manage survey data in a way that is best
suited for 3D design. The department first established the Oregon Real-Time GNSS Network. This
system allowed for GNSS positioning algorithms that would give accurate positions without
having to set up a temporary base station. Next, Oregon DOT improved the Oregon geoid model
through a height modernization campaign with the National Geodetic Survey. Finally, Oregon
DOT created a new coordinate reference system that would minimize distortion to achieve values
as close as possible to actual ground coordinates (FHWA, 2016c).

In 2014, Oregon DOT began tracking their 3D modeling progress, identifying 10 projects across
four regions using 3D modeling deliverables with the bid package. That number rose to 18 projects
in five regions in 2015 and almost doubled to 30 projects in four regions in 2016. Oregon DOT’s
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contractors had used AMG on several projects and have worked with Oregon DOT on updates to
the specifications to further promote the use of 3D design data. Currently, Oregon DOT allows
AMG to be used instead of traditional survey staking. Oregon DOT currently designs all
resurfacing, restoration, rehabilitation, and modernization projects in 3D using Bentley InRoads
SS2. 3D design may also be used for smaller projects that include designed grading work.

lowa DOT

The Iowa DOT’s first pilot project for 3D modeling was the Sibley Bypass project in 2006. The
lowa DOT was one of the lead states that supported the FHWA with their deployment of 3D
Engineered Models during Every Day Counts rounds 2 and 3 (Guo, et al., 2014). In 2015, the
department published an implementation manual: 3D Engineered Models for Highway
Construction: The lowa Experience. (Reeder & Nelson, 2015a) The manual is intended to act as a
guide for other state DOTs who wish to transition from 2D plan sets to 3D engineered models.
lowa DOT provided guidance for topics such as standards, information provided to the contractor,
surveying, and tolerances.

Currently, lowa DOT uses Bentley software for both roadway and bridge design. The department
uses lidar when warranted to develop existing ground models and Bentley GEOPAK for modeling
software. The department creates the 3D model first (model-centric design) and provides pre-bid
3D files to contractors via the department’s website. lowa DOT’s letting process submits all files
to the department’s electronic records management group for long term storage. The department
has piloted OpenBridge Modeler for bridge design in 3D and has completed a pilot project using
the 3D model for a bridge as the primary contract medium, building on the success using 3D
roadway models as the primary contract medium. lowa DOT is looking to advance its 3D modeling
practices to include more robust BIM practices to further streamline design.

Minnesota DOT

Minnesota DOT has made significant efforts to develop a full 3D workflow and is currently
working towards expanding the use of 3D modeling in construction. One region in MnDOT has
institutionalized 3D inspection methods for construction. In September 2016, Minnesota DOT
published a report detailing the current state of 3D modeling practices in Minnesota and provided
a summary of key lessons learned from European countries and other state DOTs who have
successfully implemented 3D modeling practices. Minnesota DOT provides electronic PDF plans
and specifications for bidding. After bidding, Minnesota DOT provides 3D models to the
contractor through their file transfer protocol site (Turkan & Shane, 2016). The department shares
its CAD models and other data through ProjectWise and their file transfer protocol sites. Minnesota
DOT also has detailed digital as-built requirements (Minnesota DOT, 2017).

New York State DOT

For years, New York State DOT has been regarded as one of the nation’s leaders in 3D, 4D, and
5D modeling since their pilot project on the Koskiuzko Bridge (Maier, et al., 2017a). The
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department uses 3D models created with Bentley InRoads and MicroStation for design,
construction, and electronic as-built production for both roadway and bridge projects. In 2010, 3D
models for substructures became mandatory for all new and replacement projects (New York State
Department of Transportation, 2017). New York State DOT uses digital information and BIM
technologies on any project of any size if the project may benefit from the uses. Recently, the
department has purchased field tablets for using automated tools to review the 3D model during
construction, process shop drawings, and access specifications or other data electronically.

New York State DOT’s bridge program is advanced compared to most other DOTSs. Using Bentley
MicroStation, New York State DOT creates models that are used for geometric analysis and
detailing but are not used for structural analysis. The models aid in plans production, quantity take-
off, and interdisciplinary coordination. The 3D bridge models are available to contractors as part
of the bid reference documents; (New York State Department of Transportation, 2017) however,
they require advanced MicroStation knowledge and access to the software to export each model
individually (Brenner, et al., 2018).

New York State DOT undertook a research effort to examine 3D data-driven design in fabrication
and shop drawing review for bridge steel. The project was initiated starting with MicroStation
InRoads files and then transferring in steel elevations. There was a focus on ensuring data integrity
within the model over developing the visual side of the model; file compatibility was an important
consideration (Brenner, et al., 2018).

New York State DOT has met with the contracting industry, consultant industry, and academia
since 2016 to identify risks and challenges of using 3D models as contract documents for
construction. The department found that using a 3D model has improved communication and
coordination, data for control and construction build out, construction inspection capabilities, and
contract delivery (Bell, 2018).

Wisconsin DOT

Wisconsin began their 3D modeling initiative in 2009 with the development of an Implementation
Plan. The plan was prompted by prominent initiatives between 2007 and 2009 including the
decision to implement a 3D design process and the option for contractors to use AMG for grading
beginning in 2009. The 2009 3D Technologies Plan included five initiatives: (1) Real-time
Kinematic GPS Network; (2) DTM Data Collection; (3) 3D Design; (4) Automated Machine
Guidance; and (5) Field Technology and Inspection (Vonderohe, 2013). Wisconsin DOT’s 2009
plan was updated in 2013 to include a new vision statement that targeted adoption of 3D methods
and seamless data flows throughout initial survey, design, contracting, construction, as-built
survey, and other applications included within the infrastructure lifecycle (Zogg, 2013).

In 2010, WisDOT implemented Civil 3D as its roadway design software. After 4 years of piloting
the sharing of 3D design information with contractors, the department implemented 3D design
delivery requirements in 2014. Designers are now required to provide contractors with 3D design
models, pre-bid, for most earthwork projects (Wisconsin DOT, n.d.).
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WisDOT has started a number of 3D modeling projects since this initiative began, most notably
the large Zoo Interchange process that is currently under construction. The Zoo Interchange (or
Southeast Freeways project) has used a combination of Bentley LEAP software and rapid
geometric modeling software tools to develop bridge models (Brenner, et al., 2018). The
department began its first stringless paving project using AMG equipment in 2017.

Texas DOT

Texas DOT’s designers and contractors have used advanced 3D modeling on design-build projects
for many years, including the DFW Connector project in Grapevine, TX. The department had its
first 3D designed project let for construction in 2015 following a statewide roll out of the
OpenRoads technology offered in GEOPAK SS3 earlier that year. In 2016, Texas DOT began a
statewide hardware upgrade to accommodate modern 3D design practices. The department began
one-day 3D/ProjectWise training in 2016 and began three-day 3D design training in 2017. In
February 2018, Texas DOT implemented a mandatory 3D conversion and aimed to adopt
OpenRoads Designer by Summer 2019. The 25 district offices identified about 100 projects over
a two-year period that will use 3D models in their design.

Texas DOT’s 3D design implementation plan applies to in-house design projects and consultant
projects. The plan also applies to all construction projects that require geometric design,
rehabilitation projects, and reconstruction projects. Texas DOT’s implementation plan does not
apply to local let, design-build, seal coat/overlay, or restoration projects (Proctor Jr. , 2017).

Not only must all new projects as of February 2018 be designed in 3D, all existing projects must
also be converted to 3D. Texas DOT is requiring the conversion to 3D in order to increase safety,
productivity, return on investment. The department provides the contractor with the 3D model files
for bid preparation and AMG.

Florida DOT

Florida DOT has been identified as one of the leaders in 3D modeling for design through
construction. The department was noted as a driving agency for CIM implementation and received
the highest score possible for CIM usage (O'Brien, et al., 2016). Florida DOT has expertise in
using 3D, 4D, and 5D modeling for transportation projects. The department began allowing
consultants to use a choice of CADD platform, either GEOPAK/MicroStation or AutoCAD Civil
3D, in 2008. Florida DOT were then early adopters of OpenRoads SS4 in 2013. Florida DOT has
included significant sections on 3D design in its Design Manual, detailing when a model should
be developed, deliverables, QA/QC checklists, and more.

In 2015, Florida DOT began working on a data governance initiative known as the Reliable,
Organized, and Accurate Data Sharing initiative, or “ROADS.” The initiative intends to streamline
information across the organization to enable better, faster decisions by removing barriers that
prevent effective information sharing (Causseaux, 2019).
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The department has also created an extensive course guide for roadway design and 3D modeling.
The 2018 guide was developed to introduce roadway designers to OpenRoads SS4. The curriculum
introduces how to design with OpenRoads and includes sample exercises on a sample project data
set.

Massachusetts DOT

Massachusetts DOT began using AutoCAD Civil 3D design tools for roadway design in 2012. The
department has created standards and specifications, design templates, and supporting
documentation for all stakeholders to assist in preparation of design files for highway projects.
These specifications and templates support data sharing and management between multiple
disciplines and contractors working with the department. Massachusetts DOT uses SharePoint to
manage and share information during design and construction. The online service, Bid Express, is
used to handle bidding processes and submittals (O'Brien, et al., 2016). Massachusetts DOT also
introduces

The department utilizes an expansive GNSS network of continually operating reference stations
(CORS) to obtain real-time positioning for operations such as surveying and GIS mapping.
Massachusetts DOT has used mobile lidar to collect high-resolution point cloud data and colored
imagery of the state highways and numbered roads in Massachusetts. Advanced CIM technologies
have been deployed on several pilot projects (O'Brien, et al., 2016).
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5: BEST PRACTICES AND IMPLEMENTATION
RECOMMENDATIONS

This chapter contains implementation strategies and recommendations for each major phase of
project development.

IMPLEMENTATION STRATEGIES

The implementation strategy at a state agency will affect the way in which 3D modeling will be
mainstreamed. For example, some DOTs have adopted formal, agency-wide implementation
plans, while others have implemented 3D technologies on a project-by-project basis based on
resources and interest at the regional/local levels (Maier, et al., 2017b). A formal implementation
plan is a popular method to mainstream 3D modeling among leading state DOTSs.

One of the largest challenges to 3D modeling implementation is the need to explicitly quantify the
benefits of implementing 3D technologies. Most of the cost overruns associated with the traditional
2D delivery process are accrued in the construction phase. However, the investments to realize the
benefits of 3D modeling must be made in the project scoping and design phase through accurate
survey and 3D model development that facilitates better construction. The implementation of 3D
modeling should be thought of in a holistic manner and should include costs and benefits spread
across all project phases (Maier, et al., 2017b). Implementing technologies and policies to create
3D data during design is a necessary first step to adopting 3D modeling for design through
construction. The following flowchart from Maier et al. (2017b) defines a workflow for building
capacity with enabling technologies and policies to drive forward implementation of 3D modeling:

N
Pilot new
guidelines
Incorporate /
Feedback 7

l

Publish new
specifications and

Develop draft

specifications and
interim policies

=4

denti bili Assess In-Place Invest in Enabling
I entn‘; Ca:a ity el =g lechnologies and
== Policies
=
N

design directives

l

Provide guidance
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Figure 5.1. Increasing capacity with enabling technologies and policies (Maier, et al., 2017b).
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Montana DOT has provided recommendations for organization change management based on
efforts from Utah DOT, lowa DOT, and FHWA. The following framework may be applied to the
transition from 2D to 3D (Bentley Systems and Montana DOT, 2016):

e Create a Climate of Change
o Increase urgency
o Build guiding teams
= Establish teams and leads
o Get the vision right/create a vision statement
e Engage and Enable the Whole Organization
o Communicate for buy-in
o Enable action
= Remove organizational barriers and promote leadership support
o Create short term wins
= Begin and complete pilot projects
e Implement and Sustain the Changes
o “Don’tletup”
= Monitor and measure progress
o “Make it stick”

Implementation Maturity

O’Brien et al. (2016) identified requirements for intermediate and advanced levels of CIM
implementation (Table 5.1). CIM, as defined by FHWA, is the technology-enabled collection,
organization, managed accessibility, and use of accurate data and information throughout the life
cycle of a transportation asset. The focus of CIM is on promoting successful and effective life-
cycle applications of modern technologies — such as information modeling, advanced surveying
methods, subsurface utility mapping, and AMG. 3D modeling is a primary component of CIM.

O’Brien et al. (2016) defined intermediate level implementation as the usage of model-based tools
for performing certain functions; information deliverables are matured with points of integration
across phases. Advanced level of implementation was defined as a matured approach for project
delivery where CIM-based functions dominate the project workflow with full information across
phases. (O'Brien, et al., 2016) Table 5.1, modified from O’Brien et al. (2016), defines intermediate
and advanced levels of maturity based on project phases.
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Phase Intermediate Level Advanced Level
Construction Use of 4D/5D Models for Use of 4D/5D models for
Planning and visualization purposes only visualization, constructability
Procurement Real-time tracking of materials analyses, progress monitoring, and
Phase using CIM tools and web-based cost control

solutions
Traffic Control Plans developed in
2D, but visualized in 3D

Real-time tracking of materials
Traffic Control Plans developed in
2D and visualized in 3D with real-
time traffic data

Construction
Phase

Use of AMG extended to finished| e
e Use of remote site monitoring and

surfaces
Use of remote site monitoring
Use of intelligent compaction

field verification

Use of rovers/RTS for QA/QC
checks and as-built records are
frequent

Extensive use of AMG

active control

e Use of intelligent compaction
Use of mobile digital devices for| e

Use of mobile digital devices for
field verification

Use of rovers/RTS for QA/QC
checks, drones for inspection;
frequent, accurate as-built records

Operations and
Maintenance
(O&M) Phase

Electronic data with GIS platforms
to support various functions of
O&M

Database systems are integrated,
geo-referenced, and synchronize
with new information

O&M activities are functionally
separate from other phases

Model-based data and advanced GIS
platforms to support various
functions of O&M

Data and model elements are
connected and geo-referenced

O&M operations are functionally
integrated with other phases of a
project’s lifecycle

Information
Management

Most work processes and
deliverables are document and data-
centric; some are model-centric
Only document-based information is
digitally signed, but most
information is geo-referenced
Different disciplines develop their
own document, data, and model-
based information, which is shared
in a collaboration platform

All disciplines follow the same
industry data standards

Most information handover occurs

simultaneously

Most deliverables are data and
model-centric; some deliverables are
document-centric

All information is digitally signed
and geo-referenced

Different disciplines work on the
same document, data, and model-
based information, which is stored
and managed in one collaboration
platform

All disciplines follow the same
industry data standards
Information handover occurs
simultaneously

Table 5.1. CIM capabilities maturity model (O'Brien, et al., 2016).
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Agencies can use these requirements to analyze the maturity of 3D modeling and CIM throughout
their divisions. It is difficult to quantify the efforts required to reach each level of maturity.
However, in general, moving from initial implementation to intermediate maturity requires the
following (O'Brien, et al., 2016):

e Envisioning a specific strategic vision and mission statement for CIM implementation

e Overcoming learning curves for all related CIM functions

e A committed leadership for investment and implementation requirements

e A participatory approach from all major stakeholders with willingness to overcome individual
barriers for achieving project goals

Transitioning to the advanced level of maturity necessitates additional requirements:

¢ Using CIM functions across multiple projects (agency wide)

e Standardization of business workflows

e Sustaining innovative efforts to find solutions to overcome barriers (technical, financial,
human, and process-related)

e Rapid and effective dissemination of information to all stakeholders (lessons learned, best
practices, and updates to standards or specifications)

An agency’s Design Manual, guides, and policy documentation must be updated to successfully
adopt 3D modeling practices. According to Brenner et al. (2018), the Design Manual should
include any pertinent information for understanding the 3D model derivative produces (such as 3D
PDFs, images, videos, and simulations) that are used in decision making. This includes the
following, at a minimum (Brenner, et al., 2018):

o Level of Development (LOD) Definitions
e Guidelines or definitions for visual quality
¢ Identification of derivative products that support decision-making

The Design Manual can also provide information about how 3D models and their derivative
products can be used at each decision-making milestone.

Construction workflows will undergo significant changes with the implementation of 3D
modeling. Figure 5.2 shows a workflow for managing construction with automation technology:
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Figure 5.2. Workflow for using automation technology for inspection (Maier, et al., 2017b).

DESIGN

Designers need to understand how 3D data will be used in order to create a 3D model that will
meet construction needs. A model’s level of detail may vary depending on the expected uses of
the model. The 3D design can be a high-density model that depicts design intent with sufficient
accuracy to be used for both AMG and real-time verification. However, other uses of 3D design
data may not require such high levels of detail or accuracy (Maier, et al., 2017b).Table 5.2 gives
descriptions of several common design methods.

Design
Method

Description

Corridor
Model

Corridor models compute the parametric rules of the typical section (also called
a “template”) at defined stations (also called “template drops”). This is the most
common tool to model linear elements that are generally regular in shape parallel
to the alignment. Standard uses of corridor models include roadways and ditches.
Advanced uses of corridor models include retaining walls, bridge abutments, and
intersections.

String
Model

String models use rules to offset linear features horizontally and vertically. This
iIs a common tool for modeling non-linear features that follow consistent rules
perpendicular to the base feature. Standard uses of string models are drainage
basins and parking lots. Advanced uses include intersections and lane transitions.

Feature
Modeling

Features are 3D line strings. Features can be created manually or output from
corridor or string models. This is acommon tool for manually grading small areas
like around headwalls. Features need to be added to surfaces as break lines.

3D Solid
Modeling

3D solids modeling does not follow roadway geometric rules and is usually a
manual process. It is possible to create a library of 3D solid model elements like
standard headwalls, light standards, and signposts.

Table 5.2. CADD design methods and their uses. (Maier, et al., 2017b).
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As defined by Bentley Civil Help, Corridor Modeling tools aggregate a variety of civil data. The
geometry is created with the Horizontal and Vertical Geometry tools, while the existing ground is
defined by a MicroStation mesh or Civil Terrain Model. Plan view elements, such as edges of
pavement, shoulders, curbs, etc. can be 2D or 3D. Superelevation information is defined within a
design file using standards or imported data. Templates are utilized from one or more template
libraries.

Model Content

With the traditional 2D workflow, contractors often create their own 3D model based on the 2D
cross sections. However, this model does not account for the gaps between the provided cross
sections. Topography may change significantly over an alignment, so high and low points may be
lost in these gaps. When converting from 2D plans to a 3D model, contractors are left to ‘connect
the dots’ which can lead to errors and costly rework. In contrast, a 3D model provides a continuous
surface for all areas of the project.

A large amount of information can be included in a 3D model. It is important that the model contain
all features necessary to accurately convey design intent and prevent errors during construction.
lowa DOT lists the following as potential elements of a fully designed 3D model (Reeder &
Nelson, 2015a):

e Topographic survey information.

e Subsurface utility engineering (SUE) data.

e Proposed utilities (storm sewer, sanitary sewer, water main, conduits, etc.).
e Grading surface.

e Drainage features (ditches, swales, culverts, etc.).

e Pavement subbase layers.

e Pavement surfaces.

e Sidewalks and recreational trails.

e Bridge structures and appurtenances (including pile, footings, piers, and berm grading).
e Traffic signalization and underground wiring.

e Lighting features.

While 3D models can contain an abundance of information, it is important for DOTSs to find a
balance between level of detail and amount of effort required to complete the model. lowa DOT
has also found that it is not necessary for designers and consultants to spend a large amount of
time merging side roads and additional features into a single model. Contractors will take any
information they can get and merge information to match their specific staging operations (Reeder
& Nelson, 2015a).

Table 5.3 from Maier et al. (2017Db) relates specific 3D model content to the CAD design methods
that can generate that content and the CADD data format that is needed for automation in highway
construction.
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modeling

Feature CADD Design Method CADD Data Type

Roadways Corridor model Alignment, surface, and 3D
line strings

Gore areas Corridor, string, or feature Surface and 3D line strings

Intersections

Corridor or string model

Alignment, surface, and 3D
line strings

Interchanges

Corridor or string model

Alignment, surface, and 3D
line strings

Sidewalks and paths

Corridor or string model

Surface and 3D line strings

Lane width transitions

Corridor or string model

Surface and 3D line strings

Culvert headwall grading

Strong model or feature
modeling

Surface and 3D line strings

Guardrail berm transitions

Corridor, string, or feature
modeling

Surface and 3D line strings

Benching transitions

Corridor, string, or feature
modeling

Surface and 3D line strings

Bridge abutments

Corridor or string model

Surface and 3D line strings

Storm water ponds

String or feature modeling

Surface and 3D line strings

Ditches and swales

Corridor, string, or feature
modeling

Surface and 3D line strings

Pavements markings

Corridor, string, or feature
modeling

3D string lines

Curbs and gutters

Corridor, string, or feature
modeling

3D string lines

Retaining walls

Corridor, string, or feature
modeling

3D string lines

Table 5.3. 3D Model content by CADD data type. (Maier, et al., 2017b).

Level of Development

The LOD describes two attributes of the 3D data — Model Density (MD) and Confidence Level
(CL). The Model Density is how much detail is incorporated into the model. The Confidence Level
is a qualitative statement of the uncertainty associated with the original ground depiction (Maier,
etal., 2017b). An LOD designation can help identify and assess the uncertainty, risks, and impacts
of using 3D data for construction. For example, New York State DOT uses designation LOD 100
to LOD 500, with LOD 100 being the lowest level, pertaining to limited analysis, and LOD 500

being the highest level, associated with asset management applications and future planning.
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The following generic LOD designations may be used by DOTSs aiming to implement 3D models
for construction. The LOD designations apply to both roadway and bridge projects. (Brenner, et
al., 2018):

LOD-V (Visualization): Graphics are sufficiently developed to support a corridor study,
and high planning level cost estimates. This type of model may be sufficiently developed
for visualization for public outreach. The geometry looks correct, but elements are depicted
as single objects showing only exterior features.

LOD-A (Analysis): The model geometry is accurate for major systems, but there may be
simplifications where the detail does not affect the analysis. The model communicates
sufficient engineering intent to estimate costs but lacks the details to create plans or details.
LOD-P (Plans): Graphics and design intent are sufficiently developed to support final
design plans, including constructability reviews, macro clash-detection, and most plans
production. The model is geometrically accurate to the measurement precision with
sufficient detail to create plans and take-off quantities, and geometry is based on robust
analysis. Graphics and design intent are sufficiently developed to support final design
plans.

LOD-F (Fabrication): Graphics and design intent are sufficiently developed for contractor
use. The graphics are sufficiently developed for fabrication, in the case of bridge elements.
This LOD would essentially be guidance to contractors on what to deliver for shop model
review and to keep for post-construction applications.

These definitions have been adapted from the Association of General Contractors to apply to
roadway and bridge design. Specific LODs for horizontal projects have been less thoroughly
explored compared to vertical projects. The following table provides descriptions LOD’s for
common elements of a horizontal highway project. These LOD designations have been divided
into low, medium, and high, but may be adapted to other LOD scales.
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Major Project Elements LOD Work Area
Non-roadway Surfaces High Design
Roadway features and surfaces High Design
Drain-storm Sewer High Design
Bridges (all features) High Bridges
Retaining Walls Medium Design
Other Structures Low Various
Proposed Special Foundations Medium Design
Proposed Special Foundation Walls Medium Design
Lighting High Utilities
Intelligent Transportation Systems High Traffic
Signs High Traffic
Traffic Signals High Traffic
Proposed Water Main Medium Utilities
Proposes Sanitary Sewer High Utilities
Existing Utilities Low Utilities
Traffic Simulations Medium Traffic

Table 5.4. LOD designations for specific model elements (Sankaran & O'Brien, 2015).

Throughout the design process, it is possible to go through phases of LOD from low to high and
back again. However, a level of detail can be reached that is too high, which creates the risk of not
being able to use older, out of date models. Efficient model development requires addressing the
level of detail on a case by case basis, known as the “use case.” With a broad range of use cases,
there is a need for a broad range of software, each with its own benefits (PennDOT, n.d.).

The level of detail of model information must be clearly defined and documented. Sometimes, a
higher level of detail may be used to reduce the file size. If too much detail is included in the
model, the file size becomes too large and the file becomes unusable. Furthermore, the level of
detail may vary based on feature type, location, and the probability of unexpected field conditions.

3D Model Density

Surface models and 3D string lines are only exact through horizontal and vertical tangents and
other areas of constant grade. Once horizontal and vertical curvature is introduced, the model is an
approximation (Maier, et al., 2017b). Model density represents how much detail is in the model.
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Therefore, the accuracy of 3D model data is directly related to the point density in the surface.
High model density typically has less approximation and interpolation, while low model density
has more approximation and interpolation.

For corridor modeling, the setting that controls model density is the template drop interval, which
is set for each template or defined station range in the corridor. Different intervals can be
established for horizontal and vertical tangents and curves. It is often useful to manually insert an
additional template drop immediately before or after an abrupt change in template. Template drops
can be placed automatically at key stations that are defined by horizontal, vertical, or offset
geometrics (Maier, et al., 2017b). Maier et al. (2017b) summarized the following recommendations
for key stations from the design manuals for lowa, Oregon, and Wisconsin DOTS.

e Horizontal geometry points (e.g., begin/end points of curve and spiral).

e Vertical geometry points (e.g., high/low points and begin/end of vertical curve).

e Superelevation stations (e.g., reverse crown and begin full super-elevation).

e Offset horizontal geometry points (e.g., begin/end of lane tapers and curb return points).
e Drainage facilities (e.g., inlets and culvert inverts).

e Guardrail and barrier limits.

Model density is graded based on the authorized use for the data. Low density data should only be
used for preliminary design, while higher density data may be used for construction layouts and
as-built records. Table 5.5 adapted from Maier et al. (2017b) gives model density definitions and
authorized uses:

Model Density | Typical Density Authorized Uses
Grade
MD-1 Regular stations and key Preliminary design
geometry points. Right-of-way engineering Permit
Transitions in 2D. applications
MD-2 25-foot tangents 10-foot Final design Bid documents
curves 5-foot transitions Quantity take-off
MD-3 10-foot tangents 2-foot Quantity take-off
curves 2-foot transitions Pre-construction quality control
Construction orientation
MD-4 5-foot tangents 1-foot Construction layout AMG
curves 1-foot transitions construction Real-time Verification
MD-5 25-foot tangents 10-foot As-built record documentation
curves 5-foot transitions Measure pay quantities
Asset inventory

Table 5.5. Model density definitions and authorized uses. (Maier, et al., 2017a).

Confidence Level




A CL designation uses a graded scale similar to that used for subsurface utility information. Maier
et al. (2017) defined the grading CL-D, CL-C, CL-B, and CL-A with CL-A being the highest
confidence level and CL-D being the lowest. The confidence level in a 3D model should increase
as the project progresses as highlighted in Figure 5.3. The following table lists Maier et al. (2017)
definitions for CL grades:

Confidence Level Grade |Definition

CL-A Control is sufficient for AMG construction
Contro and topographic accuracy have been verified as:
< 0.15 ft on natural surfaces

< 0.05 ft on hard surfaces

CL-B Control is sufficient for AMG construction Metadata indicates
topographic accuracy is:

< 0.15 ft on natural surfaces

< 0.05 ft on hard surfaces

CL-C Complete metadata is available for control and topographic survey
Low probability that field conditions have changed since survey
was collected

CL-D Basis of original ground survey is unknown or low probability that
original ground survey accurately reflects field conditions.

Table 5.6. Definitions of Confidence Level designations (Maier, et al., 2017a).
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Figure 5.3. Relationship between MD, CL, and use (Maier, et al., 2017a).
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The purpose of this CL designation is to make designers more risk-aware and to regulate their
effort toward refined designs against confidence in the original field conditions. It is wasted effort
to create a high-density model if the confidence level is low (Maier, et al., 2017a).

Design Templates

It may be beneficial to develop roadway typical sections, or templates, that have standard setups
and individual components. Many DOTSs provide the building blocks for modeling common
roadway design elements with corridor and string models as part of their standard CADD resource
files (Maier, et al., 2017b). For example, lowa DOT has developed several CAD templates and
individual component