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INTRODUCTION

This projectd goals were to implement into design and production planning software the accomplishments
of NSRP RA Project 2017443 and develop a new generation of ship structural design optimization tools
for early-stage design that will result in:

9 Assurance that structural design criteria are met while improving structural producibility and
reducing design-build cycle time.

91 Improving structural design and service-life assessment to reduce servicelife corrosion, heavy
weather damage, and structural fatigue cracking while mitigating excessive structural repair and
maintenance costs and increasing ship availability.

1 A comprehensive structural design space exploration capability for U.S. Navy and shipbuilder early
stage ship design processes resulting in robust structures with reduced Total Ownership Costs
(TOC) of ships for the U.S. Navy and U.S. Coast Guard.

This NSRP RA Project addresses the problems of inadequate structural performance uservice, and of
unsustainable structural maintenance costsand lost ship availability.
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FINALREPORT

The NSRP Research Announcement Project being reportedon i s ti tl ed: OMi ni mi ze
Production and Maintenance and Reduce TOC Using Earhs t age Struct ur al Design
project ds sdgvalap@mewgeneraiontofoship structural design optimization tools for early -

stage design that will result in:

9 Assurance that structural design criteria are met while improving structural producibility and
reducing design-build cycle time.

1 Improving structural design and service-life assessment to reduce servicelife corrosion, heavy
weather damage, and structural fatigue cracking while mitigating excessive structural repair and
maintenance costs and increasing ship availability

1 Providing comprehensive structural design space exploration capability for U.S. Navy and
shipbuilder early-stage ship design processes resulting in robust structures with reduced Total
Ownership Costs (TOC) of ships for the U.S. Navy and U.S. Coast Guard.

This Final Report summarizes the work completed through the two -year project.

PROJECT TEAM

The Project Team consists o MAESTRMarine as the project lead, with team members: Austal USA NSWC
Carderock Division, Code 65 U.S.Coast Guard, Surface Forcetogistics Center(SFLC)American Bureau of
Shipping (ABS);Robert Keaned Ship Design USA, Inc.P.Jaquith & Associates and SPAR Associates, Inc.
The Project Team brings a full spectrum of stakeholder interests, backgrounds and expertise to the project.

1 Austal USA is a major U.S. shipbuilder with a sigrficant design and construction portfolio. Austal
brings the real-world experience and knowledge of shipbuilder design and construction to the
project.

1 NSWC-Carderock Division, Code 65supports Navy ship structures including development of tools
for CREATE (Computational Research & Engineering Acquisition Tools & Environments) Ships
Rapid Ship Design Environment (RSDE) and Integrated Structural Design Environment (ISDE).

1 U.S.Coast Guard, Surface Forces Logistics Center (SFLC) provides structural engineering design and
analysis services to the U.S. Coast Guard fleetSFLC has used thtMAESTROtools for in-service
engineering and has sponsored one of the toolsets being used under the NSRP project to establish
a structural digital twin capability.

1 American Bureau of Shipping (ABS) brings the commitment to safety and service to ship design
standards and in-service safety of operations to the team. ABS brings specialized technical depth
and expertise to support t he ggnpmdcessesahdmorelopustct i v ¢
in-service structural assessment capabilities.

1 Robert Keane d Ship Design USA, Inc. brings the long career of Bob Keane to the team with
extensive knowledge of Navy design practices and current initiatives to improve the design,
construction and in-service performance of current and future U.S. Navy slips.
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1 P.Jaquith & Associates brings the career experience and knowledge in ship design, production
engineering, planning, and production including lean design of Pete Jaquith to the team.

1 SPAR Associates, Inc. bringdifty yearsd experience in ship new construction and ship repair
operations including costing models, resource and budget planning, construction performance
analysis and methods for evaluating work content of ship designs.

Collectively, this NSRP teamoffers a full spectrum of shipbuilder, U.S. Navy, U.S. Coast Guard, Ship
Classification, and industry leading ship design and construction personnel and expertise to support the
successful accomplishment of the NSRP RA project objectives.

The technical team is comprised of experienced and diverse personnel, with collaborative involvement on
many high profile NSRP projects in the past. MAESTROMarine leads the development of the MAESTRO
software with a core staff that has been working together for more than twenty -five years. Longstanding
working relationships have been developed between MAESTROMarine and the key team members of the

project.

Austal USA, as the major shipbuilder team member, occupies an important role in representing the U.S.
shipbuilding community on the team. The ships that Austal designs and builds are especially challenging
from a structural design, construction and in-service performance perspective. Austal will bring unique
experience and expertise to the project in the design, production and fielding of complex warships.

The NSWC and SFLC bhoth bring valuable organizational experience, responsibilities and personnel to the

team. Both organizations serve major fleets of vessels with diverse and demanding servicelife
requirements. The team member representatives are closelyal i gned with their orga
design methods and evolution.

ABS, as a major ship classification society, brings a broad and deep scope of experience and technical
knowledge to the team in both ship design requirements and methods and in -service lifecycle
maintenance and safety processes.

Bob Keane, Pete Jaquith and SPARssociates bring knowledge of design processes, lean design and
production, cost estimating, and shipbuilder implementation capabilities to the team. Collectively, the
Project Team represents major stakeholders and directly related expertise for the acconplishment of
project objectives to develop and field ship structural design software tools to facilitate reduction of Total
Ownership Costs (TOC) othe U.S. Navy and U.S. Coast Guard flest
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PROJECTOVERVIEW AND SCHEDULE

This projectd plans were to define requirements for improvements in ship structural design and
assessment software and develop enhanced software tools based on these requirements aglescribed in
the following:

1. Investigate that the root cause of the unsustainable surface ship in-service structural maintenance
costs are the inadequate methods of designing ship structures in the early-stage ship design process.
The state of practice today is largely unchanged from the early-stage structural design processes

developeddecades ago and stild]l in use for the ships i
high levels of in-service structural damage, fatigue cracking, and related repair costsand unavailability
of ships.

2. Leverage a mature software system that i s alread
shipbuilder communi ty, within the U.S. Navyds in

Carderock Division, and within the U.S. Coast Guard. This softwaresystem is the MAESTROship
structural design and optimization code.

3. Develop new software within the MAESTROsystem to provide enhanced early-stage ship structural
design for producibility and life-cycle performance, and improved in-service ship structural integrity
assessment tools.

4. Demonstrate the improvements and new developments using worked example structural design,
optimization and in -service assessmery.

5. Publish this Fnal Report to document results of the project and facilitate technology transfer of the
enhanced tools to industry and government through technical publications, webinars, and the
distribution of commercial software products.
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Project Schedule and Technical Reviews. The project is organized into four six-month phases as shown
below. Each phase includes a software development cycle addressing the four tasks of the project
Statement of Work. As finalized at the Project Kickoff Meeting held on-line on December 08, 2021, the

following Technical Project Review Meetings have beencompleted:

Technical/Design Review | Estimated date Purpose Location

ProjectKickoff Nov/Dec2021 Initial team meeting, project | Virtual

kickoff
Phase | Q1 Technidakview February2022 Technical review to date Virtual
Developmenthasel Review, May 2022 Technical review dPhasel | Virtual
Phase? Kickoff software developments,

planning forPhase2
Phase 2 Q1 Technical Review | August2022 Technical review tdate Virtual
Development Phase 2 Review,| November202 | Technical review of Phase 2| Virtual
Phase 3 Kickoff software developments,

planning for Phase 3
Phase 3 Q1 Technical Review | February2023 Technical review to date Virtual
Development PhaseReview, | May2023 Technical review of Phase 3| Virtual
Phase 4 Kickoff software developments,

planning for final Phase 4
Phase 4 Q1 Technical Review | August2023 Technical review to date Virtual
Final Project Technical Review| January2024 FinalProgram Review Virtual
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PROJECT PROBLEM STATEMENT AND OBJECTIVES

Problem Statement. Studies sponsored by the Chief of Naval Operations Assessment Division (N81) in

recent years documenttheo e x ponenti al 6 rate of growth in U.S. N a
costs across multiple Ships Work Breakdown Structure (SWBS) groups. A 2015 study performed by the
Acquisition and Technology Policy Center of the RAND National Defense Researchristitute states in part:

oSince 1998, however, the expenditures per ship have gone up steadily, with an exponential function be
0Sad FAG F2NJ RSAONAROAY3I O02al LISNI aKALI KNP dg@grk
ship maintenance cost is likely unsustainable, at least at the rate seen in the last 15 years. At the rate se
maintenance would either become a larger component of the O&M budget or come at the expense of n¢
construction or modernization or requireferral £

G¢KAA NBaSHNDK ¢l a aLlRyaz2NBR o0& (GKS !'aaSaavySyi
and conducted within the Acquisition and Technology Policy Center of the RAND National Defense Resg
LYadAadziSz wnwmpé

This cost growth trend in surface ship maintenance has been studied at a SWBS level and reported in
additional studies, seeFigure 1 on the following page. Figure 1 and its related report, developed by RAND
in 2017, document that ship structural maintenance and repair costs lead the major SWBS categories

with structural repairs and maintenance exceeding $3 Billion during the period 2003 -2015. The
multiple reports on this subject describe this cost as not being sustainable without major impact to other
maintenance and/or new ship construction programs.

In addition, the U.S. Government Accountability Office (GAO) reported in its March 2020 GAG20-2 Report,

0l ncreasing Focus on Sustainment Early in the Acqui
Navy has received significant resourcesthe Navy has nevertheless struggled to build and maintain ships to

its desired standards within estimated cost and schedule. For instance, the GAO previously found that in the
sevenyear period from 20122018, the Navy experienced over 27,000 days of unerpted maintenance

delays across all of its ship class@isdelays that increase sustainment costs and degrade readiness.

This NSRP RA Project addresses the problems of inadequate structural performance irservice, and of
unsustainable structur al mai ntenance costs at two |

Project Objective 1: Enhanced early -stage ship structural design for producibility. A root cause of

the unsustainable surface ship inservice structural maintenance costs are the inadequate methods of
designing ship structures in the early-stage ship design process. The state of practice today is largely
unchanged from the early-stage structural design processes ceveloped decades ago and still in use for

the ships in todayods fleet, which are currently ex
related repair costs. As one shi py ahigdtoolsidtletverydearly €t h e
application of direct analysis into the structural design. Current practice is that nearly all the ship structure

is defined before direct analysis is used as a check and then noroptimal solutions are incorporated to fix
Oh-gpot sd. 0
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Figurel: U.S. Navy Surface Ship Depot Maintenance Costs by ESWBS2Q083
[2017 RAND Report 1187]

This NSRP RA Project will bring a significantly higherfidelity physics-based structural design and
optimization method into practical use during early -stage ship design. This objective builds directly on
work that has been completed under RA 2017-443. This caability moves beyond traditional early -stage
rule-based, one-dimensional structural design tools and methods to utilize 3D finite element methods
combined with advanced capabilities to automate structural design space exploration. These new tools
will result in more efficient, more producible, and more robust structures that are also compatible with the
design constraints of the overall ship design.

The U.S. Navyds NSWC Carderock Division ( N83Wea@D) , C
and NSWCCD has had an opportunity to participate in and comment on the proposed implementation.

There has been serious interest expressed in the potential for he proposed tools and structural design
optimization (and design space exploration) -stagechnol
ship design methods that are using tools such as the CREATE (Computational Research & Engineering
Acquisition Tools & Environments) Ships Rapid Ship Design Environment (RSDE) and Integrated Structural

Design Environment (ISDE). Project Objective 1 addressestheeadgt age desi gn oOr oot cal
shipbuilding work content, inadequate structural performance during service life, and the resulting
unnecessary maintenance and repair costs and lost ship availability time.

Distribution: Unlimited/Approved for Public Release
Data included in this report is considered Category B
10




FinalReportand Project Results Summary
Minimize Work Content in Production and Maintenance and
Reduce TOC Using Eastgge Structural Design Optimization
Agreement N0.2022328-001

Project Objective 2. Improved in -service ship structural integrity assessment. U.S. Navy and U.S.

Coast Guard ships are required to operate over long and often extended service lives with associated high
structural damage and fatigue cracking, which have been documented as causing operational availability

and maintenance cost issues TSNS RP RA Projectds second key objecti
systematic method and toolset for: 1) tracking the structural condition and damage of Navy and Coast

Guard ships; and 2) efficiently and accurately using inservice condition and damage data to assess the
structural integrity of the ships, and to develop cost -effective repair and maintenance plans.

During the completed NSRP 2017443 Project, the U.S. Coast Guard participated in the project and allowed
the use of a ship structural corrosion database tool for which the Coast Guard had sponsored the
development of a prototype version in recent years. The Coast Guard became an informal member of the
NSRP 2017443 project and is now also a team member of the current NSRP RA Project.

The corrosion or structural condition database tool utilizes an efficient means to build databases of ship
structural corrosion, damage, and fatigue conditions based on in-service surveys and reports. These
condition databases are also seamlessly interface with the MAESTROstructural toolset and its finite
element models of ship structures, which enables efficient and high-fidelity structural integrity assessment.
This structural condition database toolset includes capabilities that enable reliability-based forward
projections of ship structural adequacy based on in-service corrosion and damage data experienced to
date. These tools would also streamline the structural repair and maintenance work processes performed
by shipbuilders in support of Navy and Coast Guard ships.
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PROJECT WORK SCOPE AND TASKING

The technical approach for the Project takes the baseline, existing MAESTRO system including
enhancements for reducing work content, improving structural producibility, saving structural fabrication
cost, and improving the structural performance of the ship, and builds improvements to address the two
key Project Objectives: 1) Ehanced early-stage ship structural design for producibility; and, 2) Improved
in-service ship structural integrity assessment. The project uses four tasks to extend the earlystage ship
structural design, engineering, and optimization (design space exploration) tools. Each of these tasks will
be addressed and worked on throughout the two -year project using an Agile development approach.

Task 1. MAESTRO Integration with Rhino.  Develop a MAESTROmodeling plugin to the Rhino CAD
environment to aid in rapid structural design definition and rapid design iteration. Develop a universal

Rhino-based modeling and finite element meshing interface to MAESTRCto reduce early-stage design
start time and to facilitate generating design alternatives for analysis during early -stage ship design. Task
1 will reduce the time required to initialize and modify a full ship structural finite element model in early -
stage design.

Task 2. Improve the Handling of Cost Metrics.  Structural optimization with least work content as an
objective function requires extending the existing producibility, work content, and cost metrics and tools.

Task 2 implements enhanced software for use by shipyard production engineers to input data that
provides higher fidelity work content metrics for structural fabrication. This data will be used within the

structural optimization analyses to achieve more complete and effective optimization of alternative
structural designs reflecting reduced work content and cost to manufacture. At the start of the project

during the initial quarter of Phase 1, a report will be generated under Task 2 on the equivalence of
MAESTRCQo NASTRAN and ANSYS as an analysis tool for ABS and NAVSEA.

Task 3. Optimize Structure for Reliability and Producibility as Early in Design as Possible. Develop

a O0OLeast Work Contenté structural design algorithm
ASSET (Advanced Ship and Submarine Evaluation Tool), and implement an interface of the RA project tools

with U.S. Navy earlystage designtool s such as RSDE and | SDE via the
Architecture for Prototyping Systems) early-stage design product model. The Task 3 results will provide
early-stage structural optimization based on reduced work content while ensuring that structural design

criteria are met. These developments provide an alternative to the current least weight methodologies.

Task 4. Implement a Structural Digital Twin Application . Task 4 continues the development of the
structural corrosion/condition database and structural integrity and fatigue life assessment tools from RA
2017-443. These tools use a Rhingplugin-based component that is interfaced with MAESTROEnhanced
methods for importing in -service structural survey data into the database will be developed, as will
additional analysis methods for assessing the condition of the structure. Sample data will be used to
demonstrate implementation for U.S. Navy and U.S. Coast Guard ships.

Project Metrics. A set of metrics were developed under the project Statement of Work (SOW), seeTable 1
below. These metrics are associated with each of the four tasks of the SOW and will be monitored and
assessed in each of the four Phase Completion Technical Reports.
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Metric

al-laa
Baseline

Tablel: Project Metrics

Project
Goal

Delta

% Changt

(+/-)

Tracking & Reporting Plal

Task 1 Metrics 60 Days 30Days 30 Days Use a representative ship design
Improveearly-stage with actual modeling times
finite element F3aSaaSR dzaAy3
modeling timefor G FGSNE Y 2MdSitbrA v
full ship models and report with each Phase
completion.
Task 2 Metrics Limited input| Develop an| Significant | -50%in time [Reportfor each Phasas process
Provide more interfaces | effective set|improvement required; [improvements are implemented
accurate and faste exist of interfaces using example inputs
input for structural +50% in
work content accuracy
metrics
Task 3 Metricg No least worl Successful| New tools +10% |Evaluate at completion of each
Complete andest content |development available for Phaseincluding:
the least work algorithm | and test of | USNavy use A Globalstructural weight
content algorithm; | exists; no | least work | within Navy A Hull girder properties
assess interface interface content ship design A Structural VCG
plans for RA tools | plans for RA algorithm; | environment A Structural performance
with US Navy toolg tools exist effective metrics e.g. stresses and lin
interface states
plans A Number of unique
developed plate/stiffener combinations
A Number of unique design
cluster configurations
A MAESTR®ased structural
work contentmetrics
Task 4 Metricg, Alimited | Improve and| Significant +50%  |[Evaluate at completion of each
Digital Twin functionality | demonstrateimprovement Phaseincluding:
provides inservice |prototype tool enhanced |in databasing A Structural survey databasing
databasing, and | exists at the| digital twin | capabilities, tools
interface for start of the | functionality | data analysis A Statistical analysis of survey
structural integrity project and structura data
assessments. assessment A Structural integrity
tools assessment of iservice
conditions
TRL8-9;
;E)%ti;/ ’pe c?zzltﬁig] d: 'The metrics cited ab.ove.and
Technology demonstratedbroven k feedback from theshipbuilder
Readiness Level andsystem ![Ohrough users/participants will be used to
qualified mission assess TRL progress.
operations
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Overview of Project Technology Transfer Approach. In the graphic below the development focus of
this NSRP RA project is indicated by the two light-blue boxes at the bottom of the graphic. These two
boxes indicate a focuson: 1) Earlystage Structural Design Space Exploration during the concept design
process; and 2) a structural digital twin application to enhance in-service structural engineering during the
innservice year scyafl ea sThiep dog olj idiicssexpanded W3a\bf 3DUfipitp @emens
analysis tools, work content or lean design-based optimization, and higher fidelity analysis and design
methods during early -stage design, and during the through -life engineering support for the ships in the
fleet. As indicated below, to date the use of 3D finite element-based tools for ship design has been largely
restricted to supporting the preliminary and contract design phases of ship design. The objectives and
tasking of this RA project are intended to deliver enhanced tools that can result in the design of more
robust ship structures that can better withstand the demands of the operati onal life-cycle and mitigate
the high structural maintenance and repair costs be

Provide Higher-Fidelity Structural Engineering from Concept Design
though the Full Life-Cycle

| Concept | Preliminary | Functional/Contract | Life-Cycle

APPLICATION OF OPTIMIZATION & ANALYSIS

Coarse global FEA model | Fine mesh midbody Finer mesh globalmodel | Fine mesh model &
ST ¢ B s e dass database
Static Global Loading: Loading: Loading: Loading:
- Automated optamzation - Secondary & tertiary loads - Secondary & tertiary - Operational loads
- Design space exploration - Basi wdrodynamac loads loads - Extreme loads
- Topology $each process - Extreme Load Analysis - Full ydrodynamic loads - Spectral fatigue
- Spectral Fatigue Analysis - Extreme Load Analysts - Damage conditions
Hener Specat - Life-cycle cost factors - Spectral Fatigue Analysis —

- Higher fidelity Wfe-cycle
cost factors

» TN  —

Full matrix Selected Candidates Final Topalogy

1

Frane Spodng

Corrosion
database

i \l , L3
Early-Stage ( in Digital Twin
Structural Design Application to In-
Space Exploration [Joremsemtvsl Service Engineering
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Status of Milestone Deliverables.

The status of Milestones completed through Quarter 8 is shown in the following Table. All Q8 Milestones
have been completed and submitted. The project has had positive progress through its completion.

. - Due Date | Due Date Percent | Cumulative
Phase | Milestone |Deliverable Title (DACA) (Actual) Completed Percent

Through Q8| Completed

1 01 Project Management Plan 10 12/10/2021 1009 1009
1 028 |Kick-off Meeting Presentation 10 12/10/2021 1009 1009
1 02b®  |Kick-off Meeting Minutes 10 12/10/2021 1009 1009
1 03 Software Development Plan 30 12/30/2021 1009 1009
1 04 Quarterly Technical Review Minutes 1 90 2/28/2022 1009 1009
1 05 Quarterly Report 1 2/19/2022 1009 1009
1 06 Phase 1 Technical Report 180 5/29/2022 1009 1009
1 07 Phase 1 Presentation 180 5/29/2022 1009 1009
1 08 Quarterly Report 2 5/19/2022 1009 1009
1 09 Quarterly Technical Review Minutes 2 180 5/29/2022 1009 1009
2 10 Quarterly Report 3 8/19/2022 1009 1009
2 11 Quarterly Technical Review Minutes 3 270 8/27/2022 1009 1009
2 12 Phase 2 Techncial Report 365 11/30/2022 1009 1009
2 13 Phase 2 Presentation 365 11/30/2022 1009 1009
2 14 Tech Transfer & Implementation Plan Uj 365 11/30/2022 1009 1009
2 15 Quarterly Report 4 12/20/2022 1009 1009
2 16 Quarterly Technical Review Minutes 4 365 11/30/2022 1009 1009
3 17 Quarterly Report 5 3/20/2023 1009 1009
3 18 Quarterly Technical Review Minutes 5 455 2/28/2023 1009 1009
3 19 Phase 3 Techncial Report 545 5/29/2023 1009 1009
3 20 Phase 3 Presentation 545 5/29/2023 1009 1009
3 21 Quarterly Report 6 6/20/2022 1009 1009
3 22 Quarterly Technical Review Minutes 6 545 5/29/2023 1009 1009
4 23 Quarterly Report 7 9/20/2023 1009 1009
4 24 Quarterly Technical Review Minutes 7 635 8/27/2023 1009 1009
4 25 Phase 4/Final Presentation 730 1/29/2024 1009 1009
4 26 Quarterly Report 8 1/29/2024 1009 1009
4 27 Final Report and Project Results Summary 730 1/29/2024 1009 1009
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PROECTTASK 1 REVIEW

Statement of Work: Task 1. MAESTRO Integration with Rhino.  Develop a MAESTRQOmodeling plugin
to the Rhino CAD environment to aid in rapid structural design definition and rapid design iteration.
Develop a universal Rhinebased modeling and finite element meshing interface to MAESTRQto reduce
early-stage design start time and to facilitate generating design alternatives for analysis during early-stage
ship design. Task 1 will reduce the time required to initialize and modify a full ship structural finite element
model in early-stage design.

Work Completed for Task 1. The following major developments were completed on the Rhino plugin for
MAESTRGn support of Task 1:

1 The MAESTRCfinite element model can be imported into Rhino3D, andthe Rhino mesh model
can be brought into MAESTROThese capabilities support the MAESTRCfinite element model &
Topology, MAESTROGroups, MAESTROLoads and querying element and nodes in Rhino.
Capabilities were developed that support:

0 Model persistence in Rhino 3dm and MAESTROXML formats
o Creating Frame Systems

o Creating Stiffener Layout Systems

o]

Creating Strake Properties which allow regions to be assigned different structural
scantlings. Structure is created by associating a strake property with one or more model
surfaces.

o Creating Parametric Mesh Generationso updates in frame system (frame spacing, stiffener
spacing, bulkhead locations, etc.) will automatically update the mesh in early-stage design.

MAESTRCFE model materials and properties can be created in Rhino.
Properties can be assigned to elements in the Rhino mesh for import into MAESTRO

Corrosion groups and corrosion details can be assigned in Rhino for import into MAESTRO

= =A =4 =

These developments represent significant progress toward completion of a working and
distributable MAESTR@Rhino3D Two-way Interface software productas a O Rhi,whichi®| ugi
the primary objective of Task 1 of the RA project.

1 Iltis also noted that members of the NSRP Project Team MAESTRMMarine, Bob Keane, Pete Jaquith
and Spar Associatesarenowe ngaged wi th t he Nav pelfamiigMESESTRDe si g I
based structural finite element modeling, analysis and optimization of the early-stage design with
the application of the tools developed under the NSRP RA 21-11 Project to the Concept Design
Phase of DDGX The DDGX Design Team is developing ship geometry in or compatible with the
Rhino environment, which facilitates application of capabilities being developed under the NSRP
RA Project drectly to the DDGXearly-stage design. This enables rapid and efficient use of 3D finite
el ement analysis to support the shipbds concept ¢

9 Additional demonstrations of MAESTROcapabilities were conducted for the team to provide
familiarization with the functionality of the software .
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Task 1 Metrics Assessment. The metrics for Task 1 are to assess the time or manhours to develop a
certain finite element model of a structure based on typical input data such as a surface model of the hull,
drawings of the general arrangement, and drawings of typical structural sections. Phase4 of the project
included implementation of a working version of the MAESTR@Rhino3D Two-way Interface software.
These implemented capabilities enabled development of a MAESTRGQmodel in the Rhino3D environment,
as planned. The finite element mesh development, structural property assignments, and export/transfer
to MAESTRGor analysis have been successfully tested and have shown savings in finite element modeling
time on the order of the 50% reduction set in the Task 1 metrics.

PROJECTASK 2 REVIEW

Statement of Work: Task 2. Improve the Handling of Cost Metrics.  Structural optimization with least
work content as an objective function requires extending the existing producibility, work content, and cost

metrics and tools. Task 2 implements enhanced software for use by shipyard production engineers to input
data that provides higher fidelity work content metrics for structural fabrication. This data will be used

within the structural optimization analyses to achieve more complete and effective optimizat ion of
alternative structural designs reflecting reduced work content and cost to manufacture. At the start of the

project during the initial quarter of Phase 1, a report will be generated under Task 2 on the equivalence of
MAESTRCQo NASTRAN and ANSYS as an analysis tool for ABS and NAVSEA.

Work Completed for Task 2. The following were completed in support of Task 2:

1 A MAESTROnterface with SPAR ¥ork Content/Cost Models was further developed and tested
during Phase 4. Thisinterfacegr oups t he shi pds st MAESTRGOn® I[datamo d e |
output from MAESTROthat transfers structural and ship design parameters to the SPAR work
content/cost model. This interface has been developed and tested successfully.

9 The structural input from MAESTROenables the SPAR workcontent/cost model to generate an
updated ship concept model that flows from the structural definition to other major SWBS groups
for the ship concept being developed (e.g., frigate).

0 The SPAR workcontent/cost model processes the updated concept design through a set
of mature cost and work content cost estimating relationships to generate a substantial
work content estimate for the concept design, e.g., labor hours and materials content and
costss SPAROSs <cost m orelatidnal datalase\of sti chaaacteristics and work
content. The models are organized by ship type and size (e.g., frigate versus tanker). The
models include SWBS level costestimating relationships (CERS).

1 These models accept input from a structural model such as MAESTR@s al ong wi t h |
characteristics to populate and exercise the eml
the ship or ship class.

1 ThisMAESTRGSPAR Interfaceprovides the early-stage design team with a more comprehensive
assessment of the work content and cost for the concept being studied and yields important
metrics to assess and evaluate alternate designs during the earlystage or concept design process.
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Structural Affordability Opportunities , such as tracking weld length, coating areas, reducing
numbers of different plate types and structural profiles, and designing for combined loads,

developed by team-member Pete Jaquith provided a list of Ship Structural Affordability
Opportunities that identify aspects of structural design that can impact the construction work

content and the through -life maintenance and repair costs and ship availability. These
opportunities were prioritize d as metrics to leverage under Task 2 of the project.

Based on Mr. Jaqui t Wéld lengtle forotime nsieunturad teisignnissthe most
effective single metric for assessing Group 100 work content. For early-stage design, when
Production Engineering is likely not participating with the design team, weld length can be used
as a key metric to achieve lean design and design for production.

More complex metrics that differentiate process lanes and associated metrics for structural
construction units could be effective when Production Engineering is participating with the design
team, which is likely to occur during later stages of design.

MAESTRGQCralculates weld length and coating areas (by assigned groups) for the structure, for both
early-stage design coarse mesh models and for more refined mesh models used in later stages of
design. These capabilities directly support the basic work content metric of weld length for the
structure and generate metrics for paint/coating areas. The weld length and paint areas are key
metrics that can be used for structural optimization.

Pete Jaquith updated and expanded his list of Ship Structural Affordability Opportunities for Early-
Stage Design which can be enabled through structural design optimization :
o Design for Combined Loads : Design for combined loads including fatigue is critical for
thru-life performance
0 Reduce Work Content : Minimizing work content (i.e., weld length and coating surface) is
a key affordability driver
Avoid Difficult Steel Grades : Avoid steel grades requiring special weld treatment
0 Reduce Profile Variation : Reduce profile variation, 180 profiles/ship is wasteful and many
of these profiles are no longer available
0 Reduce Plate Variation : Reduce plate variation to improve procurement, material storage,
inventory and logistics, and production
o Standard Series of Steel Profiles : Develop a standard series of profiles for warship design;
consider small bulbs and built-up tees

0 Fatigue Resistant Structural Details : Develop USN fatigue resistant structural details
following Ship Structure Committee (SSGwor k i n | ate 198006s and

o Design for Paint : Commercial design, profiles, construction details, and construction are
optimized for paint; consider USN application of similar practices

o0 Ensure Proper Access: Ensure safe access for construction, blast/paint, inspection, and
maintenance.
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Case Study: Design Alternatives for USCG National Security Cutter (NSC) Forward Module. An
example of the implementation of early -stage design structural optimization software was performed. This
example uses a single module of the NSC forward structure to develop alternate designs by varying the
stiffener spacing supporting decks and shell plating. Figure 2(a through g) summarize these alternatives,
which conclude with providing the design team with choices that all meet structural design criteria while
potentially reducing structural weight at the expense of additional weld length.
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Figure2a: Earlystage Design Structural Optimization
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Figure Z: Earlystage Design Structural Optimization
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Figure 2: Earlystage Design Structural Optimization
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Task 2 Metrics Assessment. The Task 2 metrics focused on identifying and then developing methods

within the software to utilize key parameters of the ship design that drive or control the work content or

cost of construction, and also the parameters that drive the structural maintenance and repair costs during

t he slitecypld s Mr . Pete Jaquithos GCppdrtynitieS providedtclaar guidadef o r d
regarding priorities for ship design parameters that influence both construction costs and in -service
structural maintenance and repair costs. Task 2, in combination with the Case Study reported under Task

4, demonstrated that MAESTRGcan compute and track many of the key parameters identified, including

weld length of the full ship structure and coating areas by coating type. A software interface was developed

and successfully tested from the MAESTROs t r uct ur al mod el to SPAROSsS <cor
providing a potentially important capability to leverage existing work content cost estimating
relationships, which can also be utilized in early-stage design to drive improved designs. Task 2 metrics

are assessed asneeting the objectives.

PROJECTASK 3 REVIEW

Statement of Work: Task 3. Optimize Structure for Reliability and Producibility as Early in Design

asPossible. Devel op a oLeast Work Contentd structural desi
ship synthesis model ASSET (Advanced Ship and Submarine Evaluation TQand implement an interface

of the RA project tools with U.S. Navyearlyst age design tools such as RSDE
(Leading Edge Architecture for Prototyping Systems) earlystage design product model. The Task 3 results

will provide early-stage structural optimization based on reduced work content while ensuring that

structural design criteria are met. These developments provide an alternative to the current least weight
methodologies which overly constrain the ship structural design engineer and lead to excessive inservice
structural repair and maintenance costs and lost ship availability.

Work Completed for Task 3. The following have been completed in support of Task 3:

1 Skylar Stevens, NSWC Carderock Code 65, hosted a meeting on 10 May 2022 at Carderoakith
Bob Keane, Ming Ma, Tobin McNatt, Pete Jaquith, Randy Greenwell (SPAR), Tristen Wright (NSWC)
and Alex Gray (NSWC) to review the technical approach alternatives for Task 3.

I The Task 3 objectivewas to develop a code module that implements a minimum work content
structural design algorithm to serve as an alternative to the minimum weight optimization
algorithm derived from the Structural Synthesis Design Program (SSDRWwhich is currently used to
define structural scantlings in ASSET

T SSDP, developed in the 19800s, provides a 2D st
Navyds Advanced Surface Ship and Submarine Eva
synthesis computer program, which for surface ships has been integrated into the Rapid Ship
Design Environment (RSDE)SSDP optimizes for a least structural weight design that meets U.S.

Navy structural design criteria but does not address minimum work content in a multi -objective
design optimization .
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I The Task 3developed code offers an alternative multi-objective structural design tool that
optimizes the design to ensure that U.S. Navy structural design criteria are met while addressing
design objectives that reduce fabrication work content and enhance in-service structural
performance such as fatigue mitigation, and then search for minimum weight solutions. The
technical approach for the developed software is provided under Appendix D of this report.

T A |Ilist of work content metrics was develAfloed t o
up meeting was held on 07 December 2022 for a discussion of structural producibility objectives
that could be implemented in the new algorithm. NSWC Carderock Division has been conducting
research in this area under its internal independent research program, and the objective of the
meeting was to agree on the structural design parameters that will be used to minimize work
content.

1 Aninterface of the RA project tools with U.S. Navy early stage design tools such asthe Rapid Ship
Design Environment (RSDE) and Integrated Structural Design Environmen{lISDEvi a t he Nawv
LEAPS (Leading Edge Architecture for Prototyping Systems) earlgtage design product model was
also considered under Task 3. In a January 2024 project meeting with Carderock, Robert Keane,
and MAESTRO Marine, the Navy acknowledged that fundng has been planned and requested in
2024 to conduct this evaluation of the pr oject developed least work content and least weight
structural design tool.

Task 3 Metrics Assessment. Task 3 hal the unique challenge of being coupled with U.S. Navy personnel
and software systems. This adds a level of complexity that requires additional attention and coordination.
The metrics of Task 3were the successful development and testing of the new least work content structural
design algorithm. At project completion Task 3 is assessed as havinguccessfully completedthe new work
content design algorithm.

PROJECTASK 4 REVIEW

Statement of Work: Task 4. Implement a Structural Digital Twin Application . Task 4 continues the
development of the structural corrosion/condition database and structural integrity and fatigue life
assessment tools from RA 2017443. These tools use a Rhinglugin-based component that is interfaced
with MAESTRO Enhanced methods for importing in-service structural survey data into the database will
be developed, as will additional analysis methods for assessing the condition of the structure. Sample data
will be used to demonstrate implementation for U.S. Navy and U.S. Coast Guard ships.

Work Completed for Task 4. The following were completed in support of Task 4:

1 A Case Studywas developed and performed to demonstrate design and in-service structural
engineering tools addressing structural fatigue life, ultimate strength or buckling service life, and
corrosion/ wastage service life.
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1 The Case Study useshe U.S. Coast Guard National Security Cutter (NSC)
0 NSC: Length: 418 ft.
o Displacement: 4,600 LT
0 Speed: 28+ kts

1 The NSC Case Study Outline was developed around four focus areas. The Case Study ustwo full -
ship finite element models of the NSC; one of which was a full-ship coarse mesh FE model. This
model used orthotropic plate elements to represent stiffened panels in the structure. The
orthotropic plate element is a long -standing feature of MAESTRQthat speeds modeling, analysis
and optimization in early-stage design. The other NSC modelincorporated a more refined mesh
model used through the midbody of the hull girder. The two models, developed and used
extensively by the U.S. Coast Guardds SFLC, enat
the RA 21-11 project Case Study. The four aspects of the Case Study outlinevere:

o Evaluating structural design options that are typical of an early-stage structural design
space exploration effort.

o Evaluating multiple levels of corrosion on targeted corrosion -prone locations.

o Validating the correlation between the coarse mesh model with orthotropic plate and a
more conventional FE model with explicitly modeled beams.

o Evaluating the use of Spectral Fatigue Analysis (SFA) in eadgtage design.

9 The NSC Case Studyas performed during the second year of the project. USCGSFLC, ABS and
MAESTROMarine performed the Case Study analysesThis work also supports demonstrations of
Task 2 objectives of how earlystage design can address more trade studies and design space
exploration and continued in year-2 to demonstrate the use of structural digital twin capabilities
and the development of extensions to these capabilities.

1 ABS is an important team member for Task 4 as the subject of inservice structural condition
monitoring and maintenance of certifications is a major area of work for ABS.

1 During the project ABSinstalled, tested and reviewed the Task 4prototype Structural Digital Twin
toolset using the USCG 87 WPB and 210 WMEC vesseBrian Corbett of ABS reported in a project
White Paper that there were industry unique features of the software that were not available from
other finite element analysis software and that these features could leverage structural condition
survey data from operating ships within the industry. He also discussed potential applications of
the tools for assessing corrosion margins during early-stage design which could be beneficial.

1 Karl Stambaugh, Project Team Lead folUSCGSFLC, provided a set of remarks describing the use
of the prototype tools by SFLC to date including descriptions of both enterprise -level use of the
tools and use for specific ship condition assessment.

ABS also developed the following section of the Final Report, Task 4, with a discussion and case study of
how digital twin systems can be designed, developed, and implemented.
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Definition of a Digital Twin

A digital twin is a virtual representation of a physical asset, along with its environment and processes,
comprised of integrated models that are updated through data exchange to provide decision -making
support over its lifecycle. The digital twin can extend across the digital thread and exist in all lifecycle
phasesddesi gn, build and sustain. The digital twino0s
and decision-making support.

Digital twins are comprised of three main elements: a physical asset, a virtual representation of that asset
and the data connections between them.

Data Connections
<

Virtual Asset Physica] Asset

Condition Data/

Desired Insight§/
>

Figure3: Three components of a digital twin

1 Physical Asset- For complex systems such as a ship, the scope of the digital twin will be limited
such that the physical asset being represented by the digital twin is often a subset of the full system.
In the context of this project the physical asset is the hull structure of the vessel. A separate digital
twin for the same vessel may only consider the propulsion system.

1 Virtual Representation - The virtual representation of the asset is composed of integrated models
to represent relevant aspects of the physical asset. The scope of the virtual representation for the
digital twin must also be well defined. While a 3D representation of the hull structure and
knowledge of its material strength properties are common for structural digital twins, other
attributes may be only relevant to certain vessels or use cases. For example, the effects of
temperature are important for LN G carriers with their cryogenic cargo but may not need to be
considered for a conventional vessel.

71 Data Connections- The data connections between the physical and virtual are defined to support
the intended use case for the digital twins. Data from the physical asset serves asnputs to the
virtual asset while outputs from the virtual asset provide information that can be used to drive how
the vessel is operated or maintained. In order to be considered as a digital twin the data connection
must be two-way. If data is only pas®d from the physical output to the virtual asset to archive
how vessel condition has changed no outputs are generated and the system would be considered
as a digital shadow. If the virtual asset is used to generate outputs but never updated to reflect
changes in the condition of the physical asset, then the system is equivalent to a typical engineering
model used for vessel design.
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Digital twins are dynamic in the sense that their state changes with that of the physical asset due to the
data connection. It is necessary to periodically store representations of the digital twin so that they are

retained. While the stored representations are vessel specific, often the computational representations
used by digital twins can be reused. For a series of sistervessels,the as-designed computational

representations are equivalent. They may be replicated to create a digital twin instance fr each vessel
with each instance having its own periodically stored representations.

Digital Twin application for early  -stage design

The focus of this project on reducing TOC using early-stage design optimization is not a traditional digital

twin application because no physical asset has been produced in earlystage design. When no physical

asset is available thedigital twin must rely on a prototype of the physical asset. The prototype contains

the same type of condition information that will be available from the physical asset *. Once the vessel is
commissioned, a transition from the prototype to the physical asset can be made. A digital twin prototype

can provide value inearlvst age design i f it is prepopulated with
cycle to be simulated. Because the simulated condition data in the digital twin prototype is specified by

the designer, multiple scenarios can be created to support design decisions. By generating a range of
lifecycle conditions, it is possible to understand the long -term sensitivity of a design to various operational
conditions and therefore enable the TOC to be predicted for various design alternatives.

Framework for Developing a Digital Twin

Use Case- The development of a digital twin typically begins with the definition of a use case. The use
case defines the key attributes of the digital twin including its purpose, the desired outputs, its behavior,
and user interactions. A welldefined use caseis important for establishing the list of requirements for the
digital twin that will guide its development. It is recommended that the use case be defined without
considering any constraints or restrictions. This will help ensure that the digital twin will provide the
desired value. This is particularly relevant for developing digital twins that involve existing vessels. If the
use case is developed considering only historical data sets and currently available models, then the
capability and value of the digital twin may be compromised. A critical review of the use case can guide
decision making before additional resources are committed and help ascertain whether a digital twin is
even the correct approach or not.

Implementation Strategy - Once a use case and requirements list for the digital twin have been established
an implementation strategy needs to be developed. The implementation strategy needs to consider
available resources, development time and costs. In general, a digital twh could be developed as a stand-
alone tool or be compiled from a set of existing models. The approach of integrating existing models is
expected to be the most common for the early adoption of digital twins because it leverages exis ting
resources. In the maritime industry engineering models have been widely adapted and many are
considered reliable and trustworthy. One drawback of a model integration approach is that much more
user interaction is likely necessary as the user will ned to sequentially execute each model versus a stand
alone approach where the user only needs to focus on preparing the initial inputs with the internal subtasks

1 Grieves, Michael. (2016). Origins of the Digital Twin Concept. 10.13140/RG.2.2.26367.61609.
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automated. Task 4 focuses on demonstrating how a structural digital twin that supports early-stage design
can be implemented using the model integration approach.

Functional Decomposition d A functional decomposition of the digital twin is necessary to determine the
subfunctions needed to accomplish the overall function of the digital twin. During the design of a marine
vessel, numerous engineering models are created and used to evaluatethe design. Ship designers have
an existing library of models that can be used to support the development of digital twins. Using the
digital twin use case as a starting point, a functional decomposition of the digital twin can be conducted
until a point at which the individual functions identified as being required by the digital twin can be
mapped to the available engineering models. The process of mapping models in the available model
library to the functional decomposition is illustrated below. New models will need to be created for any
subfunctions that cannot be performed using available resources. The results of the functional
decomposition can serve as a second point for performing a review of the digital twin project to affirm it
is still technically feasible with available resources if significant capability gaps exist.

Functional Decomposition Model Library Model Mapping

Conditiin Data ) _ Q CondiData |
LN SEE g o5 ﬁE New
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Figure4: Model Mapping

The functional decomposition will also help identify the hierarchy and ordering of the models that need
to be integrated to form the digital twin. Once the hierarchical arrangement of the models is established
the flow of data from function to function ca n be mapped. Because the digital twin will likely only use a
subset of the input and output data provided by existing models, it is important to identify the inputs and
outputs that are critical at each step for the digital twin. Inputs and outputs on th e external boundary of
the digital twin system should be distinguished from internal input and output interfaces. Because many
models use the same information multiple data flow diagrams are possible. Theadopted data flow diagram
will likely be influenced by ease of implementation considerations.

Data Interfaces- The final aspect influencing the adopted digital twin implementation strategy is a detailed
evaluation of each data interface between the subfunctions required for the digital twin. While the data
mapping phase affirms that the correct data types are exchanged, additional details need to be considered.
Data quality issues such as unit consistency need to be documented. Technical details such as file formats
need to be considered. Any differences in data resolution need to be identified. For example, encountered
wave conditions may be recorded hourly while vessel loading is only updated every voyage. Similarly, a
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buckling evaluation may consider one stress value per panel while a finite element model may subdivide
the panel into multiple elements. Each of these factors present challenges that must be addressed.

The primary task in implementing a digital twin through the integration of existing models is the
development tools to exchange data across each functional interface. No additional work may be needed
for specific interfaces in some instances. For examplethe same software vendor or application may be
used to support multiple models and functions therefore ensuring data and format consistency. Many
models may also be commonly used in the same workflows for other purposes and therefore import and
export utilities may already exist and enable the necessary data exchange. Engineering applications may
also have programming interfaces that allow users to create custom tools that enable the import or export
of unique datasets and provide opportunities for auto mation. In other situations, the data exchange at
interfaces needs to be performed manually or through the development of standalone programs.
Although manual data exchange is inelegant, for a structural digital twin the approach may be practical
for infrequent activities. For example, gauging data is typically only collected at intervals that are annual
or greater. If insufficient time or budget is available to automate a task initially, initial deployment of the
digital twin may utilize manual data exchange with automated tools implemented over the time before
the next gauging survey.

Additional Considerations - Prior to the implementation of a digital twin several other aspects need to be
considered. The required user interaction with the digital twin should be considered to ensure that the
intended workflow is supported. This is an important consideration f or early-stage design when model
configurations may change frequently as the use of multiple corrosion instances is often counter to the
standard structural analysis process. For example, many finite element analysis applicationsenable
multiple load cases to be associated with a single model and solved at the same time. Multiple corrosion
levels cannot be supported therefore multiple models must be created and solved separately with the
results consolidated in a separate process.Figure 5 demonstrates how the generation of three output sets
can vary greatly depending on how well the desired workflow is supported by the models selected for the
digital twin. For the digital twin use case on the right half of Figure 5, the development of automation
tools may be necessary to ensure the digital twin has sufficient usability.
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Figure5: Workflow challenges presented by digital twin implementation

Data storage policies should be established to detail what data is to be retained, how frequently digital
twin representations are stored, and responsibilities for maintaining and granting access to the data
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detailed. Finally, planning for how changes to the digital twin will be managed should be considered.
Verification and validation of the digital twin is important to ensure the desired outputs are being
generated correctly. This topic is the subject of project NSRP 2023329-003 and will be detailed in depth
there. Due to the long service life of vessels, technology or use case changes may require the digital twin
to be revised during the life of the vessel.

Simulated corrosion for an early -stage design digital twin prototype

In early-stage design it is common to consider both gross and net scantlings when evaluating the design.
The gross scantlings reflect the original thicknesses for the design condition, and the net scantlings
account for anticipated wastage due to corrosion at the design service life. Traditionally, considering only
these two scantling conditions has been considered sufficient. The application of a digital twin prototype
during early-stage design provides opportunity for evaluating an even larger set of w astage conditions.
Use of the digital twin prototype to simulate corrosion enables the traditional design approach to be
conducted at a higher level of fidelity. Rather than considering just two data points, the beginning and
end of service life, intermediate time steps can be considered in addition to points beyond the original
design life as illustrated in Figure 6 below. These additional data points may provide enhanced insights
during early-stage design by enabling trends to be more readily visualized.

Gross Scantling Simulated Net Scantling
(As-Designed) Corrosion for (Design Wastage)
P Digital Twin e

S Prototype

[ S ——
[ Ry ———

Cross Sectional Area

0.0 0.4 0.8 1.2 1.6 2.0 2.4 2.8
Applied Corrosion {(mm)

Figure6: Use of simulated corrosion to evaluate additional conditions in eashage design

To support a digital twin prototype during early -stage design a process for simulating future corrosion
levels is necessary. This process may differ from the normal process used for mapping gauging data to
the virtual asset because it may not require some of the complexity associated with spatially mapping
measured data on the physical asset to the virtual asset. Instead, the simulated corrosion process
prioritizes the efficient iterative application of corrosion. While the gauging data may vary from sur vey to
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survey, particularly as new suspect areas are found, the inputs for simulated corrosion can be highly
structured which supports automation. In the prior figure, all simulated corrosion data could be generated
by simply specifying the incremental amount of corrosion applied in each step (0.4 mm) and iterating until
the upper wastage limit is reached (2.8 mm). This section outlines the implementation of a simulated
corrosion application tool.

Defining the corrosion distribution

To implement a corrosion simulation tool , it is necessary to specify how corrosion will be distributed
throughout the vessel. This step is unique to simulated corrosion and not necessary when corrosion
application is governed by survey data. While highly elaborate corrosion distributions could be developed,
for early-stage design, simpler approaches were considered to enable more time for exploration of design
alternatives.

The most basic approach to simulating corrosion is to apply uniform wastage amounts to all elements in
the finite el ement model used for the digital t wi
least amount of logic and input data to apply . To account for the fact that the nature and extent of surface
exposure will influence the amount of corrosion expected to occur, the case study considered a slightly
more advanced approach that considered the number of plating surfaces exposed to more corrosive
conditions: either zero, one or two faces. The least amount of corrosion is expected when a plate has no
surfaces directly exposed to the marine environment or corrosive cargo. An interior bulkhead is an
example of structure that is expected to have zero surfaces directly exposed. A tank top or weather deck
typically has only one surface exposed to a more corrosive environment. Bottom shell plating common to
an internal tank is an example of structure with two exposed surfaces. This approach vas seen as sufficient
for general early-stage design use, although when extensive data and experience is available vessel type
and structure specific categories could be employed. The Nominal Design Corrosion Values (NDCV)
defined in the ABS Marine VesselRules are an example of an experiencebased prescriptive corrosion
distribution.

To capture the exposure level information for structure in the digital twin virtual asset, the vessel is
subdivided into specific corrosion groups. Each corrosion group contains a set of elements from the finite
element model used to represent the vesselwith the same number of exposed surfaces: zero, one or two.
This approach was taken because this type of functionality is common among finite element analysis
applications and the practice of creating groups to organize finite element models has been wide ly
adopted by users. By associating each element in the finite model with a corrosion group the entire model
can be readily corroded once the end of service wastage values associated with each group are defined.
For the case study a design wastage valueof 1mm was assumed for structure with zero exposed surfaces,
1.5mm for structure with one exposed surface, and 2mm for structure with two exposed surfaces. Figure
7 illustrates how a vessel is decomposed into these three corrosion groups.
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Figure?: Division of a vessel into corrosion groups with different wastage levels

The level of effort to subdivide the model into corrosion groups will be greatly reduced if existing groups
are available for common hull structure such as decks and tanks. For example, a freeboard deck group
may be subdivided into two corrosion groups: o ne for exposed plating (one exposed surface) and one for
internal plating and the stiffeners (zero exposed surfaces). The Boolean intersection of two tank groups
or between a tank and shell group can quickly identify surfaces with two surfaces exposed to corrosive
environments.

The MAESTRO software incorporates the functionality to implement corrosion via groups. Users can create
corrosion groups and input individually the amount of corrosion applied to plates, webs, and flanges. The
corrosion groups are associated to loading conditions and therefore do not directly change the as -
designed scantling definitions. Because this capability is not commonly available, a more general approach
to applying corrosion to finite element models is discussed.

Corrosion application with finite element models

For a structural digital twin a finite element model is typically used to store all the relevant information
relative to the 3-dimensional representation of the vessel. To apply corrosion to the finite element model
an understanding of how thickness information is entered and stored is necessary. While specific methods
will be software specific, structural finite element models typically store thickness information within the
properties used to define the physical characteristics of the elements. For prgperties associated with two-
dimensional plate elements thickness is an explicitly defined parameter. Stiffeners, flat bars, bulb flats and
other sections can often be defined in a variety of ways. Some bar and beam property formats enable
thicknesses to be directly entered when defining the cross-section geometry. Other 1-D property
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formulations may not explicitly define the cross-sectional geometry but require the relevant cross-
sectional attributes such as crosssectional area, inertias, and the torsional constant to be directly entered.

When finite element software enables stiffener sections to be defined in a parametric manner, the user
can directly edit thicknesses to apply corrosion. The Nastran PBEAML and PBARL properties are examples
of this type of parametric property definition. The MAESTRO software also defines beam sections
parametrically. Figure 8 illustrates how a T-section is parametrically defined, how finite element software
enables the parameters to be input via a user interface, and how the values are stored in text format within
the model file where they may be directly edited.

Parametric Parameter Definition Parameter Definition via
Section Definition via User Interface Directly Editing Model File
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Figure8: Parametric definition of a Isection

Some types of property definitions do not define sections by directly dimensional inputs but require
derived attributes such as area (A), moments of inertia (11, 12 & 112), and torsional constant (J) to be
specified. Figure 9 illustrates how these types of properties such as the Nastran PBAR and PBEAM are
entered via a user interface or stored in text format within the model file. To simulate corrosion when the
finite element property definitions that do not enable thickness to be modified directly, methods for
incorporating the relevant thickness information must be derived. Text fields such as the property title or
comment lines were considered in the case study for adding the relevant thickness and other geometric
dimensions needed to compute the new cross section properties for the corroded condition. In addition

to information reflecting the current corrosion wastage, the same text fields may also be used to include
the parameters for the original design condition. Main taining a record of the original scantling dimensions
helps provide provenance to the corroded property data. The colored lines in Figure 9 are an example of
how the relevant dimensional information can be stored. The lines begini ng wi th the 0%$6
indicate that they are comments and therefore ignored when the files are used in a normal way.
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Figure9: Specification of a Bection without direct thickness inputs

The need to support finite element property definitions that do not explicitly indicate material thickness is
important for early -stage design when coarser mesh finite element models are often used. Often the
coarse mesh models use mesh densities in someregions that result in plate elements spanning multiple
panels on the vessel. When the mesh density is less than the stiffener spacing the elements between the
plates that represent will represent multiple stiffeners. These lumped stiffener elements require properties
that contain additional provenance regarding the quantity of stiffeners being represented. Combined with
the thickness and geometric data associated with the property, the relevant lumped section properties can
be computed. In Figure 9, the green comment line is used to illustrate how the number of stiffeners
associated with a property can be captured. In the MAESTRO software the stiffener layout functionality
allows multiple stiffeners to be associated with plate elements.

Generating multiple corrosion instances

Having established a corrosion distribution and identifying methods for updating finite element models,

a process for generating multiple corrosion instances is required. Each corrosion instance simulates a
different corrosion level anticipated to occurat some ti me during the vessel
this section is to outline a general process for generating multiple corrosion instances so that a broad

range of implementation challenges can be addressed. The general approach assumes that auser
developed application is necessary due the absence of the required functionality within available software.

The application development process can begin after the functional decomposition and required
interfaces for the digital twin have been identified. When information exchange among multiple models

is necessary, the use of a highly accessible file format fo storing the finite element model data reduces
the number of required data transformations. Finite element analysis applications often store data in
proprietary binary formats to minimize file size. These binary formats frequently restrict their usage to
native software applications only. In addition, the binary formats are often version specific which can
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complicate sharing and access among users with different software versions or when software updates
occur. To avoid the drawbacks of working with binary files text-based file formats are preferred. Text files
can be read and written in any programming | anguage. For structural finite element models the Nastran
bulk data file format (BDF) is prevalent, often being both an import and export option in software
applications. The use of Nastran BDF is recommended because interface data exchange utilities detoped
for that format will likely be reusable for other digital twins.

The Nastran bulk data format is well structured and documented. Each bulk data entry is identified by a
unique keyword that allows that entry to be distinguished in the file. An application that generates
multiple corrosion instances will need to read the input file and identify property cards impacted by
corrosion. When relevant property cards are identified the data can be parsed to collect variables impacted
by the corrosion application process. Using the collected data, the necessary calculations ca be
performed to compute the values for the variables needed to express the desired level of corrosion. The
updated data can then be written to the output file. Bulk data entries in the input file not associated with
the corrosion application process do not require processing and can be directly rewritten to the output
file. This input/output process can be iterated to generate the desired set of simulated corrosion instances.

The application for generating corrosion instances must contain the capability to update corrosion data
for any type of scantling section present on the vessel such as an {beam, tee, bulb flat, flat bar or angle.
Each section type has a different set ofequations governing sectional properties such as area, inertias, and
the torsional constant. The Nastran bulk data cards are general therefore a scheme for identifying the
section type associated with each property is required. The use of descriptive prgerty titles is one method
of archiving the necessary information as the use of comment lines preceding a property bulk data entry
is common. For example, inFigure9t he i ni ti al comment | ine 0% Proper
section is a tee with the subsequent comment lines providing additional details. The descriptive property
titles are not part of the bulk data entry therefore many software applications r ely on the numerical
property ID value to distinguish one property from another. An alternative approach to retaining property
information in comment lines is to maintain a separate database to store the descriptive property
information and use the proper ty ID for cross referencing.

The application of corrosion to a finite element model has the potential to significantly alter the data
structure of the model. For example, a property representing a specific plate thickness may be used
throughout the vessel however the corrosion distri bution may specify that some elements with that
thickness require one level of corrosion and other plate elements a different amount. Consequently,
multiple instances of the original property must be generated to sufficiently represent corrosion in the as -
corroded file. This will result in the corroded model having more properties than the original model. The
model will be further complicated as each element directly references a property. Elements associated
with the new corrosion properties must be up dated to reflect the new property references. Managing
these changes requires careful planning to ensure all the relevant changes are coordinated.

The development of a standalone application for implementing the generation of multiple corrosion
instances is possible in any standard programming language. Use of the Nastran BDF requires the ability
to read and write text files which is universally available, and the file format is structured and well
documented enabling data to be easily accessed. The calculation of the necessary section properties for
the corroded conditions can also be performed with basic arithmetic operators. The greatest challenge in
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implementation is the identification of a schema for ensuring that necessary data is available for the
application to ingest, and the output file contains sufficient provenance to inform the end user of the all
the relevant details regarding the applied co rrosion.

When the majority of the functionality required by a digital twin can be performed within the same
software or suite of software external interfaces may not be required and internal tools or functions can
be used to generate multiple corrosion instances. When using corrosion groups in MAESTRO, multiple
corrosion instances can be generated by altering the scale factor used when the corrosion group is applied
to a loading condition. For example, if the MAESTRO corrosion group specifies 1mm of wastage, thena
scale factor of 0.5 can be used to generate a corrosion instance with 0.5mm wastage. Some finite element
applications offer advanced programing interfaces (API) that enable users to develop programs to perform
custom functions. Use of the APl is anothe alternative to generating simulated corrosion instances for an
early-stage design digital twin.

Corrosion prediction for an early -stage design digital twin prototype

The ability of a digital twin to simulate multiple corrosion instances allows the designer to know the exact
amount of corrosion required for each element in the finite element model to fail. The addition of a
corrosion prediction model to the digital twi n allows the designer to take a further step and predict when
failure will occur at each element. This provides an additional level of detail and insight over a traditional
approach that verifies whether each element has sufficient capacity at the expectal end of service wastage
condition simply on a go or no -go basis. By enabling structural analysis results to be converted into the
time domain, the incorporation of a corrosion prediction model into a digital twin for early -stage design
enables TOC calcuahtions to be supported. While all design alternatives are expected to reach the design
service life without concern, they may diverge in terms of anticipated maintenance cost 5 or 10 years
beyond the design life. This section details a corrosion prediction model that can be applied to a structural
digital twin.

The corrosion prediction model considered for use in early-stage design digital twin was one of the three
models considered as part of a joint industry project Lifecycle Management of Hull Structures®. The models
considered both the initial coating degradation and subsequent corrosion progression. While the models
were based on data from tankers and in-service FPSOs they are considered to account for the relevant
factors that influence coatings and corrosion and should have broader applicability. Although considered
for early-stage design use here, using simulated corrosion data the models can be updated using actual
thickness measurement data.

The selected corrosion prediction model from the joint industry project was developed by ClassNK? and is
a probabilistic power model. The model probabilistically considers corrosion initiation and progression in

a sequential process. Corrosion initiation correlates to the breakdown of the coating. The model reports
predictions for different probabil istic levels so various scenarios can be considered from an earlystage
design perspective. The corrosion propagation portion of the model is considered conservative because

2Life Cycle Management of Hull Structures JIP, LongTerm Corrosion Prediction Model Rev 1, Prepared

by ABS & ClassNK (2014)

SYamamot o, N. , |l kegami , K. A study on the degradatii
the probabilistic approach, Journal of Offshore Mechanics and Arctic Engineering (1998)
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it does not account for a cessation of corrosion due to the formation of rust scale. Figure 10 below contains
a sample output from the ClassNK corrosion prediction model.
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Figure10: Sample output from ClassNK corrosion prediction model

The ClassNK probabilistic power model uses five parameters to characterize the model. The two
parameters influencing corrosion initiation are the mean and standard deviation for the time to corrosion
initiation.  Corrosion propagation is based on the mean corrosion wastage, standard deviation for
corrosion wastage and a propagation coefficient.

The corrosion prediction values obtained by the ClassNK model can be further adapted to different
operational scenarios by applying environmental adjustment factors2. The two categories considered to
influence corrosion are marine immersion and marine atmospheric conditions. Those categories are
influenced by the environmental variables listed in Table 2. The environmental adjustment factors are
used to directly scale the corrosion prediction values. From an earlystage design perspective the
environmental adjustment factors provide insight into how different operational profiles may influence
corrosion.
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Table2: Individual environmental attribute variables

tF NAF¢OYPANRBY b2YAY 9ljdzt 22y

[ FdS32 +I| f dz
21 GSNI al NAyS wmp¥p QY ™ g1

¢SYLISNILYYSNHA Y T8 Py
5Aaaz2fecalNAyS poyy Q0 mt (0o
hE@3Sy LYYSNAA O+ T8IL P X
Ct2¢ xSal NAYyS pomnn Qo  pdtwxIp

LYYSNAA A 2DBc& wcax

T8tutT Y

AN al NAYyS wmc¥H QY ™ pD
¢SYLISNI ! GY2aLK Yy T® YU
| Kt 2NAFal NAYyS mMynoTr Qba 10
/| 2y OSy (! 1 Y2aLK YIKRRI 60 18 XFX
wStloa@Sal NAYyS ymoddz: QYQ o8 ¢
I dzYARAUG! (Y2aLK YQ ¢8 ¢X

The variable equations marked with * are truncated between 0.1 and 2.0, where if the variable exceeds
either boundary, it adopts the exceeded value. Additionally, the relative humidity ("YQ) is restricted to
values in the range [0.733,1.221]:YQ is not allowed to exceed 1.221 as this corresponds toYQ p b
and it is not possible to exceed this value. If 'YQ goes below 0.733 (corresponding to 'YQ ¢ 11 JPthe air
is dry enough that atmospheric corrosion is negligible 2.

The equations in Table 2 all use ratio values as inputs. The ratio values are calculated by dividing the actual
value for the parameter by the nominal value. An example for water temperature, T, for marine immersion
is shown below.

y
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Digital Twin case study for early -stage design

To demonstrate how the methods for implementing a digital twin for early -stage design presented in the
previous section can be applied, a case study was performed. One objective of the case study was to
demonstrate that existing libraries of models can be used to help create digital twins. The purpose of this
first objective is to encourage the adoption of digital twins in the present. A second objective of the case
study is to illustrate how the use of a digital twin prototype during early -stage design can help generate
additional information that can support design decisions. The goal of the second objective is to inspire
the development of new digital twin use cases for the marine industry.

The use case for digital twin case study is focused on reducing TOC associated with corrosion. To calculate
TOC, information about the state of the vessel throughout its lifecycle must be known. To account for

TOC during early-stage design it is necessay to predict the number and extent of corrosion related repairs
anticipated during the service life for each design alternative. The use case for the digital twin case study

is to simulate corrosion at numer ous sevizelifeans evdluatei n g
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the vessel 6s structure for yielding and buckling.
MAESTRO models used for earlystage design.

The subject vessel for the case study was the Legend Class USCG National Security Cutter (NSC). The
vessel has a length of 418 ft, displaces 4500 LT, and has operational speed of 28+«nots. The case study
was centered around a MAESTRO coarse mesh model containing approximately 17,800 elements which
corresponds to a mesh size of roughly one element between frames and one element between decks. Due

to the coarse mesh size, multiple stiffeners are associated with each plate element.

Image source: wikipedia.org

Figurell: USCG NSC and MAESTRO model

The NSC case study began by identifying the functions commonly performed for a finite element-based
structural evaluation of a vessel design. Next the functions required to simulate and evaluate numerous
corrosion levels were considered. Both sets of furctions were merged to identify the functional
decomposition for the digital twin illustrated in Figure 12. The two new models required to implement
the digital twin case study are a corrosion application model and a corrosion prediction model. The
corrosion application model modifies the thicknesses of the as-designed finite element model to reflect
thedesi red corrosion condition. The corrosion predic
service life each corrosion level will occur. Each finite element model can only represent a single corrosion
instance therefore several functions must be performed in an iterative manner. The digital twin requires
new inputs to define the desired corrosion levels that will be simulated. It should also be noted that digital
twin functionality does not impact all functions necessary to perform the structural evaluation of the vessel.
For example, the seakeeping model will remain unchanged for all corrosion instances.
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Figurel2: Functional decomposition for NSC Digital Twin

After establishing the functional decomposition, the models and functions were mapped to software tools.
For the NSC case study a range of software applications was selected. The mapping shown iffable 3 is
illustrative of just one of many software combinations that could be selected to achieve the desired digital
twin function. Table 3 maps each model to one software tool, however this is not a strict requirement. For
example, the ABS DLA software incorporates the seakeeping model, dynamic loading model, and structural
analysis model into the same user interface effectively behaving like a software suite. Likewise other
applications such as MAESTRO are capable of performing multiple functions.

Table3: Model mapping to software tools

Corrosion Application Model - Python
FEModel -.Maesto
Corroded Model - Nastran
SeakeepingModel - Precal .
Dynamic Loading Model - ABSDLA
Structural Analysis Model - NX Nastran
Failure Model - DPC100-4
Corrosion Prediction Model - ClassNK

The data flows highlighted in red in Figure 12 represent new or revised data flows to support the
implementation of the digital twin for the NSC case study. The formatting and content of the data
transferred is defined by the capabilities of the software applications at either end of the data flow. When
the requirements at each end of the data flow are not equivalent, solutions must be formed to enable the
necessary interface. For the NSC case study available software import and export utilities were used to
prevent the need to develop custom tools to convert data from one file format to another. As an example
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of this approach, the data exchange between the structural analysis model (NX Nastran) and the failure

model (DPC 10G4) was conducted in multiple steps to enable the exchange to be performed using

software tools. The structural analysis model was solvedwith NX Nastran which outputs elemental

stresses in a binary format (.op2). For the NSC case study the DPC 100 failure models were calculated
using Excel which has its own native binary filse f ol
file format the data flow could not be completed. To resolve the issue, an additional software application,

Femap, was used to perform the format conversion. The Femap software is capable of reading Nastran

models (.bdf) and analysis outputs (.op2), oganizing the desired outputs into a tabular format, and export

the table to Excel (.xIsx).

Data Flow Structural Analysis Model » Failure Model —Yielding & Buckling
.0p2 Xlsx
Mapped Software NX Nastran ——+* % ——» DPC100-4 [Implemented in Excel]
.op2 |
L Xlsx
Implementation NX Nastran bdf Femap —— DPC100-4[Implemented in Excel]
e

Figurel3: Example resolution of data exchange challenges at functional interfaces

When available software tools cannot perform the necessary data conversions at functional interfaces in
the digital twin the use of text files instead of binary files is recommended. Revisiting the prior example,

if the Femap software was not available itis possible to request text based output from NX Nastran (.f0O6)
and load text based inputs (.csv) into Excel. A custom tool could be developed to read the stresses from
the .fO6 file and save them in the desired tabular format with commas as the delimiter.

For the NSC case study a limited number of load cases were assessed for simplicity. Because the ABS DLA
software was used to apply the dynamic loads to the finite element model, the standard dominant loading
parameters considered for classification were gplied which include vertical bending, vertical shear,
horizontal bending, bow acceleration and roll. The analysis considered extreme load conditions therefore
the IACS North Atlantic wave scatter diagram was applied. Only a single weight distribution was evaluated.
The results from all wave load conditions were enveloped such that the reported elemental stress values
reflect the highest observed stress level among all the cases. Use of the enveloped stress values allowed
more focus to be placed on understanding the role that generating results from multiple corrosion
instances will have in interpreting the relative performance of one design alternative to another.

The ability of a digital twin prototype to generate multiple data points for a simulated vessel lifecycle
supports outputs for visualizing how data varies with time. For the NSC case study trends in strength
capacity were plotted alongside predicted stress levels. As the applied corrosion levels increase, strength
capacity decreases while stresses increase due to a reduction in cross section. Failure occurs at the
intersection of the two curves when stresses first exceed capacity. The relative slopes ofhe two curves
provide insight into design sensitivity. The left half of Figure 14 is an example of a stress versus capacity
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plot. The right half of Figure 14 demonstrates how the data can be displayed three dimensionally on the
finite element model. In the figure three hull sections are evaluated on a pass/fail basis for each corrosion
increment. As the amount of applied corrosion increases, the progression of failures can be tracked. The
model-based visualizations help identify which areas remain local failures and those that were just early
indicators of broader failures. This type of information provides insight into the type of design alternatives
that should be investigated.

Data Trends Pass/FailChecks

BucklingCapacity

\\\
R Failure

N

Stress

Stresd evel So

Increasing Wastage

Applied Corrosion

Output Set Unifcem Corosion
Criteris. COSOPF

Figurel4: Visualization of predicted failures from Digital Twin

The NSC digital twin prototype was used to evaluate two different design alternatives for a superstructure

deck. One design wutilized 3/1606 plating aFgdre¥not he
Point 1 represents the wastage limit for the design with the thinner plating. Increasing the plate thickness

results in an increase in buckling capacity which extends the wastage limit to point 2. The wastage limit is

further increased to point 3 due to the thicker plating reducing the stress level in the deck.
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Stress

1/4"

Applied Corrosion

Figurel5: Use of Digital Twin to evaluate design alternatives

The incorporation of operational details into the digital twin enables the effects of different operational
profiles to be evaluated. Figure 16 demonstrates the relative impact of four environmental scenarios.
Operations on the US Atlantic east coast and Pacific west coast were evaluated under both summer and
winter conditions. The results indicate that operational time in the winter on the Atl antic east coast are
expected to be most severe while the Pacific west coast during the winter is not expected to cause failure
until long past the vessel service life. While no vessel is expected to strictly operate under just one of the
four profiles, by plotting all scenarios it is possible to understand the boundaries of the design space.

. ——West Coast Summer ——West Coast Winter
\Y
= ——East Coast Summer East Coast Winter

Stress

Ship Age

Figurel6: Use of Digital Twin to evaluate different operational profiles
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The NSC case study demonstrated that the data generated by a digital twin prototype during early -stage
design can be useful for obtaining new insights regarding the expected timing of structural failures during
a vessel 6s simul at e dsios eNhileiinitiad sintuliatiores simply eontinwe toctrack the
progression of failures, additional logic could be applied to virtually repair the vessel by resetting scantling
thickness or coating life before continuing the simulated service life. Adding capability to the digital twin
to simulate virtual repairs and maintenance would further support TOC calculations.

Understanding that the development of digital twins is feasible with current technologies, efforts to
explore the impact of different parameters is needed to help identify and refine the most impactful use
cases for supporting TOC decisions. The collectio of actual in-service data will help calibrate and refine
models. Finally, more practical experience with structural digital twins will identify how their use integrates
into the early-stage design workflow which will support the development of user -friendly
implementations.

Task 4 Metrics Assessment. Task 4 assessment metrics include evaluating capabilities improvements for
storing survey data, conducting statistical analysis of survey conditions, and performing structural integrity
assessments using the interface with MAESTRO. Durinthe project the team developed a Case Study plan
and initial analyses to use the USCG NSC to demonstrate the value of having the structural digital twin
toolset as a means to show the impact of structural design changes on the in-service performance of the
s hi p6s .Fheovercidwwirdesigning, developing and implementing a digital twin was also prepared
under Task 4. For Task 4 the metrics assessmentis positive, supporting the definition of specific
improvements, demonstrating the capabilities of the tools , and providing a roadmap for digital twin
development and implementation.

PROJECT RETURN ON INVESTMENT (ROI)

Return On Investment (ROI) Assessment. An initiative was developed to assessthe RA 21-11 Project
ROI Assessment. An approachwas developed by Pete Jaquith for the ROI assessment that used project
related aspects of the ship design, construction and in-service life cycle to decompose the ROl assessment
process into manageable components or categories. This document is provided on the following page.
Iltems A through F identify specific categories of cost savings and cost avoidance associated with the
application of the software tools being de veloped under the project. The ROl Assessment focused orthe
set of cost savings categories: (C) Material Savings, (D) Construction Savings, and (E) Structural Repair
Savings.

Distribution: Unlimited/Approved for Public Release
Data included in this report is considered Category B
44




FinalReportand Project Results Summary
Minimize Work Content in Production and Maintenance and
Reduce TOC Using Eastgge Structural Design Optimization
Agreement N0.2022328-001

NSRP RA 211 ROI Calculation
Notes & Recommendations

NSRP RA Project21da AYAYAT S 22N] /2y iSyid Ay t NBRdzOGA 2-Btag
{ GNHzO G dzNJ t 5 S &ish dsfrateid_firciedt Anipacing tyliple phases of the structural desigia-
maintenancecycle: i.e., earhstage FEA modeling, development and use of a digital twin to support strt
maintenance tracking, earstage design optimizatiomeduced naterial variation, reduced structural work conte
and mitigating the cost and schedule impact of systestiactural failures experienced by USN surface comba
extending back decademsdover multiple ship classes.

The NSRP Guidance on Charactegi#iroject Benefits / Return on Investment (ROI) dated April 2028 ruuidit the
subject project. It appears to bearrowly focused and more suitable for a naw project such as a new weld
robot, etc. Additionally, imposing this guideline after gj start would be a Constructive Change requiril
mutually negotiated contract change.

The following notes and recommendations outline my thoughts and recommendations on a suitable RO
subject project and they are offerdd support a project tam discussionl suggest we consider the following sav
categories and that we usela,0006ton Large Surface Combatant [DDG(X)] as the baseline ship:

A. EarlyStage FEA Modeling Saving<€arlystage design analysis savings resulting from new MAE
modeling and analysis tools (later)

B. Digital Twin Development Saving®igital twin development and maintenance savings resulting from
MAESTRO modeling and analysis tools (later)

C. Material Savingg Using the SPAR Cost Model estimate the total steel @ssiume an all HSLA 65 st
based on the work demonstrated on our earlier projececommend taking a 5% savings in material
resulting from reduced plate and profile variation and the ability to use mill runs vs. warehouse sup

D. Construction SavingsUsing the SPAR Cost Model estimate the total steel fabrication and assemb
cost (include supervision and support), based on the work demonstrated on our earlier project (up
reduction in total weld length) I recommendkiag a 1015% reduction in total steel fabrication &
assembly cost?

E. Structural RepairSavingh o0 G Ay FNRBY b{2/ [/ NRSNRO] 2NJ! {¢k
out of service for DDG 51 Flight | and Il structural failures (Bob Kesamerking this), ratio these up
reflect a 14,006on DDG(X). | suggekat through MAESTRO FEA optimization starting in «talye desig
we could reduce this cost by #D%and that we take a savings of 65%

F. LifeCycle Structural Maintenance Sasrd_ife-cycle structural damage and maintenance savings res
from new MAESTRdgital twinmodeling and analysis tools (later).

Project Benefits and Return on Investment (ROI) for a 14t@@0.arge Surface Combatant or DDG(X) ce
calculated as flows (I recommend that we assume a 30 ship DDG(X) buy):

TotalEngineering Savings include A & B

TotalConstruction Savings include C & D

TotalMaintenance Savings include E & F

wSGidzNy 2y Ly@SaidySyid owhLo OFf Odzg FGSR 2y |
Ct SSiG ! @I At I 6 Arhitigdiing the shsfesidzstriiclusélFailufesl@perienced on previous
surface combatant classes.

Cow»

I recommend thawe initially submit a partial ROI based on savings categories C thru E and that we follow ¢
full project ROI at project completion (I anticipate that savings cateBowill be the big one).

1 Although we use weld length as an indicative metric, the actual savings applies to all steel fabrication and assemlugs
2| have not included erection labor cost as the reduced work content primarily impacts fabrication and agsemédges

The ROI Assessmentsed the SPAR work content/cost model for large surface combatants to develop a
cost model for a 14,000 LT notional surface combatant. This model uses proven cost estimating
relationships (CERsp nd t he U. S. Navyds ASSET ship concept dev
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design of the notional ship and uses a full set of SWBS CERs to develop bills of materials and labor
guantities and estimated costs for ship construction across all SWBS groups. Based on this notional 14,000
LT combatant, the SWBS Group 100 structural bill of materials was generated, as was the Group 100 steel
fabrication cost. Savings categories C, D and E are described below with RO#¢ngineering rough order of
magnitude (EROM) calculations shown in the following Figure.

9 Category C. Material Savings. The SPAR model was used to estimate the total steel cost based
on an all HSLA 65 structure A 5% cost savings on the steel procurement was used based on
material cost savings resulting from reduced plate and profile variation and the ability to use mill
runs versus warehouse suppliers.

9 Category D. Construction Savings. The SPAR cost model was used to estimate the total steel
fabrication and assembly labor cost. Based on structural optimization examples performed using
the project tools showing weld length reductions as high as 28%, a 12% reduction in total steel
fabrication and assembly cost was used for the ROI calculation.

9 Category E. Structural Repair Savings. Numerous reference studies, including the RAND study
documented earlier in this report, document surface ship Group 100 structural repair and
maintenance costs on the order of $250,000,000per year. These costs are the result of structural
damage from heavy weather, structural fatigue damage/cracking, and corrosion damage. Based
on the use of project tools to design more robust structures and improved design for coatings a
7% savings in these costs is used for the ROl Assessment.

ROI Results. As shown in the ROI figure below, Categories C. Material Savings and D. Construction Savings
combine for savings based on two ships per year and the NSRPstandard five-year ROl EROM Return
Period to generate an ROI for the RA 21-11 project of 77. The Category E Structural Repair Savings
generates anROI EROM of 76. The target NSRP ROl is a value of &hich is far exceeded by the calculated
EROM ROI valuesAdditional material supporting the ROI assessment can be found in Appendix E
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Phase 3 d Return On Investment (ROI) Assessment - NSRP RA 21-11 ROI Calculations and Results
ROI Design/Construction=77:1 ROl In -Service=76:1  NSRP ROI Goal/Target=2:1

Groups C, D and E Savings/ROI ( .
Notional 14,000-ton Large Surface Combatant Steel Materlal COSts
Category C. Material Savings Material Cost Reduced Shapes
] wy Distributor  Mill Cost (100%)| by 50% (Dist) Mill Cost
Total structural material costs (single ship)|  $18,250,000.00 . . $ 19,741,356 $ 16,758,091| $ 18,573,992 $ 15,785,287
5% material cost savings (per ship) $912,500.00 Steel Material Cost Savmgs Savings -17.8% -6.2%
$ 2788705
Category D. Censtruction Savings
Buy all steel Buy all steel Reduce the # of
from Distributor  from mill. Reduce the #of  shapes by 50%
shapes by 50% and buy them
] Cells C9 and C14 are updated with and buy them from mill
a simple average of the Material from a distributor
Total structure fabrication cost (single ship) $66,500,000.00 and Fabrication costs from SPAR in
12% reduction in structure fabrication cost savings (per ship) $7,980,000.00] columns I-L. Labor Mat Total Savings
$ 48758808 S 15785287 S 64,544,095 $ 7,745,291
Category C+ Category D Per Ship Cost Savings. sggax50000| | Steel Fabrication Savings S 48758808 $ 19,741,356 $ 68500,165 $ 8,220,020
x
T —
EROM @ two ships per year for 5 year retum period, total savings ﬂSB,QZS,DDO.ai v
As done today
Nawy/NSRP Investment in RA Proje $1,139,695.00]
= 0 . .
ROI = (Cost reduction - Navy Steel Fabrication Costs
. i inEs - )/
Cat. € +D: Navy ROI for NSRP Project (Savings - Navy Navy \ 77 | nvestment)/(Navy Investme nt)
Category E. Structural Repair Savings
RAND Reported 2003-2015 SWBS 100 Repair/Maintenance Cost $3,050,000,000 Hull Maintence (Current Process) |
Every 15Years ‘Lifs of Ship (30 Years)
Per Year Average SWBS 100 Repair/Maintenance Cost $254,166,667 S 8132,340| $ 243,970,187 |
Rounded Per Year Average SWBS 100 Repair/Maint. Cost $250,000,000 . .
N
[ ] (14,000 LT Notional Surface
j l/ si.s0000%, |_In-Service Savings Combatant Estimates from SPAR
EROM @ 7% Savings over 5 Years|| 587,500,000 L Cost Model
Category E: ROI for 7% In-Service Savings Only \ 76!

PROJECT FINAL REPOBUMMARY

|

Major Developments

Through the project the MAESTROMarine team has advanced early-stage design tools to Minimize Work
Content in Production and Maintenance and Reduce TOC Using Earlystage Structural Design
Optimization for each task as follows:

Task 1. MAESTRO Integration with Rhino.  Significant developments were completed on the Rhino
plugin for MAESTROIn support of Task 1: The MAESTROfinite element model can be imported into
Rhino3D, and the Rhino mesh model can be brought into MAESTRO These capabilities support the
MAESTRUinite element model & Topology, MAESTROGroups, MAESTRCOLoads and querying elements
and nodes in Rhino. Capabilities were developed that support model persistence in Rhino 3dm and
MAESTROXML formats, creating Frame Systems, creating Stiffener Layout Systems, creating Strake
Properties which allow regions to be assigned different structural scantlings, and creating Parametric Mesh
Generation so updates in frame system (frame spacing, stiffener spacing, bulkhead locations, etc.) will
automatically update the mesh in early-stage design. Corrosion groups and corrosion details can be
assigned in Rhino for import into MAESTRO

These developments represent significant progress toward completion of a working and distributable
MAESTR@Rhino3BD Two-way | nterface software product as a ORhI
of Task 1 of the RA project.
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It is also noted that members of the NSRFMDBXDesige c t
Team regarding the application of the tools being developed under the NSRP RA 21-11 Project to the
Concept Design Phase of DDGX The DDGX Design Team is developing ship geometry in or compatible
with the Rhino environment, which facilitates application of capabilities being developed under the NSRP

RA Project directly to the DDGXearly-stage design. This enables rapid and efficient use of 3D finite element
anal ysis to support tThiewaskhsingnwieing pesfarmed pytMAESE RO Mantne for
the DDGX Navyled Design Team.

Task 2. Improve the Handling of Cost Metrics. A MAESTRO nt er f ace wi tCbhnte®/EoStRO s
Models was further developed and tested during the project. Thi s i nterface groups
model defined in MAESTROInto data output from MAESTROthat transfers structural and ship design
parameters to the SPAR work content/cost model. This interface has been developed and tested
successfully. This MAESTRGSPAR Interface provides the earlystage design team with a more
comprehensive assessment of the work content and cost for the concept being studied and yields
important metrics t o assess and evaluate alternatestructural designs during the early-stage or concept
design process.

Structural Affordability Opportunities, such as tracking weld length, coating areas, and reducing numbers
of different plate types and structural profiles identify aspects of structural design that can impact the
construction work content and the through -life maintenance and repair costs and ship availability. Weld
length for the structural design was determined to be the most effective single metric for assessing Group
100 work content. For early-stage design, when Production Engineering is likely not participating with the
design team, weld length can be used as a key metric to achieve lean design and design for production.
MAESTRCOcurrently calculates weld length and coating areas (by assigned groups) for the structure, for
both early-stage design coarse mesh models and for more refined mesh models used in later stages of
design. These capabilities directly support the basic work @mntent metric of weld length for the structure
and generate metrics of paint/coating areas. The weld length and paint areas are key metrics that can be
used for structural optimization.

Task 3. Optimize Structure for Reliability and Producibility as Early in Design as Possible. The Task
3 objective wasto develop a software module that implements a minimum work content structural design
and optimization algorithm to potentially serve as an alternative to the minimum weight optimization
algorithm derived from the Structural Synthesis Design Program (SSDP), which is currently used to define
structural scantlings in ASSETTask 3did successfully develop software that offers an alternative multi-
objective structural design tool that optimizes the design to ensure that U.S. Navy structural design criteria
are met while addressing design objectives that reduce fabrication work content and enhance in-service
structural performance such as fatigue mitigation, and then search for minimum weight solutions. The
technical approach for the developed software is provided under Appendix D of this report. An interface
of the RA project tools with U.S. Navy early stage design tools such as the Rapid Ship Design Environment

V
t

( RSDE) and I ntegrated Structural D e s ARpn(Leadingv BEdgeo n me

Architecture for Prototyping Systems) early-stage design product model was also considered under Task3.

In a January 2024 project meeting with Carderock, Robert Keane, and MAESTRO Marine, the Navy
acknowledged that funding has been planned and requested in 2024 to conduct this evaluation of the
project developed least work content and least weight structu ral design tool.
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Task 4. Implement a Structural Digital Twin. Task 4 focused on assessing the prototype structural
digital twin provided to the project by U.S. Coast Guard SFLC for its functionality and potential to serve as
a fielded structural digital twin. This digital twin was reviewed, improved and provided back to the USCG
SFLC for their continued use in providing in-service structural assessments and engineering for the USCG
fleet. This was a successful aspect of Task 4. Additionally, ABS also reviewed and assesdb@ prototype
digital twin and developed an important contribution to Task 4 and the project by developing a technical
approach and Case Study examples of how digital twins should be designed, developed and implemented.
This work, provided in the project Final Report, offers a technical roadmap for organizations to use in
developing digital twins to support their requirements. This Task 4 work also demonstrates using the USCG
National Security Cutter as a test case, how structuraldigital twins can be used effectively during early-
stage design to assess service life performance under corrosion or other structural degradation. This in
turn provides design alternatives to mitigate the TOC of a new ship class during its long service life.

Realized Benefits to Industry and Navy

At the project completion actual benefits to industry and Navy are maturing and being realized. The work

completed confirms the potential to realize gains in early-stage structural design space exploration and

cost reduction for ship construction and in TOC. This project is motivated in part by high lifecycle repair

and maintenance costs associated with structural cracking and corrosion on Navyand USCGvessels. The
project work, tools and capabilities related to early-stage design and for work content/ cost modeling is

under active discussion with respect to implementation near-term under ongoing U.S. Navy programs

such as CREATE Ships and new ship design programs such BEGX The multi-objective structural design

software resulting from this project will be a critical ship design tool to enable the Navy -Industry

Collaborative Ship Design acquisition strategy recently announced by the CNO and the Acting ASN (RDA)
for DDGX The project lead, MAESTRCQMarine, is currently under tasking to support the DDGX Design

Team with the tools developed under this NSRP RA project. The software being developed under the

project has reached a level of maturity that provides confidence in the ability of the project team to offer

project technology transfer through the distribution of commercial grade software tools.

Technology Transfer

The software tools that have been developed under the project are being presented to the industry
through forums including the NSRP All Panel Meeting held in March 2023 and a technical symposium
paper presented at the SNAME 2023 SMC conference in San Diego in September 2023. The developed
tools are being distributed to, trained on, reviewed by and used by team members including Austal USA,
ABS and USCG Surface Forces Logistics Center. This usalas provided Quality Assurance (QA) review
and feedback for use during the project. The application of the tools of the project are in use now by
MAESTRO Marinen support of the DDGXDesign Team These technology transfer actions provide strong
evidence that the transfer has already begun and will continue following completion of the project.
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APPENDIX A. PREECT RESULTS SUMMARY

PROJECT RESULTS SUMMARY
ProjectTitle:

Minimize Work Content in Production and Maintenance and

Reduce TOC Using Eastyage Structural Design Optimization
NSRP RA Control No.-21
Task Order Agreement2022328-001

Executive Overview

This project implemented productigolanning software with higfidelity physicdbased structural design and
optimization software for practical use during eastage ship design. These tools will result in:

9 Assurance that a wide range of structural design criteria are met while improving structural producibility
and workflow and reducing work content and cost in both production and maintenance.

1 Improved structural design to reduce sendde corrosion, heavy weather damage, and structural
fatigue cracking, while mitigating excessive structural repair and maintenance costs and increasing ship
availability

1 A comprehensive structural design space exploration capability for use in U.S. Navy and shipbuilder early
stage ship design processes resulting in robust structures with reduced Total Ownership Costs (TOC) of
ships for the U.S. Navy and U.S. Coast Guard.

¢KS LINP2SOGQa RAIAGIE GoAy O2YLRYSYy(d I asriteRRNB a4 aSa
which has resulted in unsustainable structural maintenance costs. This new software will implement a systematic
method and toolset for trackinthe structural condition and damage of Navy and Coast Guard ships, which

enables efficient and accurate assessment of the structural integrity of the ships and supports engineering cost
effective repair and maintenance plans.

Contact Information
For additional information contact:

MAESTRO Marine LLC
25056 East Cherry Lane
Greensboro, MD 21639

Tobin McNatt
tobin.mcnatt@maestromarine.com
Cell: 4108294272
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Collaborators

PROJECT TEAM MEMBERS AND ROLES

Project Participant Role and Key Contribution

Project Lead; MAESTRO Marine will direct/coordina
the efforts of the entire project team. MAESTRO
MAESTRO Marine LLC Marine will lead the software development effort as
the creators and developers of the MAESTRO ship
structural analysis and optimization software.

A major U.S. shipbuilder; will provide the ship
Austal USA structural design and production/work content
planning requirements and collaboration for the tear

US Navy lead technology group for ship structural
designand for development of the CREATE Ships
Naval Surface Warfare Center (NSWC) Carderock | Integrated Structural Design Environment (ISDE)
Division, Code 6§ Ship Structures software; will provide U.S. Navy use cases for proje
team software design, development and integration
with Navy ship design tools.

Lead USCG organization foisiervice engineering for
U.S. Coast GuardSurface Forces Logistics Center | USCG fleet; will provide key use cases and

(SFLC) demonstrations for structural condition database
development and applications under the project.
Major Ship Classification Society and responsible fg
structural design rules and criteria for US Naval
Auxiliaries, U.S. Navy Unmanned Vessels, Military
Sealift Command (MSC) ships and commercial ship
will provide technical guidance and oversight for
implementation of design criteria and direct analysig
Former U.S. Navy Chief Naval Architect; will advise
Robert Keane; Ship Design USA, Inc. Navy ship design and construction processes and s
design tool development.

Peter Jaquith is an expert in Lean Design and Desig
for Production; former Shipbuilder Executive; will
provide direction and guidance for use cases and
applications related to least work content objectives
Experts in ship cost estimating and production
planning and development of related software mode
and tools; will provide direction and guidance in thes
areas

American Bureau of Shipping (ABS)

P. Jaquith & Associates

SPAR Associates, Inc.

Description of Methodology

This project focused on developments made to the ship structural design and optimization software MAESTRO
(www.maestromarine.comand in related topic areas that included defining technical approaches for
implementation of structural digital twins to support eadyage design and ship engineering though the in

service life of the vessel.

1 Shipbuilders frequently perform U.S. Navy and U.S. Coast Guard contracts to develop conceptual and/or
preliminary designs for new shipbuilding programs. The structural design and optimization tools
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developed under this project are focused on providing shipbuilder (and Government) design teams with
software tools to meet a wide range of structural design specifications and criteria while at the same time
reducing the work content and cost for fabriagag the structure.

1 The tools developed will be applicable to all sizes and classes of ships from U.S. Coast Guessalisurf
craft and cutters, to surface combatants, amphibious ships, transport vessels, and aircraft carriers.

1 The structural design toolset, see Figure 1, supports the structural design development from concept
through preliminary and functional/contract design. A number of U.S. shipbuilders and design agents
(e.g., Fincantieri Marinette Marine, Higalls Shiphiding, GD/Bath Iron Works and GD/NASSCO) already
use and apply the core, existing MAESTRO software tools to their designs. These shipbuilders can
immediately implement the project results in their ship design and production workflow.

Design and Service-Life Timeline

Concept Preliminary Functional/Contract Life Cycle
APPLICATION OF MAESTRO OPTIMIZATION & ANALYSIS
Topology Optimization Selected Topology Opt. Full Optimization In-Service Engineering

Coarse global FEA model ' Fine mesh midbody ' Fine mesh global model Fine mesh model &
— < (& # class database

/ EE Tt EE1 FESTETee] Tt CE CEt rTE oF
R B S 8 S i B R

Static Global Loading: Loading: Loading: Operating Conditions:
- Automated optimization - Secondary & tertiary loads | - Secondary & tertiary loads - Operational loads
- Design space exploration - Basic hydrodynamicloads - Full hydrodynamicloads - Corrosion/Cracking
- Topology search process - Extreme Load Analysis - Extreme Load Analysis - Extreme loads
- Spectral Fatigue Analysis - Spectral Fatigue Analysis - Spectral fatigue
Stiffener Spacing - Life-cycle cost factors - Higher fidelity life-cycle - Damage conditions
cost factors - Voyage planning

Frame Spacing

> ([ ]| — 1

Full matrix Selected Candidates Final Topology

Corrosion
database

Figurel. MAESTRO Structural Design Tools Apply Across the Life Cycle

1 The U.S. Navy and U.S. Coast Guard and a number of their design support contractors are also already
longterm MAESTRO users. The project results can immediately be implemented by these organizations
in designing more producible structures for the largevbeave of new ship designs.

1 The digital twin results from the project can be applied to aieérvice Navy ships and USCG cutters by
both industry and Government.

1 The software developed under the project is being incorporated into updates to the commercial
software. Users of the software, including U.S. Navy, U.S. Coast Guard, shipbuilders and design firms will
receive these new updates with their normal/routine wgids to the software that are downloaded by
the users under Maintenance & Support contracts.
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Resources Needed

The resources needed to implement this project are a small team of staff within the engineering department of a
shipbuilder, government design team or design firm. These staff include the Chief Naval Architect and a group of
2-4 structural engineers who ardirectly involved in designing ship structure for new designs and-&eririce

repairs and modifications. Some of these staff should have experience using structural finite element modeling
and analysis software tools.

This small team of engineers can acquire the commercial software, MAESTRO, or its updates and with a nominal
level oftraining, typically 12 weeks for new users, be able to begin developing designs with the tools developed
under this project.

In the case of the digital twin, implementation technical approaches have been developed and documented by

the project team in the Final Report. These methods can be used by a shipbuilder, design firm or U.S. Navy/USCG
office to develop a specific plan fardigital twin that will meet their requirements and be compatible with

existing methods and tools in use at those locations. Development and implementation times will vary depending
on the extent of numbers of vessels and relative complexity of the dedrapplications.

Evaluation and Analysis Methods

A set of metrics were developed under the project Statement of Work (SOW), see Table 1 below. These metrics
are associated with each of the four tasks of the SOW and were monitored and assessed in each of the four Phase
Completion Technical Reports, indiogl the project Final Report.

The tools to support rapid development of ship structural finite element models for-etatye design, under

SOW Task 1, are being used at the project completion and going forward in conjunction with the DDGX Design
Team. This environment will provide ercellent testing phase for the new software tools. Additional
improvements will be made as needed to ensure the tools are productive and efficient.
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Metric

al-laa
Baseline

Table 1: Project Metrics

Project
Goal

Delta

% Changt

(+/-)

Tracking & Reporting Plal

Task 1 Metrics 60 Days 30Days 30 Days Use a representative ship design
Improveearly-stage with actual modeling times
finite element F3aSaaSR dzaAy3
modeling timefor G FGSNE Y 2MdSitbrA v
full ship models and report with each Phase
completion.
Task 2 Metrics Limited input| Develop an| Significant | -50%in time [Reportfor each Phasas process
Provide more interfaces | effective set|improvement required; [improvements are implemented
accurate and faste exist of interfaces using example inputs
input for structural +50% in
work content accuracy
metrics
Task 3 Metricg No least worl Successful| New tools +10% |Evaluate at completion of each
Complete andest content |development available for Phaseincluding:
the least work algorithm | and test of | USNavy use A Globalstructural weight
content algorithm; | exists; no | least work | within Navy A Hull girder properties
assess interface interface content ship design A Structural VCG
plans for RA tools | plans for RA algorithm; | environment A Structural performance
with US Navy toolg tools exist effective metrics e.g. stresses and lin
interface states
plans A Number of unique
developed plate/stiffener combinations
A Number of unique design
cluster configurations
A MAESTR®ased structural
work contentmetrics
Task 4 Metricg, Alimited | Improve and| Significant +50%  |[Evaluate at completion of each
Digital Twin functionality | demonstrateimprovement Phaseincluding:
provides inservice |prototype tool enhanced |in databasing A Structural survey databasing
databasing, and | exists at the| digital twin | capabilities, tools
interface for start of the | functionality | data analysis A Statistical analysis of survey
structural integrity project and structura data
assessments. assessment A Structural integrity
tools assessment of iservice
conditions
TRL8-9;
;E)%ti;/ ’pe c?zzltﬁig] d: 'The metrics cited ab.ove.and
Technology demonstratedbroven k feedback from theshipbuilder
Readiness Level andsystem ![Ohrough users/participants will be used to
qualified mission assess TRL progress.
operations
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Time Estimate

As discussed above under the topic of resources needed for implementation, the time required for the software
tools to be implemented is modest. If anything, the new tools should flow into use with the normal workflow of
applying finite element analysis toship design. This is an activity that most shipyards and design firms, and
government design teams already have proficiency with. Additional customization should not be required since
the software is developed as a generic modeling and analysis saitedh be effectively applied to a broad

range of ships and floating structures without customization.

Limitations or Constraints
Factors that can limit the implementation of the results of this project include:

1 Types of ships being designed and constructed. The ship specifications associated with a new ship design,
either commercial or naval, include requirements and criteria for structural design. Naval surface
combatant specifications routinely require full gHinite element analysis as contract deliverables. Ships
designed to meet commercial criteria, such as ABS Rules, may have different requirements. The ship
specs will influence adoption.

1 While larger shipyards have teams of structural engineers with established proficiency in finite element
modeling and analysis, not all, and especially smaller shipyards, have these structural teams developed.
The same can be said for design firms alsthofigh, it is becoming relatively common and normal for
medium to large shipyards and many design firms to haveeastdiblished finite element modeling and
analysis capabilities.

Major Impacts on Shipyard

Implementation of the project tools affects engineering and production planning for the ship structure. These
activities can be supported by existing staff and proficiencies. Major impacts are not anticipated. The applied
project design tools can result imore efficient and robust structural designs that also improve structural
FIOoONAROFGA2yd hNBFIYATFGA2ya adzOK +a G4KS !'/{D {C[/ KI
service structural assessment and engineering for many years. Thesaggoastill be improved using the project
results.

Cost Benefit Analysis/ROI

tKS LINEP2SOiQa Oz2aid o0SySTAda 6SNB aaSaasSR dzyRSNJ G KS
ratio of cost savings or avoidance less the project cost, divided by the project cost. An ROl was developed for the
ship construction phase for ational 14,000 LT surface combatant vessel class, assuming two ships being built

per year. Material (steel) savings and Construction/fabrication savings were combined for savings based on two
ships per year and the NSRP standardyiwar ROl Engineering&h Order of Magnitude (EROM) return period

to generate an ROI for the RA-21 project of 77. Addressing the-gervice phase of the ship class lifecycle,

Structural Repair Savings generated an ROl EROM of 76. The target NSRP ROl is a value sffar esxceleded

by the calculated EROM ROI values for this project.

Lessons Learned
The following lessons learned can be cited for the project:

1 Team member staff resources are limited and can be difficult to capture for work on the NSRP RA project.
This was evident especially for the shipbuilder team member. It can be difficult for an NSRP research
project to compete with actual ship design anchstruction projects.
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1 Collaboration from government team members can also be resource constrained oratiag
effectively staffed. This project experienced difficulty getting planned participation from U.S. Navy team
members, although support from the USCG/SFLC was excellent.

1 The support provided by ship classification was excellent with substantial support to project objectives
YR RStAGDSNIo6ftSa 60SAYy3d LINPDARSR® ¢KS (SFYQa &LIS(
and timely contributions to project objectivesid deliverables.

1 For a shipyard planning to implement the results of the project, the advice would be to have an actual
contractbased requirement as the motivation/driver. This will make resource allocation more effective,
to ensure the right personnel with adequate hoan® assigned to the implementation process. These
personnel also need to have proper backgrounds and qualifications to support the work required for
implementation. Success will also depend on havingléopl management, e.g., within the engineering
depatment, support for the implementation from the VP Engineering and Chief Naval Architect.

Technology Transfer

The following Table summarizes ongoing activities being used to provide fgldavthe project for transfer of
the technology to industry.

Stakeholders Engagement Continuing Engagement
Shipyard Sponsors | Austal USA: MAESTRO Marine has briefed| Key Austal staff are involved in many ¢
Austal engineering staff members for a the project communications and
number of years and developed a working | deliverables. Discussions continue to
relationship that is committed to KIS 1dzadlfQa 2062
implementing the project tools and the tools to an actual design project

overall MAESTRO toolset within the shipyal (separate from the NSRP project) durir
the execution of the project.

Technical Approval | NAVSEA 05P, Ship Integrity and Performar Tobin McNatt and Bob Keane continug
Authorities Engineering; SEA 05P4 David Qualley, Shij to lead the interface with senior

and Submarine Structures; through briefing{ NAVSEA, Carderock and ONR staff
over recent years by Tobin McNatt and Bob| during the project to provide updates,

Keane, these key NAVSEA technical providing copies of project Quarterly
authorities have been kept appraised of presentations and other information
developmens with the MAESTRO software | about the status and progress of the
capabilities and applications, as well as project.

progress on this project. Support for the
project tools being applied to U.S. Navy shij These key Navy staff members,
design is being cultivated at these importan| including Jonathan Stergiou, Timothy
technical levels. Mierzwicki and WoeMin Lin, are
providing key insight related to
technical warrant aspects of the projeg
that may arise, as well as being an
important interface regarding the
specific appoaches for the project
NBadz 6a G2 oS LY
CREATE Ships software development
project, which Bob Keane continues to
support as a consultant.

CREATE Ships NSWC Carderock Code 65, Skylar Stephen NSWC Code 65 was a Project Team
Implementation and Dan Igbal, participated in the NSRP RA Member and was directly engaged in
project. They have coordinated closely with| the Project Task 3 development

Bob Keane and Tobin McNatt to support thg process. Ongoing discussions are
development of tasking during and following focused on the NSRP Project Task 3
the RA project that can be utilized withiine | implementation within the CREATE
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CREATE Ships ISDE structural design softy
which is integrated with the eardgtage Rapid
Ship Design Environment (RSDE) design
software.

Ships Integrated Structural Design
Environment (ISDE) and Rapid Ship
Design Environment (RSDE).

Guided Missile
Destroyer (DDGX)
Program Office
(PMS 460and
DDGX Shipbuilders
Ingalls Shipbuilding
and GD Bath Iron
Works

The NSRP Project Team has been engagec
with the DDGX design team and shipbuilde
on an ongoing basis regarding the potential
value of utilizing the NSRP Project results
associated with designing robust ship
structures during earhgtage design.

Focused discussions with the DDGX
Design Team have resulted in tasking
implement the tools developed under
the NSRP Project into the DDGX conc
design process. This work started in I3
2023 and is ongoing. This work is bein
performed by MAESTRO Maegi Bob
Keane, Pete Jaquith, and SPAR
Associates.

U.S. Coast Guard
Surfaces Forces
Logistics Center
(SFLC)

USCG SFLC is an NSRP Project Team Mel
Collaboration between the NSRP Project
Team and SFLC continues to support thedg
standing technical relationship between
al9{¢wh al NAYS IyR {
group.

NSRP Project results have been
provided to SFLC during the project fo
testing and implementation within thein
in-service cutter structural maintenanc
and repair workload.

Commercialization
Partners

MAESTRO Marine LLC, the NSRP Project
prime contractor and also the worldwide
distributor of the MAESTRO ship structural
design software products, will be the
Commercialization Partner for the project
NBadzZ Gad a! 9{ ¢wh al |
been in placedr decades through the key
personnel Tobin McNatt and Ming Ma, Ph.C

Tobin McNatt as the NSRP Project
Manager and Ming Ma as the lead
software developer have provided
engagement throughout the project.
These two individuals have supported
the commercialization of MAESTRO fq
the past three decades and will ensure
continuity of the NSRP Project results
into the commercially supported
MAESTRO software.

Implementation
User Group

The Implementation User Group includes
structural engineers, naval architects,
production engineers and cost engineers at
shipbuilders, design firms, and U.S. Navy al

U.S. Coast Guard organizations.

There are existing MAESTRO users
within the Project Team and also withir
the broader User Group organizations
identified.

Implementation

The following summarize current and future implementation of the results for each Project Task.

9 Task 1. The Rhino/MAESTRO Plugin will be made available to existing and new users of the MAESTRO
software. Implementation will result from seeing usage of this new module as a component of using the
overall MAESTRO software system. It is likely that tipeawed finite element modeling tools being
developed under Task 1 will result in adoption by many MAESTRO users in the ship design and shipyard
users communities, including Carderock and USCG SFLC. MAESIHR@® lelarently using the Task 1
software on IDGX tasking in support of the Navy Design Team.

9 Task 2. The Task 2 enhancements to metrics for design and optimization of ship structures are embedded
into the MAESTRO software. This means that existing and new users will have these tools at their disposal
when using MAESTRO and can derive the berdfiteese new metrics.
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1 Task 3. Task 3 software will be successfully implemented if the U.S. Navy (Carderock Code 65) completes
its evaluation and decides to incorporate the new maltjective optimization algorithm and method
into the CREATE Integrated Structural Design Emagan(ISDE) and Rapid Ship Design Environment
(RSDE). These are major components of U.S. Navy ship design tools. A meeting was completed with
Carderock Code 65 during Quarter 8 of the project, and the government representatives stated that they
have fundirg planned for 2024 that would support their evaluation and potential incorporation of the
project software into ISDE/RSDE.

9 Task 4. The Task 4 prototype Structural Digital Twin was reviewed and groomed under the RA project and
is already experiencing successful implementation by usage of current results from the NSRP RA project
within the USCG Surface Forces Logistics CeriieC{SThe digital twin development technical approach
prepared and documented under Task 4 provides a set of steps that an organization can take to design
and implement an effective structural digital twin system. This provides a roadmap for such future
implementations.

1 Shipbuilder and Design Agent Implementation Candidates. Key Stakeholders, the following shipbuilders,
most of which already license MAESTRO software, are candidates for implementing results of the project:
Austal USA, Ingalls Shipbuilding, GD Bath Irork8y&incantieri Marinette Marine, GD NASSCO, Newport
News Shipbuilding, Vigor Shipyards as well as design agents such as Gibbs & Cox and Glosten. Their
respective implementation of project results will occur through annual software license updates and
future adoption of the MAESTRO commercial software tools.
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APPENDIX B. RHINGMAESTRO PLUGIN FUNCTIONALITY

Under project Task 1, the Rhino-MAESTRO Plugirwas developed to leverage the powerful Rhino
CAD/Surface modeling software environment for the purpose of developing MAESTRO structural finite
element models. The following slides depict the core functionality that has been developed under the
project.

Create MAESTRO Model s

1. Create Material and Properties

2. Create modules from Rhino Mesh
AMAESTROCreateModul eFr omMe s h

3. Create modules from Rhino Surfac
ADefine Stiffener Layout
AsSti ffener Pl ateProp

4, Gener at e, MAEE SMTeRsCh XML f il e and | au
Al mp tErxtport MAESTRO XML file
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l1.Create Materi al and Properties
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2. Create modules from Rhino Mesh

* Generate a Rhino Mesh (QuadReMesh, ...)
* Run "MAESTROCreateModuleFromMesh”

* Enter a Module Name ¢ ot
£
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+ Select a plate thickness
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I
3. Create modules from Rhino Surfaces

Create Named Frame System (transverse and horizontal) and Stiffener Layout System
Create named bulkhead frame locations so frames are not generated at the transverse bulkhead location

Z) MAESTRO
Y 85 Define Frame System - a X
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3. Create modules from Rhino Surfaces

* Preview defined frames 2 MAESTRO
+ Method 1: Select preview button to view frame locations
* Method 2: From MAESTRO tree view, right mouse click to show/hide frames
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3. Create modules from Rhino Surfaces

Create horizonal frame system and stiffened plate properties for transvers bulkheads

W Stiffened Plate Property
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3. Create modules from Rhino Surfaces

* A stiffened plate property may have multiple segment, each segment can have its own plate property, frame
property, girder property and stiffener property
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3. Create modules from Rhino Surfaces
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APPENDIX C. WORIKKCONTENT & COST OPTIMIZATION METRICS

White Paper by Peter Jaquith
January 31, 2022
Work Content & Cost Optimization Metrics

Minimize Work Content in Production and Maintenance and Reduce TOC Using-&adye Structural
Design OptimizationNSRRAProjectRA 2111

Based on development under the previous NSRP Project20i®d = a ! 9 { ¢ wh GobjectivdAtdebingl ibptindizizfioi A
process addresses three objective functions:

1 Ensuring that structural design criteria are met
1 Reducing structural weight
1 Reducing structural work content/cost

CKS F2fft2Ay3a y20Sa 2dzitAyS GKS |IdzikK2NRa 206aSNBIFGA2ya |
optimization metrics under the new NSRP Project RAR1

Concept and Preliminary Design

During theearly-stage concept and preliminary design phases and usingasstd design space exploration, multiple ship and

structural arrangements are considered. Limited structural definition and a high level of design change are typical in this
design phase. Bgn team members may include NAVSEA engineers, marine design firm engineers, and/or a shipyards Initial
Design engineers. While desirable, shipyard production engineering participation may be limited. The following notes apply:

1 Recommend thatearly-st age design structur al design optimization wutil
merit.

1  While it may be tempting to convert weld length and coating area to labor hours/dollars if appropriate estimating
standards are available, | believe that total weld length is straight forward and appropriate for design/production
engineering analysis at this design stage?

1  Other cost considerations for early-stage design include:

Avoid high strength steels (e.g., H¥-80 and HY-100) that limit use of automated welding

Avoid complex structural arrangements that limit automation

Avoid structural design details with poor fatigue resistance

Minimize the variation in plate thickness/grade and profile size/grade

Coating area and material cost should be calculated for comparison

O O O O o

Functional and Contract Design

4 Discussion with Korean DSME design and production engineering executives showed that they used weld length and
coating area as comparative metrics in their structural optimization analysis.
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During the functional and contract design phases the process will focus on design convergence and refinement. Increasing
levels of design definition will be developed during this phase. In addition to traditional structural design engineers,
engagement bshipyard production engineers is recommended. This engagement will support application of more discreet
work content and cost metrics as described in Figures 3.17 and 3.18, pag@so2the reference Final Report NSRP Project
2017-443 (FMM 2019). Thellowing notes apply:

T With full shipyard production engineering engagement, rec
fitting and welding |l abor hoursé as an objective figure of
Figures 3.17 and 318).

1  With only limited production engineering engagement, recommend that structural design optimization continue to
utilize ototal weld |l engthdé as an objective figure of meri

1  While it may be tempting to convert weld length and coating area to dollars if appropriate estimating standards are
available, | believe that total fitting and welding hours/weld length are straight forward and appropriate for
design/production engineering analysis at this design stage.

1  For Naval shipbuilding programs that are tracking TOC Reduction Initiatives in dollars, it is recommended this calculation
be performed separately from structural design optimization.

1  Other cost considerations for functional and contract design include:

Avoid high strength steels (e.g., H¥80 and HY-100) that limit use of automated welding

Avoid complex structural arrangements that limit automation

Avoid structural design details with poor fatigue resistance

Minimize the variation in plate thickness/grade and profile size/grade

Coating area and material cost should be calculated for comparison

O O O O o

Other Cost Optimization Considerations

Additional considerations for work content and TOC cost reduction usingstagg MAESTRO structural design optimization
include:

1  For all shipbuilding programs; recommend early engagement of shipyard production engineers to support structural
design optimization as part of the early -stage design team.

1  For Naval shipbuilding programs; consider the development of a family of engineered built up tees to avoid the use of
stripped I/Ts.

1 For Naval shipbuilding programs; consider the development of new fatigue resistant and coating friendly structural

details.
1  For Naval shipbuilding programs; review structural arrangement alternatives that would result in more coating friendly
designs.
Conclusion

tKS 20aSNBIGA2ya YR NBO2YYSYRIGA2YyA y2GSR Ay G(GKAAa 6KAGS
RA 2111 Project Team. In that regard, my principal concern is the metrics selected by straight forward and that the analysis
process be transparent to the design engineer and production engineer users.

References
Fincantieria F NAYy SGGS al NAYyS o0CaavX a{ KAL) { iNHzOGdzNYf 5SaAr3ay hlLd
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APPENDIX D. TASK 3 EARLYTAGE DESIGN OPTIMIZATION APPROACH

Task 30s objective was t o stuetwa design algorittinlfoe imglementdtion k  Co n
in the Navyds ship synthesis model ASSET (Advanced
a multi-objective structural design optimization capability that could be considered by the Navy for use

in the ASSET earlstage design tools. The following slides summarize the capabilities of the completed

project software.

NSRP‘National Shipbuilding Research Program
.

NSRP Pr oz i t 1
Task OO@&322r8
oMi ni mi ze Work Content i n Pro
Reduce TOC -sagg EGwarbgtural oOC
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Design Variables and Criteria
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APPENDIXE. RETURN ON INVESTMENT (ROI) DETAILS

The following slides provide additional information and background data related to the assessment of
the projectds Return on I nvestment (ROI).

NSRP‘ National Shipbuilding Research Program
[ -

NSRP Pr ot
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