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Executive Summary 

The February 2017 “Road Mapping Workshop on Overcoming Barriers to Adoption of 
Composites in Sustainable Infrastructure” brought together designers, engineers, 
manufacturers, researchers, owners and end-users to identify barriers and potential solutions. 
Fiber reinforced polymer (FRP) composite products produced in the US offer durable, 
sustainable, and cost-effective solutions in a variety of infrastructure applications as diverse as 
dams, bridges, highways, railroads, harbors and waterfront structures, utility poles, and 
buildings. The overall goal of the workshop was to identify the cross-cutting barriers that must 
be overcome to enable the adoption of world-leading US FRP composite technology, thereby 
saving construction costs, and creating a durable 21st century infrastructure that supports 
economic growth. The workshop was a seminal event; it was the first time that such a complete 
cross section of interests was assembled to address the specific issue of enabling adoption of 
FRP composites in infrastructure. The meeting identified three activities (Durability Testing, 
Design Data Clearinghouse, and Training and Education) that, if enacted, will facilitate wider 
adoption of FRP composites technology that is potentially more reliable, durable, and cost-
effective than current solutions. The workshop resulted in a roadmap for addressing barriers to 
the adoption of FRP composites in infrastructure. 

Durability Testing: While FRP composites are highly durable and have been used in many 
applications for over 50 years, other materials, such as steel, wood, and aluminum, have been 
in widespread use for much longer. The FRP composite products last longer in corrosive 
environments than these other materials. For example, many of the FRP composite utility poles 
installed in the 1960s are still in use today, as compared to wood poles that may, in certain 
harsh environments, require repair or replacement every 25 years to 40 years due to rot, pest 
damage, and other degradation mechanisms.1 Over the last 50 years there have been many 
improvements in FRP composite resin, reinforcements, and processing. Consequently, for 
these new, advanced materials there is limited real-time aging data.  Therefore, to reduce 
excessive design safety factors and maximize weight-savings, accelerated testing is necessary 
for the adoption of FRP composites used in long-term structural applications. 

The workshop participants recommended the development of durability standards, as well as 
predictive models and data to support those standards. Specifically, a five-year program is 
recommended to establish testbeds, gather data, and develop models that would result in 
reliable design tools. The resulting tools would then become widely available to the FRP 
composites industry, end-users, engineers, architects, and designers through an on-line data-
portal. The workshop participants emphasized that industry involvement was vitally important 
to ensure that the durability standards be commercially relevant.  

Design Data Clearinghouse: Many FRP composites manufacturers are already designing, 
manufacturing, and deploying highly successful products across a broad range of infrastructure 
applications. These companies have information such as design guides and reliable data tables. 
Some of this design data is publicly available and developed for specific applications. The 
participants collectively identified the need for a “clearinghouse” to gather, curate, and 
disseminate this information for infrastructure applications. They envisioned that this project 
would provide valuable existing data in the near-term, followed with new data being published 
continuously every year. After three years, the program could be evaluated to see what 
additional work might be needed. 
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The combination of these two critical activities addresses both long-term (Durability Testing) 
and short-term (Design Data Clearinghouse) needs. Implementation of these two proposed 
projects will generate specific and measurable benefits within the first year. These efforts will 
continuously feed Education and Training materials into university or industrial curricula used 
in FRP composites training and certification programs. This approach, if adopted, will enable 
high-tech job creation in the growing FRP composites sector in the US, while at the same time 
creating a cost-effective and durable 21st century infrastructure to enhance future economic 
growth.  

 

Key words 
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 Introduction 

There is a pressing nationwide need to build, repair, and reconstruct US infrastructure that 
comprises marine structures, transportation structures like bridges, tunnels, roadways, power-
grid structures, dams, pipelines and other civil structures. This is especially true of 
infrastructure in corrosive and harsh environments. The American Society of Civil Engineers 
(ASCE) estimates that the current total outlays for infrastructure in the United States are $250 
billion/yr., whereas infrastructure needs across 2016-2025 are estimated at as much as $460 
billion/yr. Federal and State infrastructure agencies must invest at some point in the near future 
or face severe economic consequences.2 Fiber reinforced polymer (FRP) composites are a 
versatile, sustainable and corrosion-resistant structural material, which could be a key enabler 
in this process, offering a price-performance tradeoff that could reduce the total outlays 
necessary compared to those of conventional structural materials. While private and public 
entities have begun to introduce FRP composites into real-world applications, barriers to the 
widespread use of these materials in infrastructure continue to exist at all levels, from 
regulation to fundamental materials science.  

Despite these barriers, there are some niche areas in which FRP composites have been 
successfully deployed. Field erected FRP composite cooling towers have become the norm 
over the last 25 years. According to Creative Pultrusions, Inc., approximately 70 % of all the 
cooling towers constructed today are made of FRP. This is because corrosion resistant FRP 
members maintain their structural integrity while being exposed to corrosive treatment 
chemicals and salt water. 

 

 

Fig. 1: Typical FRP cooling tower. Courtesy Creative Pultrusions, Inc. 
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In addition to excellent corrosion resistance, FRP composites have a high strength-to-weight 
ratio and less embodied energy. FRP composites are widely used today in both the new 
construction of bridge decks as well as to retrofit bridge deck panels in existing bridges. In 
some cases, this has enabled engineers to retrofit bridges with cantilever pedestrian walkways 
due to the lightweight nature of FRP composites.  

 
Fig. 2: FRP cantilever pedestrian walkway 
(https://www.compositeadvantage.com/blog/walk-this-way-the-cantilever-sidewalk) 

Low electrical and magnetic conductivity is another key differentiator of FRP composites over 
traditional rebar structures for applications in hospitals, power plants, and communications 
structures. Other structural applications may benefit from their low thermal conductivity. 
Lifecycle cost analysis favors the use of FRP composite materials in many applications.3. FRP 
composite pipes also offer important advantages in the hydrogen economy.  Unlike steel, FRP 
composite pipelines do not corrode or embrittle due to hydrogen gas.4  

Market share for FRP composites varies widely, depending on the application. Caltrans 
estimates the market share for Near Surface Mounted (NSM) FRP for strengthening concrete 
bridge-deck overhangs to be approximately 90 %, whereas all-FRP composite bridge decks, 
and FRP composite prestressed piles and girders, have a market share of less than one percent. 
Seismic retrofit of columns is performed using FRP strengthening systems through wrappings, 
although the volume installed with respect to steel column confinement is unknown.  Structural 
strengthening of girders, pier caps and pier walls is another emerging growth areas for FRP 
composite although the volume used in comparison to conventional materials is currently 
unknown. According to the American Composites Manufacturers Association, the use of glass-
FRP (GFRP) rebar is increasing.  GFRP rebar has found use in concrete reinforcement in 65 
bridges across 27 states in the US, and in over 200 bridges across 4 provinces in Canada. 
Domestically and internationally, the use of GFRP composite rebar for the reinforcement of 
the entry or exit, in reinforced concrete walls of tunnel excavations (known as “soft-eyes”) is 
now an accepted practice that has completely replaced the use of steel bars, since GFRP can 
be cut away more efficiently than steel.  
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Fig. 3: Tunnel boring machine breaking through a GFRP-reinforced "Soft Eye" wall, saving 
time and cost on rebar removal. Courtesy Astaldi Construction Corporation. 

Clearly, FRP composites address a broad range of needs in many infrastructure applications, 
and there is potential for significant benefit to be realized if these materials can be adopted 
more widely. However, as this report documents, a number of issues must be addressed for 
this to occur. 

The goal of the “Road Mapping Workshop on Overcoming Barriers to Adoption of Composites 
in Sustainable Infrastructure” was to identify the cross-cutting barriers that must be overcome 
to enable faster commercialization of FRP composites for a more sustainable infrastructure. 
The workshop was held on February 8th and 9th, 2017 at the National Institute of Standards and 
Technology (NIST) Advanced Measurement Laboratory in Gaithersburg, Maryland. The 
agenda for the workshop is shown in Appendix B: Agenda.  The workshop was a forum for 60 
participants (see Appendix C: Attendees) from industry, government, and academia – 
including owners, designers, and contractors – to discuss, in an open and candid forum, the 
challenges faced in the introduction and use of FRP composite materials for infrastructure 
applications. The report from the workshop will inform the work of Federal agencies, as well 
as non-profit technical societies, trade associations, and other stakeholders in the development 
and adoption of standards, guidelines, and predictive tools for enabling the application of FRP 
composites in infrastructure.1 

 Presentations 

Keynote speakers at the workshop (see Appendix A: Presentations), who were designers, 
owners, engineers, and contractors in the infrastructure market, were asked to address the 
following questions, to help the attendees understand the key issues associated with FRP 
composite in the infrastructure sector: 

                                                 
1 This publication is intended to capture external perspectives related to NIST standards, measurement, and testing-related efforts. These 
external perspectives can come from industry, academia, government, and other organizations. This report was prepared as an account of a 
workshop; it is intended to document external perspectives; and does not represent official NIST positions. 
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1. Who are you and what do you do (responsibilities) for your organization? 
2. What are the 5 biggest challenges you face in your business/organization?  
3. What solutions would address those challenges? 
4. What experience have you had with FRP composite materials, including but 

not limited to FRP rebar, decking, repair, utility poles, storage tanks, pilings, 
dams, earthworks, and cladding? 

5. Based on your experience, what are the best applications for FRP composite 
materials? 

6. What are the barriers to adoption of FRP composite materials? 
7. What guidelines, standards, technologies, or other developments for FRP 

composites materials would address these barriers to adoption? 
 

While the technical breadth of the keynote speakers was extremely diverse, representing a 
broad swath of the Nation’s infrastructure portfolio, four key challenges emerged as 
impediments to the wide spread adoption of FRP composites as standard infrastructure 
construction materials.  These challenges include:   

1. There is an overall lack of education and familiarity with FRP composites. 
2. There is a need for jurisdictionally uniform design standards to simplify 

engineering and manage risk. 
3. There is a shortage of engineers who understand FRP composites enough to 

identify and manage risk in new designs. 
4. There is a need for a “clearinghouse” to provide easy access to standards, 

guidelines, and case studies for architects, engineers, and designers. 
 

The discussion around these key challenges was an important part of the breakout sessions 
following the keynote presentations.  It helped to inform the recommendations made in this 
report.  It is encouraging that “new technology” was not one of the top 5 challenges identified 
by the presenters.  The advantages of using FRP composites products are significant and the 
community does not foresee other disruptive technologies on the horizon that could displace 
their future importance in infrastructures. 

In this next section, we provide a brief technical summary for each of the keynote 
presentations. 

2.1. Designers 
2.1.1. DeSimone 
William R. O’Donnell of DeSimone Consulting Engineers outlined the challenges faced by 
DeSimone designing a resort on reclaimed islands in the Indian Ocean.  He described the near-
impossibility of producing high-quality concrete with inherently salt-laden aggregates and 
poor water quality, stating that existing resorts in this region have significant concrete spalling 
problems. He explained how use of FRP reinforcing bars removes the concern of protecting 
steel reinforcing bars with high-quality concrete in a highly corrosive environment.  He listed 
a few of the current optimal applications of CFRP composite materials, including coastal 
applications using FRP structural bars, where potable water is unavailable for concrete 
construction, structural enhancement, and structural repair. He identified the following key 
barriers to adopting FRP composite materials: a lack of familiarity with composites among 
owners, designers, and contractors, and the initial cost of FRP composite materials. To address 



 
 

5 

This publication is available free of charge from
: https://doi.org/10.6028/N

IST.S
P.1218 

 

these barriers, he recommended the following: more FRP composite technical seminars and 
workshops, including direct presentations by manufacturers to engineers and contractors; 
initial and long-term cost studies to encourage owner and developer buy-in; publication of 
unified design standards and specifications for FRP composite materials across jurisdictions; 
and establishment of a FRP composite material supply chain, that is reliable both in quality 
and quantity. 

2.1.2. Simpson, Gumpertz, & Heger Inc. 
Paul Kelley of Simpson, Gumpertz, & Heger Inc. provided a summary of FRP activities that 
they have been involved with over the past 15 years. These activities include initial 
development of guidelines for strengthening existing concrete and masonry elements, seismic 
strengthening of concrete structures, rehabilitation of large diameter concrete pipes with FRP, 
and engineering of stand-alone structures like wind turbines made of FRP composites. The 
main theme of Paul Kelley’s presentation was that the development of guidelines is tedious, 
especially when the focus of the guideline is excessively broad. He described how many 
features of the ACI guideline and code development process for use of FRP composites in a 
broad spectrum of applications have not proved as productive as the application-specific 
content of the American Water Works Association’s guidelines for FRP composite 
reinforcement of pipes. 

2.2. Owners 
2.2.1. Caltrans  
Jim Gutierrez, of the California Department of Transportation, spoke about the department’s 
wide range of usage of FRP composite materials. Caltrans has been involved in composites 
research and testing for many years and has implemented composites in a range of applications 
from seismic retrofit, flexural and shear strengthening of various bridge elements including the 
NSM method, high load impact repairs, and FRP bridge decks to FRP snap-locking sign 
structures. Caltrans has implemented a prequalification program with rigorous durability 
testing requirements for FRP composites used for seismic retrofit and strengthening.  They 
also require random quality control and material testing on FRP strengthening projects. To 
improve the development of design guidance, adoption of American Association of State 
Highway and Transportation Officials (AASHTO) guidelines were recommended along with 
a curated material specification database, which would include all relevant guideline and 
standards publications.  

However, Caltrans faces challenges to realize widespread adoption of FRP composites. Dr. 
Gutierrez stressed that maintaining quality control in wet lay-up applications is vitally 
important, which he proposed might be addressed by more extensive review of expectations 
and experience with installers. Finally, because of: (1) design strength characteristics in wet 
lay-up applications are highly dependent on the quality of the installation process; (2) the 
difficulty in obtaining qualified installers, and (3) the issue of other departments of 
transportation not having the skilled personnel to recognize potential FRP installation 
problems, Dr. Gutierrez suggested that prequalification requirements be standardized to 
address these issues. 

2.2.2. NRECA 
Robert Harris, of the National Rural Electric Cooperative Association, gave an overview of the 
needs of electrical distribution in relation to new construction with FRP composites. Although 
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FRP composite poles present some advantages (lightweight, modular, high dielectric strength, 
low relative permittivity, flexible), the following concerns limit the adoption of this FRP 
composite technology: (1) impact performance, (2) ultraviolet (UV) degradation, (3) service-
life prediction, and (4) end-of-life disposal. Installers also have a lack of familiarity and 
expertise with the materials that leads them to favor wood-based solutions. While this problem 
can be managed effectively for new construction, major storm restoration presents an entirely 
different situation. The need to bring in many poles and outside crews to restore service as 
rapidly as possible poses a serious challenge to the use of composites in those circumstances. 
All distribution line crews are fully trained and equipped to work with wood poles. Currently, 
introduction of new materials, training, and equipment under emergency circumstances delays 
restoration of service. 

2.3. Contractors 
2.3.1. Astaldi 
Antonio Nanni of the University of Miami presented for Sergio Notarianni of Astaldi 
Construction Corporation. He identified overall expense, beyond the direct cost of FRP 
composite materials, as a challenge for the adoption of FRP composites. The overall expense 
includes indirect costs such as lead time and over-procuring for contingencies, additional 
training and oversight needed to ensure correct placing of the bars in the field, among others. 
To improve this situation, he recommended focusing on reducing those costs through 
improvements in logistics, planning, and other training, as well as giving attention to 
procurement issues that delay construction. He identified the best applications for FRP 
composites from the perspective of Astaldi as tunnel construction and tunnel linings, light rail 
transit track beds, and concrete reinforcement in marine and other harsh environments. 

 Breakout sessions 

Following the presentations, the attendees were divided into three breakout sessions: New 
Construction, Repair/Retrofit Construction, and Stand-Alone Composites. The groups were 
charged with identifying the five biggest challenges with using FRP composites in their 
assigned niche, as well as identifying the individual barriers faced in the adoption of FRP 
composites considering various factors such as cost, agency buy-in, etc. Each group was asked 
to name the important stakeholders for their topic area, and the makeup of the teams that could 
best tackle the top barriers to composite adoption. Across the groups, both cross-cutting and 
unique barriers and recommendations were identified.  

A summary of the discussion, conclusions, and recommendations from each group is presented 
in the next sections.  

3.1. Breakout Session 1: New Construction 
3.1.1. Session Definition 
The adoption of FRP composites for new construction represents a paradigm shift for 
designers, contractors and owners. The participants identified niche applications such as 
marine structures, bridges, decks, building exteriors, geotechnical works, support units, and 
pipes as suitable areas for FRP composites use. The driver for the deployment of FRP 
composites in new construction focused on internal reinforcement for concrete structures 
(rebar) to overcome the challenge of corrosion. The group identified the top barriers for stand-
alone FRP composite structures: (1) training and education; (2) codes, specifications, and 
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standards; and (3) manufacturing. Specific challenges within each barrier category are 
discussed below. 

3.1.2. Training and Education  
The primary barrier to the successful incorporation of FRP composites for infrastructure 
applications was decided by consensus of this breakout group to be the current lack of 
education and workforce training. The first hurdle towards a knowledgeable workforce was 
agreed to be the lack of FRP composites education in civil engineering, architecture, and 
architectural engineering programs. Furthermore, the specialized programs that teach FRP 
composites were found to be incompatible with the licensing requirements of the civil 
engineering industry.  

On a related note, the group concurred that the infrastructure workforce needed to be trained 
on FRP composites-specific aspects such as handling, installation (including interfacing with 
tradition construction materials), storage, inspection, safety, and maintenance. This would 
provide field engineers with the confidence and the willingness to work with FRP composites. 
With regards to maintenance, the group agreed that currently, inspectors were not sufficiently 
qualified or knowledgeable in FRP composites for construction. As one participant aptly 
commented, “Boat builders cannot be inspecting bridges!”  

The group also commented on the lack of singular, reliable sources of FRP composites 
information. FRP composites in general, are perceived to be “risky” materials. It was suggested 
that access to a centralized knowledge repository on FRP composite design information and 
case studies might help minimize this perception of risk. 

The group also identified that modeling tools for FRP-composite-specific design and 
development were absent. Additionally, widely used design software were found to be 
inadequate due to the lack of FRP composites database modules. This is further complicated 
by the fact that FRP composites display part-specific anisotropy and cannot be modeled as an 
isotropic material such as steel. This is a fundamental challenge of FRP composites and can 
only be overcome through education and proper use of modeling tools and methods. 

3.1.3. Codes, Specifications, and Standards 
The group agreed that there were significant variations in material properties between and 
within suppliers. Participants from the infrastructure sector voiced their discomfort in having 
to “think too much” prior to procuring FRP composite parts, due to the said variations. In 
response, there was a strong call for standardization of minimum material performance 
standards at the constituent and part levels, as is currently being maintained by ASTM for other 
material classes.  

The effect of the FRP composites industry structure on the supply chain was recognized as 
another key issue. The constituent (fiber, matrix, and filler) manufacturers are large reputable 
companies with international certification. However, the part manufacturers, who are a vital 
link in the supply chain, are small fabricators who may lack credibility and sophistication. Due 
to this, there is a dearth of proven products and precision in the FRP composites market. The 
group expressed the need to qualify and approve the supply chain by putting in place stringent 
quality standards, specifications, and inspection protocols. Such an approach could be 
complimented by a formal certification program by relevant industry organizations. 
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The group also identified that many of the current FRP composite components were 
unnecessarily overdesigned with old and large safety factors due to the lack of familiarity 
with FRP structure-property relationships over the service life of a structure. This in turn 
drives up the costs and weight of these components. Furthermore, most design endeavors do 
not incorporate durability as a design parameter.  
 
3.1.4. Manufacturing 
The group suggested that a single reliable organization should define metrology that can be 
used to achieve a clear demonstration of FRP composites performance. This should include 
standardized methods for conditioning protocols and accelerated testing that mimics 
environmental aging and durability characteristics. The group re-iterated the need to qualify 
the supply chain and establish quality assurance and quality control at the part-manufacturer 
level. The group agreed that the appropriate tools to install FRP composites (and/or interface 
with existing construction) were lacking. This issue was identified as a key hindrance to the 
usage of FRP composites in construction. The group recommended that manufacturers 
maintain an inventory of part-specific accessories (e.g., specialized drill bits and saws) that 
facilitate installation.  

3.1.5. Overcoming the Top Barriers 
3.1.5.1.Training and Education 
The group recommended establishing partnerships between industries, professional societies 
(ASCE, American Concrete Institute (ACI), etc.) and academic institutions to help educate and 
familiarize students on the topic of FRP composites. There was also extensive emphasis placed 
on the need to educate the construction industry and their customers on the advantages and 
limitations of FRP composites, the key benefit being their excellent durability and lifecycle 
costs. Furthermore, it was suggested that the easiest way to accelerate adoption of FRP 
composites would be to identify high-volume applications that hold the highest value for the 
industry and the customer. There was general agreement that the marketing and 
communication of FRPs needed to be improved to accomplish FRP composite adoption. The 
group noted the additional work required the development of database modules and analysis 
packages in collaboration with software companies, where designs for standard FRP composite 
parts could be readily accessed from the materials library.  

3.1.5.2.Codes, Specifications, and Standards 
The group noted that the approved supplier systems that function within the automotive and 
aerospace industries could be used as templates for adopting material performance standards 
practices. The group proposed to optimize and standardize FRP composite design, as well as 
to build validated design software solutions, to reduce overdesign and excessive safety factors. 
The collaboration of various reputed organizations such as ASTM, ACI, AASHTO, US Army 
Corps of Engineers, ASME, ASCE, PCI, and USDOT was deemed necessary for the 
establishment of robust codes, specifications, and standards. Mandating the use of these codes 
would effectively accelerate innovation for the design, use, and deployment of FRP composites 
by designers and users, at the cost of potentially limiting innovation by FRP manufacturers. 

3.2. Breakout Session 2: Repair/Retrofit Construction 
3.2.1. Session Definition 
Typical applications of FRP composites for repair/retrofit discussed during the breakout 
session included strengthening of bridge structures including columns, girders, pier caps, 
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deck overhangs, and barrier walls. Other applications discussed included the following: 
marine pilings, pipelines, and turbine structures for wind. Seismic flexure/confinement and 
shear seismic retrofit applications using FRP composites were presented in the whole group 
discussion, but not specifically discussed in the repair/retrofit breakout group. 
Barriers to the wide use of FRP composites were identified during the discussion, and many 
of the barriers interconnected with each other. For instance, insufficient codes and standards 
are related to less-defined construction procedures.  

The group identified the following top barriers for repair/retrofit construction: (1) durability 
and service life; (2) training and education; (3) codes, specifications, and standards; (4) 
procedures; and (5) quality control. Specific challenges within each barrier category are 
discussed below.  
 
3.2.2. Durability and Service Life 
Inadequate durability and service life information for FRP composites as a function 
ultraviolet/moisture, mechanical fatigue/creep, salt spray, freeze/thaw cycling, and 
temperature exposure were important issues. Validated industry standard models for service 
life prediction are needed. Appropriate life cycle costs for developing models as well as 
defining critical model parameters for correct inputs were identified as associated challenges. 
Access to legacy data (e.g., proprietary and public domain) from various manufacturers and/or 
actual projects was suggested for validation of models. In addition, a lack of data for fire/high 
temperature resistance properties of FRP composites was discussed; it is particularly difficult 
to introduce FRP composite materials into applications subject to fire hazards. 

3.2.3. Training and Education 
Improvement of training and education for proper design and installation of FRP composites 
is needed. The participants agreed that engineers should understand mechanics of polymers 
and fiber reinforcements for adopting FRP composites into current structural designs. 
Continuing education for current engineers whose emphasis has been on conventional concrete 
and steel structure design was also highlighted as a way to promote use of FRP composites in 
structural designs. 

3.2.4. Codes, Specifications, and Standards 
Insufficient codes, specifications, and standards are barriers for engineers to choose 
appropriate design parameters for FRP composites. Some codes are available for design, but 
standard documents are still needed to address additional engineering judgements for 
composites. For instance, the ACI Committee 440 design guide currently used in the field will 
not cover everything in the broader construction ecosystem, and so developing specific guides 
that are directly related to individual applications was highly recommended. Consensus-based 
standards for durability assessments are lacking, and the long timeframe for consensus standard 
approval was found be an additional challenge. It was recognized that codes and standards set 
the designer’s standard of care, and without a defined standard of care, to limit liability, 
designers will stay with traditional technologies. Earlier acceptance of FRP composites will 
result from development of application specific design guidance, not broad guidance. 
Furthermore, from a structural designer’s point of view, the properties of FRP composites 
depend in complicated ways on their constituents (e.g., resin, fiber fractions and configuration) 
compared to the relative simplicity of conventional structural materials (e.g., steel), and this 
represents a FRP composite design challenge.  
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3.2.5. Procedures 
Insufficient FRP composites-specific construction procedures are barriers for designers since 
composites are relatively new materials to the civil engineering field. Education on the proper 
procedure for installation of FRP composite strengthening systems used for repair (e.g., a video 
for installation procedures) was recommended to facilitate installations in the field. Sharing 
construction history databases from the private sector in a usable way such as a web-based 
database, or establishing guidelines created by government entities (e.g., USDOT, Department 
of Homeland Security) was suggested. For instance, procedural information for joining and 
anchoring FRP composites to existing structures is insufficient for many engineers and 
technicians. Finally, inadequate information on both the shelf-life of component materials 
(e.g., resins) in FRP composites, as well as material health and safety data was also seen as a 
challenge. 

3.2.6. Quality Control 
Lack of specialized inspection technology of FRP composites during and after construction is 
a barrier. Methods of quality control of FRP composites during construction and the follow-up 
tests for assessing the material condition over time are limited, and many known methods for 
inspecting and assessing composites are difficult to perform in the field. It was suggested that 
structural health monitoring methods using easily implementable nondestructive or minimally 
invasive techniques be developed and used to evaluate the integrity of installed FRP 
composites.    

3.2.7. Overcoming the Top Barriers 
3.2.7.1.Durability and Service Life 
End users, government, and academia were identified as a potential working group to 
investigate this barrier since each group has unique roles due to their different interests in 
durability and service life properties of FRP composites. During the discussion, participants 
(e.g., composites manufactures and designers) highlighted their interest in service life, 
environmental effects, and predictive models for FRP composites that can facilitate their 
structural design efforts. It was suggested that government, as a neutral party, compile 
durability data and define limits using codes and standards for the end user group. The group 
indicated that academia could be used to develop measurement methods and models. 

3.2.7.2.Training and Education 
Several suggestions such as including polymer material science courses in the civil engineering 
curriculum and continuing education courses were discussed, however, no specific actions 
were identified. 

3.2.7.3.Codes, Specifications, and Standards 
Government, academia and end user groups should tackle these issues together since each party 
has different roles in developing these documents. No specific action items were identified. 

3.3. Breakout Session 3: Stand-Alone Composites 
3.3.1. Session Definition 
The participants defined stand-alone FRP composites as individual structural or equipment 
elements used in transportation, manufacturing, and infrastructure applications. Examples 
cited by the group included utility poles, marine pilings, modular or pre-fabricated FRP 
composite components that include bridge decks, tanks, pipes, ducts, stacks and gates, and 
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roofing supports. The definition excluded structural elements such as reinforcement bars and 
FRP strengthening systems for concrete. Stand-alone FRP composite products are a small 
component of the overall FRP composites infrastructure market with unique challenges for 
increased market penetration. Owners, designers, and contactors are comfortable with 
traditional materials and construction methods and are therefore hesitant to use FRP 
composites despite their potential safety, life-cycle cost, and durability advantages. The key 
engineering design properties considered during the acquisition process are stiffness, failure 
strength, creep and creep rupture, damage tolerance, bearing strength, fatigue life, and 
environmental resistance (ultraviolet, temperature, solvent, salt). FRP composite materials 
have distinct material property advantages in one or more of these areas compared to traditional 
materials, especially in aggressive marine, high wind, and earthquake environments. 

The group identified the top barriers for stand-alone FRP composite structures: (1) predicting 
service life; (2) codes, specifications, and standards; (3) first-cost paradigm; and (4) training 
and education. Specific challenges within each barrier category are discussed below.  

3.3.2. Predicting Service Life  
Typical service lifetimes for infrastructure structures range between 75 years to 125 years.5 
Typical service environments include exposure to ultraviolet radiation, water/moisture, salt 
water, cyclic and sustained loads (fatigue), and wide temperature fluctuations. Durability and 
service life in realistic environments and time scales were identified by participants as the 
biggest challenges for FRP stand-alone structures. Manufacturers and users accept the superior 
durability of composite materials in harsh environments. The main challenge is the ability to 
quantify the remaining life for asset management purposes. For example, the corrosion rate or 
fatigue-crack propagation in steel is well understood and can be used to predict the likelihood 
of failure for a pipeline. In a FRP composite material, there may be no outward indicators of 
degradation or propagating cracks that allow accurate prediction of remaining service life. 
Further, these challenges can be broken down into three subcategories: safety factors, accurate 
prediction of service life, and accurate prediction of remaining service life. 

3.3.2.1.Safety Factors  
Currently, FRP structures are conservatively designed for safety (e.g., safety factors of 10:1 
for corrosion, 2.5-4:1 on structural factors like creep), which increases cost and limits 
innovation in structural design. High safety factors are often used due to: lack of understanding 
of FRP materials (including their long-term durability), lack of accepted design standards, and 
lack of complete property characterization of a material.  

3.3.2.2.Accurate Prediction of Service Life 
Material property data gathered from realistic exposures is not widely available because many 
initial applications have not reached their estimated lifetime. Furthermore, a concerted effort 
has not been made to collect publicly available in-service data on changes in material properties 
with exposure. Many of the performance tests required for design are based on accelerated 
exposures, which result in a pass/fail criterion. This does not facilitate calculation of 
appropriate safety factors, or accurate failure predictions. In addition, these tests do not 
sufficiently account for interacting factors.  

Examples of successful approaches for developing a framework of test methods, and predictive 
models for service-life are those established by the wind industry, with the National Renewable 
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Energy Laboratory,6,7 and by the coatings industry, with NIST.8  Notably, these industries, in 
comparison with infrastructure, have expectations of much shorter desired service life and 
minimal maintenance. In addition, there are a multitude of FRP composites test methods 
developed through the aerospace and pressure vessel industries, but whether it is appropriate 
to use these methods to predict the service life for infrastructure applications is not clear. We 
acknowledge that the wind industry and coatings industry service life is much less than that 
for infrastructure, and usual expectations are for very minimal maintenance. 

3.3.2.3.Prediction of remaining service life 
There is a need to identify non-destructive monitoring methods coupled to statistical predictive 
modelling to facilitate accurate asset management decisions. This will continue to be a focus 
area for infrastructure applications as more communities shift to a resilience focus for their 
life-cycle support systems. 

3.3.3. Codes, Specifications, and Standards 
The group agreed that there is a lack of uniformity in design, manufacturing, certification, and 
inspection approaches for stand-alone FRP composites for infrastructure. Additional consensus 
based standards are needed, as are clearinghouses for data. Examples of data clearinghouses 
can be found for aerospace  FRP composites, such as the Composite Materials Handbook 17 
(CMH-17)9 and the Wichita State University NCAMP10 databases. Nationally recognized 
codes and certification process documents are preferred over variable, region-specific 
practices.  

3.3.4. First-cost Paradigm 
Installed cost and short depreciation time limits do not accurately represent the cost advantages 
of FRP composites. However, reductions in material costs help to reduce installed cost, as was 
seen previously when FRP utility pole cross-arms came into widespread use after costs 
dropped.  

3.3.5. Training and Education 
Customers believe that FRP composite materials require onerous training and safety equipment 
for installation and maintenance. For example, trained installers are needed to repair 
infrastructure in the event of a natural disaster, which adds to the difficulty of deploying FRP 
composites outside of niche applications.  

3.3.6. Overcoming the Top Barriers 
3.3.6.1.Predicting Service Life 
Better material property data and test methods for accurate prediction of remaining service life 
would serve as a foundation to change safety factors in the existing codes and reduce the cost 
of FRP solutions. A survey and prioritization of measurement methods are required to clearly 
identify the path forward. Any identified test methods should be performance based and only 
material composition prescriptive as a last resort. The predictive modelling methods should be 
validated using a solid scientific framework, and should be developed in parallel with efforts 
aimed at the accurate prediction of service life. 

3.3.6.2.Codes, Specifications, and Standards 
The following codes/standards for stand-alone FRP composites, which serve as examples for 
future development activities were identified: 
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• ASME RTP-1 Standard for Reinforced Thermoset Plastic Corrosion-Resistant 
Equipment11 

• ASCE Pre-standard for Load and Resistance Factor Design (LRFD) of Pultruded FRP 
Structures12 

• AASHTO Guide Specifications for the Design of FRP Pedestrian Bridges13 
• ANSI/ACMA/FGMC FRP Composite Grating Manual for Pultruded and Molded 

Grating and Stair Treads14 

The further development of these and other design standards related to the use of FRP 
composites for infrastructure applications will help owners become more comfortable with the 
specification of FRP composites. They will help engineers become more familiar with the use 
of FRP composites in designs, and will provide a more uniform approach to design with these 
materials. Although the development of standards such as these is a complicated task that takes 
significant time and commitment from numerous constituencies, the development of standards 
related to the use of FRP composites in infrastructure offers the opportunity to address 
numerous barriers that have been identified related to the adoption of FRP composites. 
Cooperation and coordination among industry, government, and academia is critical for the 
successful development and utilization of such standards. 

The group recommended that the FRP community adopt a framework – comprised of 
manufacturing, quality control, and repair-process guides – supported by consensus standards. 
Areas needing improvement are standard methods of evaluating long term durability, and 
round robin testing in support of existing test methods and standards. A significant challenge 
with consensus standards is the time required to adopt a new standard and have it promulgated 
to users. Fig. 4 represents how manufacturers, material suppliers, maintainers, and installers 
intersect in a space governed by the new framework. The adopted consensus standards should 
also support the rapid acceptance of new matrix polymers, fibers, and manufacturing processes 
into infrastructure design, inspection, and regulation.  

              
Fig. 4: Recommended framework for the FRP community. Attention to certification, design, 
and maintenance provides durability and cost effectiveness is necessary for sustainability. 
Courtesy Owens Corning.   
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 Summary 

4.1. Barriers to adoption of composites in infrastructure 
The workshop participants identified the cross-cutting barriers recognized by all breakout 
groups; these are shown in Table 1. The top three barriers were: Training and education, codes 
and standards, and durability and service life prediction. First cost was not viewed as a barrier 
in either the new construction, or the repair/retrofit construction breakout groups. However, 
the stand-alone FRP composites breakout group did call out first cost as a barrier, but did not 
see procedures and quality control as important issues.  

Table 1: Matrix of cross-cutting barriers identified by each breakout group 
Cross-Cutting Barriers New Construction Repair/Retrofit 

Construction 
Stand-Alone 
Composites 

Training/Education YES YES YES 
Codes/Standards YES YES YES 
Durability/Service Life YES YES YES 
First Cost NO NO YES 
Procedures YES YES NO 
Quality Control YES YES NO 

 
The greatest impact can be obtained by focusing on the cross-cutting barriers, however there 
are barriers in individual applications that also need to be addressed. As an example, non-
destructive inspection techniques need to be developed for locating composite rebar in new 
construction, to avoid damage during subsequent hole-making. Eliminating the cross-cutting 
barriers – with improved measurements, data, standards, specifications, training and predictive 
tools– will enable rapid commercialization of FRP composites for a more sustainable 
infrastructure.  

4.2. Roadmap 
The preliminary Roadmap in Fig. 5 is a primary product of this workshop; it is a strategic 
direction for future road mapping. The work to be done in overcoming barriers to the adoption 
of FRP composites in infrastructure has been divided into three activities or tasks: Durability 
Testing, Design Data Clearinghouse, and Education and Training. Each task was divided into 
several efforts with three overall goals in mind: Improved Costs and Sustainability, 
Widespread Adoption, and Trained Designers and Contractors. 
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Fig. 5: Preliminary Roadmap designed during the workshop. This roadmap captures the nine 
basic efforts (center-section) that need to be completed to overcome the top three barriers 
(left-side) and achieve the three critical outcomes (right-side). Each effort may result in a 
workstream with multiple tasks and overlapping concerns. 

4.3. Durability Testing  
A five-year program is recommended to establish testbeds, gather data, and develop models 
from accelerated testing that would result in a set of reliable design tools. This empirical 
approach should be complimented by an a priori program focused on developing tools capable 
of predicting service life only from knowledge of the exact structure and combinations of 
materials. The resulting models and data would then become widely available to industry, end-
users, engineers, architects, and designers through an on-line tool. Industry involvement is 
vitally important to ensure that the research program is commercially relevant, therefore a 
public-private partnership is envisioned. This partnership should focus on the collection of 
durability and service life information for composites as function of environmental and 
material parameters (ultraviolet, moisture, mechanical fatigue/creep, salt spray, freeze/thaw 
cycling, temperature exposure, chemical structure, etc.) using both case studies and laboratory 
testing to validate the predictions, ultimately targeting the ability to predict more than 100 
years of service life. Of course, there will be different needs and expectations for FRP 
composites used in different regions, and different durability parameters may be more, or less, 
important in different applications.  

The Durability Testing program should include: 

• Identification of critical data and modeling needs 
• Accelerated aging methods for FRP composites 
• Fundamental durability and lifetime models 

4.4. Design Data Clearinghouse 
The participants collectively identified the need for a “clearinghouse” to gather, curate, and 
disseminate design guides and reliable data tables for infrastructure applications. This project 
would provide valuable data in the near term, by categorizing and storing existing information, 
specifically to make it widely available for infrastructure applications, and accessible to all 
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stakeholders from standards bodies, to designers, to contractors. The Design Data 
Clearinghouse should seek to:  

• Enable communication and education to end-users 
• Enhance discoverability of FRP composite guides, methods, and standards 
• Provide traceability and harmonization of standards and guidelines. 

This clearinghouse should provide the initial progress towards the harmonization of design 
guidelines and standards so that a wider view of the design space and verification test methods 
are possible. This standardization, once proven at regional and eventually national scale, 
should be transitioned to a global effort to ensure a wide and uniform market, enabling 
widespread adoption of composites in infrastructure.  

4.5. Training and Education 
The information gathered or created from Durability Testing and Design Data Clearinghouse 
activities must be transferred to designers, practicing engineers, and end-users to be 
implemented in infrastructure applications. Curriculum development can incorporate the data 
and knowledge generated from these activities as they become available and accepted. These 
curricula can be utilized as requirements of a program certification effort by industry or 
standards organization stakeholders. Once such programs are created and recognized, they can 
serve as training for certified technicians and designers, who can train others in an 
apprenticeship for direct, decentralized, and personalized education of the necessary reserve 
of trained designers and contractors. 
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Executive Summary

The February 2017 “Road Mapping Workshop on Overcoming Barriers to Adoption of Composites in Sustainable Infrastructure” brought together designers, engineers, manufacturers, researchers, owners and end-users to identify barriers and potential solutions. Fiber reinforced polymer (FRP) composite products produced in the US offer durable, sustainable, and cost-effective solutions in a variety of infrastructure applications as diverse as dams, bridges, highways, railroads, harbors and waterfront structures, utility poles, and buildings. The overall goal of the workshop was to identify the cross-cutting barriers that must be overcome to enable the adoption of world-leading US FRP composite technology, thereby saving construction costs, and creating a durable 21st century infrastructure that supports economic growth. The workshop was a seminal event; it was the first time that such a complete cross section of interests was assembled to address the specific issue of enabling adoption of FRP composites in infrastructure. The meeting identified three activities (Durability Testing, Design Data Clearinghouse, and Training and Education) that, if enacted, will facilitate wider adoption of FRP composites technology that is potentially more reliable, durable, and cost-effective than current solutions. The workshop resulted in a roadmap for addressing barriers to the adoption of FRP composites in infrastructure.

Durability Testing: While FRP composites are highly durable and have been used in many applications for over 50 years, other materials, such as steel, wood, and aluminum, have been in widespread use for much longer. The FRP composite products last longer in corrosive environments than these other materials. For example, many of the FRP composite utility poles installed in the 1960s are still in use today, as compared to wood poles that may, in certain harsh environments, require repair or replacement every 25 years to 40 years due to rot, pest damage, and other degradation mechanisms.1 Over the last 50 years there have been many improvements in FRP composite resin, reinforcements, and processing. Consequently, for these new, advanced materials there is limited real-time aging data.  Therefore, to reduce excessive design safety factors and maximize weight-savings, accelerated testing is necessary for the adoption of FRP composites used in long-term structural applications.

The workshop participants recommended the development of durability standards, as well as predictive models and data to support those standards. Specifically, a five-year program is recommended to establish testbeds, gather data, and develop models that would result in reliable design tools. The resulting tools would then become widely available to the FRP composites industry, end-users, engineers, architects, and designers through an on-line data-portal. The workshop participants emphasized that industry involvement was vitally important to ensure that the durability standards be commercially relevant. 

Design Data Clearinghouse: Many FRP composites manufacturers are already designing, manufacturing, and deploying highly successful products across a broad range of infrastructure applications. These companies have information such as design guides and reliable data tables. Some of this design data is publicly available and developed for specific applications. The participants collectively identified the need for a “clearinghouse” to gather, curate, and disseminate this information for infrastructure applications. They envisioned that this project would provide valuable existing data in the near-term, followed with new data being published continuously every year. After three years, the program could be evaluated to see what additional work might be needed.

The combination of these two critical activities addresses both long-term (Durability Testing) and short-term (Design Data Clearinghouse) needs. Implementation of these two proposed projects will generate specific and measurable benefits within the first year. These efforts will continuously feed Education and Training materials into university or industrial curricula used in FRP composites training and certification programs. This approach, if adopted, will enable hightech job creation in the growing FRP composites sector in the US, while at the same time creating a cost-effective and durable 21st century infrastructure to enhance future economic growth. 
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Composites; barriers; design data; durability testing; infrastructure; road map; sustainable.
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1. Introduction

There is a pressing nationwide need to build, repair, and reconstruct US infrastructure that comprises marine structures, transportation structures like bridges, tunnels, roadways, power-grid structures, dams, pipelines and other civil structures. This is especially true of infrastructure in corrosive and harsh environments. The American Society of Civil Engineers (ASCE) estimates that the current total outlays for infrastructure in the United States are $250 billion/yr., whereas infrastructure needs across 2016-2025 are estimated at as much as $460 billion/yr. Federal and State infrastructure agencies must invest at some point in the near future or face severe economic consequences.2 Fiber reinforced polymer (FRP) composites are a versatile, sustainable and corrosion-resistant structural material, which could be a key enabler in this process, offering a price-performance tradeoff that could reduce the total outlays necessary compared to those of conventional structural materials. While private and public entities have begun to introduce FRP composites into real-world applications, barriers to the widespread use of these materials in infrastructure continue to exist at all levels, from regulation to fundamental materials science. 

Despite these barriers, there are some niche areas in which FRP composites have been successfully deployed. Field erected FRP composite cooling towers have become the norm over the last 25 years. According to Creative Pultrusions, Inc., approximately 70 % of all the cooling towers constructed today are made of FRP. This is because corrosion resistant FRP members maintain their structural integrity while being exposed to corrosive treatment chemicals and salt water.





Fig. 1: Typical FRP cooling tower. Courtesy Creative Pultrusions, Inc.

In addition to excellent corrosion resistance, FRP composites have a high strength-to-weight ratio and less embodied energy. FRP composites are widely used today in both the new construction of bridge decks as well as to retrofit bridge deck panels in existing bridges. In some cases, this has enabled engineers to retrofit bridges with cantilever pedestrian walkways due to the lightweight nature of FRP composites. 



Fig. 2: FRP cantilever pedestrian walkway (https://www.compositeadvantage.com/blog/walk-this-way-the-cantilever-sidewalk)

Low electrical and magnetic conductivity is another key differentiator of FRP composites over traditional rebar structures for applications in hospitals, power plants, and communications structures. Other structural applications may benefit from their low thermal conductivity. Lifecycle cost analysis favors the use of FRP composite materials in many applications.3. FRP composite pipes also offer important advantages in the hydrogen economy.  Unlike steel, FRP composite pipelines do not corrode or embrittle due to hydrogen gas.4 

Market share for FRP composites varies widely, depending on the application. Caltrans estimates the market share for Near Surface Mounted (NSM) FRP for strengthening concrete bridge-deck overhangs to be approximately 90 %, whereas all-FRP composite bridge decks, and FRP composite prestressed piles and girders, have a market share of less than one percent. Seismic retrofit of columns is performed using FRP strengthening systems through wrappings, although the volume installed with respect to steel column confinement is unknown.  Structural strengthening of girders, pier caps and pier walls is another emerging growth areas for FRP composite although the volume used in comparison to conventional materials is currently unknown. According to the American Composites Manufacturers Association, the use of glass-FRP (GFRP) rebar is increasing.  GFRP rebar has found use in concrete reinforcement in 65 bridges across 27 states in the US, and in over 200 bridges across 4 provinces in Canada. Domestically and internationally, the use of GFRP composite rebar for the reinforcement of the entry or exit, in reinforced concrete walls of tunnel excavations (known as “soft-eyes”) is now an accepted practice that has completely replaced the use of steel bars, since GFRP can be cut away more efficiently than steel. 



Fig. 3: Tunnel boring machine breaking through a GFRP-reinforced "Soft Eye" wall, saving time and cost on rebar removal. Courtesy Astaldi Construction Corporation.

Clearly, FRP composites address a broad range of needs in many infrastructure applications, and there is potential for significant benefit to be realized if these materials can be adopted more widely. However, as this report documents, a number of issues must be addressed for this to occur.

The goal of the “Road Mapping Workshop on Overcoming Barriers to Adoption of Composites in Sustainable Infrastructure” was to identify the cross-cutting barriers that must be overcome to enable faster commercialization of FRP composites for a more sustainable infrastructure. The workshop was held on February 8th and 9th, 2017 at the National Institute of Standards and Technology (NIST) Advanced Measurement Laboratory in Gaithersburg, Maryland. The agenda for the workshop is shown in Appendix B: Agenda.  The workshop was a forum for 60 participants (see Appendix C: Attendees) from industry, government, and academia – including owners, designers, and contractors – to discuss, in an open and candid forum, the challenges faced in the introduction and use of FRP composite materials for infrastructure applications. The report from the workshop will inform the work of Federal agencies, as well as non-profit technical societies, trade associations, and other stakeholders in the development and adoption of standards, guidelines, and predictive tools for enabling the application of FRP composites in infrastructure.[footnoteRef:1] [1:  This publication is intended to capture external perspectives related to NIST standards, measurement, and testing-related efforts. These external perspectives can come from industry, academia, government, and other organizations. This report was prepared as an account of a workshop; it is intended to document external perspectives; and does not represent official NIST positions.] 


Presentations

Keynote speakers at the workshop (see Appendix A: Presentations), who were designers, owners, engineers, and contractors in the infrastructure market, were asked to address the following questions, to help the attendees understand the key issues associated with FRP composite in the infrastructure sector:

1.	Who are you and what do you do (responsibilities) for your organization?

2.	What are the 5 biggest challenges you face in your business/organization? 

3.	What solutions would address those challenges?

4.	What experience have you had with FRP composite materials, including but not limited to FRP rebar, decking, repair, utility poles, storage tanks, pilings, dams, earthworks, and cladding?

5.	Based on your experience, what are the best applications for FRP composite materials?

6.	What are the barriers to adoption of FRP composite materials?

7.	What guidelines, standards, technologies, or other developments for FRP composites materials would address these barriers to adoption?



While the technical breadth of the keynote speakers was extremely diverse, representing a broad swath of the Nation’s infrastructure portfolio, four key challenges emerged as impediments to the wide spread adoption of FRP composites as standard infrastructure construction materials.  These challenges include:  

1.	There is an overall lack of education and familiarity with FRP composites.

2.	There is a need for jurisdictionally uniform design standards to simplify engineering and manage risk.

3.	There is a shortage of engineers who understand FRP composites enough to identify and manage risk in new designs.

4.	There is a need for a “clearinghouse” to provide easy access to standards, guidelines, and case studies for architects, engineers, and designers.



The discussion around these key challenges was an important part of the breakout sessions following the keynote presentations.  It helped to inform the recommendations made in this report.  It is encouraging that “new technology” was not one of the top 5 challenges identified by the presenters.  The advantages of using FRP composites products are significant and the community does not foresee other disruptive technologies on the horizon that could displace their future importance in infrastructures.

In this next section, we provide a brief technical summary for each of the keynote presentations.

Designers

DeSimone

William R. O’Donnell of DeSimone Consulting Engineers outlined the challenges faced by DeSimone designing a resort on reclaimed islands in the Indian Ocean.  He described the near-impossibility of producing high-quality concrete with inherently salt-laden aggregates and poor water quality, stating that existing resorts in this region have significant concrete spalling problems. He explained how use of FRP reinforcing bars removes the concern of protecting steel reinforcing bars with high-quality concrete in a highly corrosive environment.  He listed a few of the current optimal applications of CFRP composite materials, including coastal applications using FRP structural bars, where potable water is unavailable for concrete construction, structural enhancement, and structural repair. He identified the following key barriers to adopting FRP composite materials: a lack of familiarity with composites among owners, designers, and contractors, and the initial cost of FRP composite materials. To address these barriers, he recommended the following: more FRP composite technical seminars and workshops, including direct presentations by manufacturers to engineers and contractors; initial and long-term cost studies to encourage owner and developer buy-in; publication of unified design standards and specifications for FRP composite materials across jurisdictions; and establishment of a FRP composite material supply chain, that is reliable both in quality and quantity.

Simpson, Gumpertz, & Heger Inc.

Paul Kelley of Simpson, Gumpertz, & Heger Inc. provided a summary of FRP activities that they have been involved with over the past 15 years. These activities include initial development of guidelines for strengthening existing concrete and masonry elements, seismic strengthening of concrete structures, rehabilitation of large diameter concrete pipes with FRP, and engineering of stand-alone structures like wind turbines made of FRP composites. The main theme of Paul Kelley’s presentation was that the development of guidelines is tedious, especially when the focus of the guideline is excessively broad. He described how many features of the ACI guideline and code development process for use of FRP composites in a broad spectrum of applications have not proved as productive as the application-specific content of the American Water Works Association’s guidelines for FRP composite reinforcement of pipes.

Owners

Caltrans 

Jim Gutierrez, of the California Department of Transportation, spoke about the department’s wide range of usage of FRP composite materials. Caltrans has been involved in composites research and testing for many years and has implemented composites in a range of applications from seismic retrofit, flexural and shear strengthening of various bridge elements including the NSM method, high load impact repairs, and FRP bridge decks to FRP snap-locking sign structures. Caltrans has implemented a prequalification program with rigorous durability testing requirements for FRP composites used for seismic retrofit and strengthening.  They also require random quality control and material testing on FRP strengthening projects. To improve the development of design guidance, adoption of American Association of State Highway and Transportation Officials (AASHTO) guidelines were recommended along with a curated material specification database, which would include all relevant guideline and standards publications. 

However, Caltrans faces challenges to realize widespread adoption of FRP composites. Dr. Gutierrez stressed that maintaining quality control in wet lay-up applications is vitally important, which he proposed might be addressed by more extensive review of expectations and experience with installers. Finally, because of: (1) design strength characteristics in wet lay-up applications are highly dependent on the quality of the installation process; (2) the difficulty in obtaining qualified installers, and (3) the issue of other departments of transportation not having the skilled personnel to recognize potential FRP installation problems, Dr. Gutierrez suggested that prequalification requirements be standardized to address these issues.

NRECA

Robert Harris, of the National Rural Electric Cooperative Association, gave an overview of the needs of electrical distribution in relation to new construction with FRP composites. Although FRP composite poles present some advantages (lightweight, modular, high dielectric strength, low relative permittivity, flexible), the following concerns limit the adoption of this FRP composite technology: (1) impact performance, (2) ultraviolet (UV) degradation, (3) service-life prediction, and (4) end-of-life disposal. Installers also have a lack of familiarity and expertise with the materials that leads them to favor wood-based solutions. While this problem can be managed effectively for new construction, major storm restoration presents an entirely different situation. The need to bring in many poles and outside crews to restore service as rapidly as possible poses a serious challenge to the use of composites in those circumstances. All distribution line crews are fully trained and equipped to work with wood poles. Currently, introduction of new materials, training, and equipment under emergency circumstances delays restoration of service.

Contractors

Astaldi

Antonio Nanni of the University of Miami presented for Sergio Notarianni of Astaldi Construction Corporation. He identified overall expense, beyond the direct cost of FRP composite materials, as a challenge for the adoption of FRP composites. The overall expense includes indirect costs such as lead time and over-procuring for contingencies, additional training and oversight needed to ensure correct placing of the bars in the field, among others. To improve this situation, he recommended focusing on reducing those costs through improvements in logistics, planning, and other training, as well as giving attention to procurement issues that delay construction. He identified the best applications for FRP composites from the perspective of Astaldi as tunnel construction and tunnel linings, light rail transit track beds, and concrete reinforcement in marine and other harsh environments.

Breakout sessions

Following the presentations, the attendees were divided into three breakout sessions: New Construction, Repair/Retrofit Construction, and Stand-Alone Composites. The groups were charged with identifying the five biggest challenges with using FRP composites in their assigned niche, as well as identifying the individual barriers faced in the adoption of FRP composites considering various factors such as cost, agency buy-in, etc. Each group was asked to name the important stakeholders for their topic area, and the makeup of the teams that could best tackle the top barriers to composite adoption. Across the groups, both cross-cutting and unique barriers and recommendations were identified. 

A summary of the discussion, conclusions, and recommendations from each group is presented in the next sections. 

Breakout Session 1: New Construction

Session Definition

The adoption of FRP composites for new construction represents a paradigm shift for designers, contractors and owners. The participants identified niche applications such as marine structures, bridges, decks, building exteriors, geotechnical works, support units, and pipes as suitable areas for FRP composites use. The driver for the deployment of FRP composites in new construction focused on internal reinforcement for concrete structures (rebar) to overcome the challenge of corrosion. The group identified the top barriers for stand-alone FRP composite structures: (1) training and education; (2) codes, specifications, and standards; and (3) manufacturing. Specific challenges within each barrier category are discussed below.

Training and Education 

The primary barrier to the successful incorporation of FRP composites for infrastructure applications was decided by consensus of this breakout group to be the current lack of education and workforce training. The first hurdle towards a knowledgeable workforce was agreed to be the lack of FRP composites education in civil engineering, architecture, and architectural engineering programs. Furthermore, the specialized programs that teach FRP composites were found to be incompatible with the licensing requirements of the civil engineering industry. 

On a related note, the group concurred that the infrastructure workforce needed to be trained on FRP composites-specific aspects such as handling, installation (including interfacing with tradition construction materials), storage, inspection, safety, and maintenance. This would provide field engineers with the confidence and the willingness to work with FRP composites. With regards to maintenance, the group agreed that currently, inspectors were not sufficiently qualified or knowledgeable in FRP composites for construction. As one participant aptly commented, “Boat builders cannot be inspecting bridges!” 

The group also commented on the lack of singular, reliable sources of FRP composites information. FRP composites in general, are perceived to be “risky” materials. It was suggested that access to a centralized knowledge repository on FRP composite design information and case studies might help minimize this perception of risk.

The group also identified that modeling tools for FRP-composite-specific design and development were absent. Additionally, widely used design software were found to be inadequate due to the lack of FRP composites database modules. This is further complicated by the fact that FRP composites display part-specific anisotropy and cannot be modeled as an isotropic material such as steel. This is a fundamental challenge of FRP composites and can only be overcome through education and proper use of modeling tools and methods.

Codes, Specifications, and Standards

The group agreed that there were significant variations in material properties between and within suppliers. Participants from the infrastructure sector voiced their discomfort in having to “think too much” prior to procuring FRP composite parts, due to the said variations. In response, there was a strong call for standardization of minimum material performance standards at the constituent and part levels, as is currently being maintained by ASTM for other material classes. 

The effect of the FRP composites industry structure on the supply chain was recognized as another key issue. The constituent (fiber, matrix, and filler) manufacturers are large reputable companies with international certification. However, the part manufacturers, who are a vital link in the supply chain, are small fabricators who may lack credibility and sophistication. Due to this, there is a dearth of proven products and precision in the FRP composites market. The group expressed the need to qualify and approve the supply chain by putting in place stringent quality standards, specifications, and inspection protocols. Such an approach could be complimented by a formal certification program by relevant industry organizations.

The group also identified that many of the current FRP composite components were unnecessarily overdesigned with old and large safety factors due to the lack of familiarity with FRP structure-property relationships over the service life of a structure. This in turn drives up the costs and weight of these components. Furthermore, most design endeavors do not incorporate durability as a design parameter. 



Manufacturing

The group suggested that a single reliable organization should define metrology that can be used to achieve a clear demonstration of FRP composites performance. This should include standardized methods for conditioning protocols and accelerated testing that mimics environmental aging and durability characteristics. The group re-iterated the need to qualify the supply chain and establish quality assurance and quality control at the part-manufacturer level. The group agreed that the appropriate tools to install FRP composites (and/or interface with existing construction) were lacking. This issue was identified as a key hindrance to the usage of FRP composites in construction. The group recommended that manufacturers maintain an inventory of part-specific accessories (e.g., specialized drill bits and saws) that facilitate installation. 

Overcoming the Top Barriers

Training and Education

The group recommended establishing partnerships between industries, professional societies (ASCE, American Concrete Institute (ACI), etc.) and academic institutions to help educate and familiarize students on the topic of FRP composites. There was also extensive emphasis placed on the need to educate the construction industry and their customers on the advantages and limitations of FRP composites, the key benefit being their excellent durability and lifecycle costs. Furthermore, it was suggested that the easiest way to accelerate adoption of FRP composites would be to identify high-volume applications that hold the highest value for the industry and the customer. There was general agreement that the marketing and communication of FRPs needed to be improved to accomplish FRP composite adoption. The group noted the additional work required the development of database modules and analysis packages in collaboration with software companies, where designs for standard FRP composite parts could be readily accessed from the materials library. 

Codes, Specifications, and Standards

The group noted that the approved supplier systems that function within the automotive and aerospace industries could be used as templates for adopting material performance standards practices. The group proposed to optimize and standardize FRP composite design, as well as to build validated design software solutions, to reduce overdesign and excessive safety factors. The collaboration of various reputed organizations such as ASTM, ACI, AASHTO, US Army Corps of Engineers, ASME, ASCE, PCI, and USDOT was deemed necessary for the establishment of robust codes, specifications, and standards. Mandating the use of these codes would effectively accelerate innovation for the design, use, and deployment of FRP composites by designers and users, at the cost of potentially limiting innovation by FRP manufacturers.

Breakout Session 2: Repair/Retrofit Construction

Session Definition

Typical applications of FRP composites for repair/retrofit discussed during the breakout session included strengthening of bridge structures including columns, girders, pier caps, deck overhangs, and barrier walls. Other applications discussed included the following: marine pilings, pipelines, and turbine structures for wind. Seismic flexure/confinement and shear seismic retrofit applications using FRP composites were presented in the whole group discussion, but not specifically discussed in the repair/retrofit breakout group.

Barriers to the wide use of FRP composites were identified during the discussion, and many of the barriers interconnected with each other. For instance, insufficient codes and standards are related to less-defined construction procedures. 

The group identified the following top barriers for repair/retrofit construction: (1) durability and service life; (2) training and education; (3) codes, specifications, and standards; (4) procedures; and (5) quality control. Specific challenges within each barrier category are discussed below. 



Durability and Service Life

Inadequate durability and service life information for FRP composites as a function ultraviolet/moisture, mechanical fatigue/creep, salt spray, freeze/thaw cycling, and temperature exposure were important issues. Validated industry standard models for service life prediction are needed. Appropriate life cycle costs for developing models as well as defining critical model parameters for correct inputs were identified as associated challenges. Access to legacy data (e.g., proprietary and public domain) from various manufacturers and/or actual projects was suggested for validation of models. In addition, a lack of data for fire/high temperature resistance properties of FRP composites was discussed; it is particularly difficult to introduce FRP composite materials into applications subject to fire hazards.

Training and Education

Improvement of training and education for proper design and installation of FRP composites is needed. The participants agreed that engineers should understand mechanics of polymers and fiber reinforcements for adopting FRP composites into current structural designs. Continuing education for current engineers whose emphasis has been on conventional concrete and steel structure design was also highlighted as a way to promote use of FRP composites in structural designs.

Codes, Specifications, and Standards

Insufficient codes, specifications, and standards are barriers for engineers to choose appropriate design parameters for FRP composites. Some codes are available for design, but standard documents are still needed to address additional engineering judgements for composites. For instance, the ACI Committee 440 design guide currently used in the field will not cover everything in the broader construction ecosystem, and so developing specific guides that are directly related to individual applications was highly recommended. Consensus-based standards for durability assessments are lacking, and the long timeframe for consensus standard approval was found be an additional challenge. It was recognized that codes and standards set the designer’s standard of care, and without a defined standard of care, to limit liability, designers will stay with traditional technologies. Earlier acceptance of FRP composites will result from development of application specific design guidance, not broad guidance. Furthermore, from a structural designer’s point of view, the properties of FRP composites depend in complicated ways on their constituents (e.g., resin, fiber fractions and configuration) compared to the relative simplicity of conventional structural materials (e.g., steel), and this represents a FRP composite design challenge. 

Procedures

Insufficient FRP composites-specific construction procedures are barriers for designers since composites are relatively new materials to the civil engineering field. Education on the proper procedure for installation of FRP composite strengthening systems used for repair (e.g., a video for installation procedures) was recommended to facilitate installations in the field. Sharing construction history databases from the private sector in a usable way such as a web-based database, or establishing guidelines created by government entities (e.g., USDOT, Department of Homeland Security) was suggested. For instance, procedural information for joining and anchoring FRP composites to existing structures is insufficient for many engineers and technicians. Finally, inadequate information on both the shelf-life of component materials (e.g., resins) in FRP composites, as well as material health and safety data was also seen as a challenge.

Quality Control

Lack of specialized inspection technology of FRP composites during and after construction is a barrier. Methods of quality control of FRP composites during construction and the follow-up tests for assessing the material condition over time are limited, and many known methods for inspecting and assessing composites are difficult to perform in the field. It was suggested that structural health monitoring methods using easily implementable nondestructive or minimally invasive techniques be developed and used to evaluate the integrity of installed FRP composites.   

Overcoming the Top Barriers

Durability and Service Life

End users, government, and academia were identified as a potential working group to investigate this barrier since each group has unique roles due to their different interests in durability and service life properties of FRP composites. During the discussion, participants (e.g., composites manufactures and designers) highlighted their interest in service life, environmental effects, and predictive models for FRP composites that can facilitate their structural design efforts. It was suggested that government, as a neutral party, compile durability data and define limits using codes and standards for the end user group. The group indicated that academia could be used to develop measurement methods and models.

Training and Education

Several suggestions such as including polymer material science courses in the civil engineering curriculum and continuing education courses were discussed, however, no specific actions were identified.

Codes, Specifications, and Standards

Government, academia and end user groups should tackle these issues together since each party has different roles in developing these documents. No specific action items were identified.

Breakout Session 3: Stand-Alone Composites

Session Definition

The participants defined stand-alone FRP composites as individual structural or equipment elements used in transportation, manufacturing, and infrastructure applications. Examples cited by the group included utility poles, marine pilings, modular or pre-fabricated FRP composite components that include bridge decks, tanks, pipes, ducts, stacks and gates, and roofing supports. The definition excluded structural elements such as reinforcement bars and FRP strengthening systems for concrete. Stand-alone FRP composite products are a small component of the overall FRP composites infrastructure market with unique challenges for increased market penetration. Owners, designers, and contactors are comfortable with traditional materials and construction methods and are therefore hesitant to use FRP composites despite their potential safety, life-cycle cost, and durability advantages. The key engineering design properties considered during the acquisition process are stiffness, failure strength, creep and creep rupture, damage tolerance, bearing strength, fatigue life, and environmental resistance (ultraviolet, temperature, solvent, salt). FRP composite materials have distinct material property advantages in one or more of these areas compared to traditional materials, especially in aggressive marine, high wind, and earthquake environments.

The group identified the top barriers for stand-alone FRP composite structures: (1) predicting service life; (2) codes, specifications, and standards; (3) first-cost paradigm; and (4) training and education. Specific challenges within each barrier category are discussed below. 

Predicting Service Life 

Typical service lifetimes for infrastructure structures range between 75 years to 125 years.5 Typical service environments include exposure to ultraviolet radiation, water/moisture, salt water, cyclic and sustained loads (fatigue), and wide temperature fluctuations. Durability and service life in realistic environments and time scales were identified by participants as the biggest challenges for FRP stand-alone structures. Manufacturers and users accept the superior durability of composite materials in harsh environments. The main challenge is the ability to quantify the remaining life for asset management purposes. For example, the corrosion rate or fatigue-crack propagation in steel is well understood and can be used to predict the likelihood of failure for a pipeline. In a FRP composite material, there may be no outward indicators of degradation or propagating cracks that allow accurate prediction of remaining service life. Further, these challenges can be broken down into three subcategories: safety factors, accurate prediction of service life, and accurate prediction of remaining service life.

Safety Factors 

Currently, FRP structures are conservatively designed for safety (e.g., safety factors of 10:1 for corrosion, 2.5-4:1 on structural factors like creep), which increases cost and limits innovation in structural design. High safety factors are often used due to: lack of understanding of FRP materials (including their long-term durability), lack of accepted design standards, and lack of complete property characterization of a material. 

Accurate Prediction of Service Life

Material property data gathered from realistic exposures is not widely available because many initial applications have not reached their estimated lifetime. Furthermore, a concerted effort has not been made to collect publicly available in-service data on changes in material properties with exposure. Many of the performance tests required for design are based on accelerated exposures, which result in a pass/fail criterion. This does not facilitate calculation of appropriate safety factors, or accurate failure predictions. In addition, these tests do not sufficiently account for interacting factors. 

Examples of successful approaches for developing a framework of test methods, and predictive models for service-life are those established by the wind industry, with the National Renewable Energy Laboratory,6,7 and by the coatings industry, with NIST.8  Notably, these industries, in comparison with infrastructure, have expectations of much shorter desired service life and minimal maintenance. In addition, there are a multitude of FRP composites test methods developed through the aerospace and pressure vessel industries, but whether it is appropriate to use these methods to predict the service life for infrastructure applications is not clear. We acknowledge that the wind industry and coatings industry service life is much less than that for infrastructure, and usual expectations are for very minimal maintenance.

Prediction of remaining service life

There is a need to identify non-destructive monitoring methods coupled to statistical predictive modelling to facilitate accurate asset management decisions. This will continue to be a focus area for infrastructure applications as more communities shift to a resilience focus for their life-cycle support systems.

Codes, Specifications, and Standards

The group agreed that there is a lack of uniformity in design, manufacturing, certification, and inspection approaches for stand-alone FRP composites for infrastructure. Additional consensus based standards are needed, as are clearinghouses for data. Examples of data clearinghouses can be found for aerospace  FRP composites, such as the Composite Materials Handbook 17 (CMH-17)9 and the Wichita State University NCAMP10 databases. Nationally recognized codes and certification process documents are preferred over variable, region-specific practices. 

First-cost Paradigm

Installed cost and short depreciation time limits do not accurately represent the cost advantages of FRP composites. However, reductions in material costs help to reduce installed cost, as was seen previously when FRP utility pole cross-arms came into widespread use after costs dropped. 

Training and Education

Customers believe that FRP composite materials require onerous training and safety equipment for installation and maintenance. For example, trained installers are needed to repair infrastructure in the event of a natural disaster, which adds to the difficulty of deploying FRP composites outside of niche applications. 

Overcoming the Top Barriers

Predicting Service Life

Better material property data and test methods for accurate prediction of remaining service life would serve as a foundation to change safety factors in the existing codes and reduce the cost of FRP solutions. A survey and prioritization of measurement methods are required to clearly identify the path forward. Any identified test methods should be performance based and only material composition prescriptive as a last resort. The predictive modelling methods should be validated using a solid scientific framework, and should be developed in parallel with efforts aimed at the accurate prediction of service life.

Codes, Specifications, and Standards

The following codes/standards for stand-alone FRP composites, which serve as examples for future development activities were identified:

· ASME RTP-1 Standard for Reinforced Thermoset Plastic Corrosion-Resistant Equipment11

· ASCE Pre-standard for Load and Resistance Factor Design (LRFD) of Pultruded FRP Structures12

· AASHTO Guide Specifications for the Design of FRP Pedestrian Bridges13

· ANSI/ACMA/FGMC FRP Composite Grating Manual for Pultruded and Molded Grating and Stair Treads14

The further development of these and other design standards related to the use of FRP composites for infrastructure applications will help owners become more comfortable with the specification of FRP composites. They will help engineers become more familiar with the use of FRP composites in designs, and will provide a more uniform approach to design with these materials. Although the development of standards such as these is a complicated task that takes significant time and commitment from numerous constituencies, the development of standards related to the use of FRP composites in infrastructure offers the opportunity to address numerous barriers that have been identified related to the adoption of FRP composites. Cooperation and coordination among industry, government, and academia is critical for the successful development and utilization of such standards.

The group recommended that the FRP community adopt a framework – comprised of manufacturing, quality control, and repair-process guides – supported by consensus standards. Areas needing improvement are standard methods of evaluating long term durability, and round robin testing in support of existing test methods and standards. A significant challenge with consensus standards is the time required to adopt a new standard and have it promulgated to users. Fig. 4 represents how manufacturers, material suppliers, maintainers, and installers intersect in a space governed by the new framework. The adopted consensus standards should also support the rapid acceptance of new matrix polymers, fibers, and manufacturing processes into infrastructure design, inspection, and regulation. 

             

Fig. 4: Recommended framework for the FRP community. Attention to certification, design, and maintenance provides durability and cost effectiveness is necessary for sustainability. Courtesy Owens Corning. 


Summary

Barriers to adoption of composites in infrastructure

The workshop participants identified the cross-cutting barriers recognized by all breakout groups; these are shown in Table 1. The top three barriers were: Training and education, codes and standards, and durability and service life prediction. First cost was not viewed as a barrier in either the new construction, or the repair/retrofit construction breakout groups. However, the stand-alone FRP composites breakout group did call out first cost as a barrier, but did not see procedures and quality control as important issues. 

Table 1: Matrix of cross-cutting barriers identified by each breakout group

		Cross-Cutting Barriers

		New Construction

		Repair/Retrofit Construction

		Stand-Alone Composites



		Training/Education

		YES

		YES

		YES



		Codes/Standards

		YES

		YES

		YES



		Durability/Service Life

		YES

		YES

		YES



		First Cost

		NO

		NO

		YES



		Procedures

		YES

		YES

		NO



		Quality Control

		YES

		YES

		NO







The greatest impact can be obtained by focusing on the cross-cutting barriers, however there are barriers in individual applications that also need to be addressed. As an example, non-destructive inspection techniques need to be developed for locating composite rebar in new construction, to avoid damage during subsequent hole-making. Eliminating the cross-cutting barriers – with improved measurements, data, standards, specifications, training and predictive tools– will enable rapid commercialization of FRP composites for a more sustainable infrastructure. 

Roadmap

The preliminary Roadmap in Fig. 5 is a primary product of this workshop; it is a strategic direction for future road mapping. The work to be done in overcoming barriers to the adoption of FRP composites in infrastructure has been divided into three activities or tasks: Durability Testing, Design Data Clearinghouse, and Education and Training. Each task was divided into several efforts with three overall goals in mind: Improved Costs and Sustainability, Widespread Adoption, and Trained Designers and Contractors.






Durability Testing

Accelerated Test Data Analysis
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Model Prediction of 100 Year Service Life

Improved Costs and Sustainability
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National to Global
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Program Certification
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Fig. 5: Preliminary Roadmap designed during the workshop. This roadmap captures the nine basic efforts (center-section) that need to be completed to overcome the top three barriers (leftside) and achieve the three critical outcomes (right-side). Each effort may result in a workstream with multiple tasks and overlapping concerns.

Durability Testing 

A five-year program is recommended to establish testbeds, gather data, and develop models from accelerated testing that would result in a set of reliable design tools. This empirical approach should be complimented by an a priori program focused on developing tools capable of predicting service life only from knowledge of the exact structure and combinations of materials. The resulting models and data would then become widely available to industry, end-users, engineers, architects, and designers through an on-line tool. Industry involvement is vitally important to ensure that the research program is commercially relevant, therefore a public-private partnership is envisioned. This partnership should focus on the collection of durability and service life information for composites as function of environmental and material parameters (ultraviolet, moisture, mechanical fatigue/creep, salt spray, freeze/thaw cycling, temperature exposure, chemical structure, etc.) using both case studies and laboratory testing to validate the predictions, ultimately targeting the ability to predict more than 100 years of service life. Of course, there will be different needs and expectations for FRP composites used in different regions, and different durability parameters may be more, or less, important in different applications. 

The Durability Testing program should include:

· Identification of critical data and modeling needs

· Accelerated aging methods for FRP composites

· Fundamental durability and lifetime models

Design Data Clearinghouse

The participants collectively identified the need for a “clearinghouse” to gather, curate, and disseminate design guides and reliable data tables for infrastructure applications. This project would provide valuable data in the near term, by categorizing and storing existing information, specifically to make it widely available for infrastructure applications, and accessible to all stakeholders from standards bodies, to designers, to contractors. The Design Data Clearinghouse should seek to: 

· Enable communication and education to end-users

· Enhance discoverability of FRP composite guides, methods, and standards

· Provide traceability and harmonization of standards and guidelines.

This clearinghouse should provide the initial progress towards the harmonization of design guidelines and standards so that a wider view of the design space and verification test methods are possible. This standardization, once proven at regional and eventually national scale, should be transitioned to a global effort to ensure a wide and uniform market, enabling widespread adoption of composites in infrastructure. 

Training and Education

The information gathered or created from Durability Testing and Design Data Clearinghouse activities must be transferred to designers, practicing engineers, and end-users to be implemented in infrastructure applications. Curriculum development can incorporate the data and knowledge generated from these activities as they become available and accepted. These curricula can be utilized as requirements of a program certification effort by industry or standards organization stakeholders. Once such programs are created and recognized, they can serve as training for certified technicians and designers, who can train others in an apprenticeship for direct, decentralized, and personalized education of the necessary reserve of trained designers and contractors.
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Appendix D: Additional Material

Complete PDFs of the keynote presentations in a ZIP archive file are available at https://doi.org/10.6028/NIST.SP.1218s.
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