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EXECUTIVE SUMMARY

The long service life expectations of pavements, bridges, and other components cannot be reliably met by using
traditional tests for specification and acceptance, which center around three criteria: slump, air content, and compressive
strength. These three criteria are only loosely related to deterioration phenomena and do not always ensure satisfactory field
performance. Consistent with the focus of MAP-21 legislation on performance, the FHWA, public agencies, and industry
are moving towards performance engineered construction materials for more durable and sustainable concrete infrastructure.
Performance engineered mixtures (PEM) include optimized mixture designs (materials selection, gradation, cement content
etc.) that provide improved durability and sustainability. FHWA has established the PEM Initiative, which focuses on state
agency implementation of PEM guidance provided in AASHTO PP 84, “Standard Practice for Developing Performance
Engineered Concrete Pavement Mixtures.” Recently, this provisional standard has been approved as a practice standard,
renamed, AASHTO R 101, “Developing Performance Engineered Concrete Mixtures” (AASHTO 2022). Although
developed for pavement concrete mixtures, the approach outlined in AASHTO PP 84 and R 101 could be extended to
include specifications for PEMs utilized for other infrastructure, such as bridges, barriers, and lower grade uses.

There are tangible benefits to moving towards performance specifications for concrete, as seen in other states.
However, each agency must do the groundwork necessary to identify the components of PEM concrete specifications
appropriate for their agency and local stakeholders, including identification of desired tests and specification approaches,
performance targets, and training/technology transfer for all stakeholders. Nationally, the PEM initiative is a dynamic effort
that is a key, current focus of many state agencies, researchers, and industry partners. The FHWA, other state agencies, and
academic institutions continue to make advancements in the basic science behind key PEM tests, identification of QA and
QC and specification approaches, and links to performance data.

NCDOT’s preliminary work to support PEM included RP 2018-14 (Cavalline et al. 2020a) and RP 2019-41
(Cavalline et al. 2020b, Cavalline et al. 2022), which provided early steps towards performance specifications for concrete
infrastructure and deployment of several PEM approaches in an interstate pavement project. Work included in this project
leveraged progress from these initial efforts along with findings from other ongoing related research on concrete materials
to support specifications for and use of more durable, sustainable concrete mixtures in North Carolina highway
infrastructure. Laboratory evaluation to expand the catalog of data available to refine specifications and targets for several
PEM tests, including surface resistivity, shrinkage, Super Air Meter (SAM), and strength, was performed. Emphasis was
placed on evaluating the potential benefits that could be achieved through use of optimized aggregate gradation mixtures
and lower paste contents. It was found that compressive and flexural strengths were roughly equivalent between optimized
and non-optimized mixtures, indicating that current NCDOT specifications could reasonably be met by mixtures containing
a 10% reduction in cementitious materials and a 2-3% reduction in paste volume. This could offer both economic and
sustainability benefits. Durability performance benefits could be realized by optimized aggregate gradation mixtures as
well, with later age shrinkage measurements showing improvements over conventional mixtures. Electrical tests to evaluate
permeability appeared to be influenced by the additional interfacial transition zone (ITZ) of the optimized gradation
mixtures, and performance targets may need to be adjusted. The freeze-thaw durability of both optimized gradation and
non-optimized gradation concrete mixtures was excellent, and recommendations regarding air void system parameters and
the SAM target are provided.

Resources and tools to support quality assurance (QA) and quality control (QC) of structural and pavement concrete
were developed, and the surface resistivity meter was also evaluated for use in evaluating the quality of overlay concrete.
A procedure using the surface resistivity meter was developed, and overlay thickness was successfully evaluated. Guidance
regarding the influence of conditions such as edges, reinforcing steel, and voids on field surface resistivity measurements
was also prepared.

PEM tests were also used in the field as part of a second pilot project, which included the construction of structures
along an interstate widening project south of Charlotte, NC. The test results were analyzed, and recommendations regarding
targets and PEM specification approaches are provided. Surface resistivity measurements reaffirmed the proposed targets
for structural concrete developed as part of laboratory studies. SAM data continued to show variability, but the variability
in this data is reduced from that observed in the initial pilot study. This is likely due to a training session held by the
developer, use of selected technicians, and more frequent use of the SAM.

Overall, this work should support 1) cost savings associated with longer service life and reduced maintenance costs
for concrete pavements, bridges, and other infrastructure 2) an enhanced focus on quality during construction, driven by
performance-based requirements, 3) guidance on interpretation of laboratory testing results and the impact on performance,
4) improved QA and QC testing particularly the use of new and emerging PEM tests, and 5) further implementation of PEM
tests and specifications by NCDOT.
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1.0 INTRODUCTION AND RESEARCH OBJECTIVES

1.1 Introduction

In the past century, many changes have been made to concrete mixtures and materials. Concrete materials have
become more complex, using a wide variety of admixtures and supplementary cementitious materials (SCMs), sometimes
in combinations (Cackler et al. 2017a). Exposure conditions, including increased traffic, adverse chemical reactions from
chlorides in sea environments, and increased use of deicing chemicals in winter environments have impacted long term
durability and service lives of many concrete structures (Cavalline et al. 2016). Advances in construction technologies have
resulted in changes in the way concrete is batched, placed, consolidated, and finished. Also, accelerated schedules are
placing increased demands on the early-age performance of concrete. Due to the impacts of these various factors on long
term concrete performance of concrete infrastructure, the Federal Highway Administration (FHWA), state highway
agencies, and many industry stakeholders agree there is a need to readdress the way that concrete mixtures are specified and
tested.

Extensive research in recent decades has led to new understanding of concrete deterioration mechanisms,
advancements in concrete mixture design, and development of better field and laboratory tests for QA and QC. With this
new knowledge, an FHWA initiative is underway to improve performance of concrete infrastructure through performance
engineered concrete mixtures (PEM). This initiative has resulted in development of AASHTO specification and
commentary, AASHTO PP 84, “Standard Practice for Developing Performance Engineered Concrete Pavement Mixtures,”
which provides a framework and guidance for state highway agencies to develop a specification for performance engineered
concrete mixtures that focuses on measurement and acceptance of concrete based on characteristics that have been linked
to satisfactory long-term durability performance of the concrete (AASHTO 2020). Recently, this provisional standard has
been approved as a practice standard, renamed, AASHTO R 101, “Developing Performance Engineered Concrete Mixtures”
(AASHTO 2022). Although initially developed for pavement concrete mixtures, the approach outlined in AASHTO PP 84
and R 101 could be extended to include specifications for PEMs utilized for other infrastructure, such as bridges, barriers,
and lower grade uses, as well.

Performance-related specifications provide agencies the ability to obtain the desired construction quality while
allowing contractor greater control and flexibility (Ahlstrom 2016). For instance, current prescriptive specifications for
minimum cement content and rate of strength gain may preclude the acceptance of mixtures that have superior economy,
durability, and satisfactory mechanical performance, but contain high proportions of SCMs. The provisions included in
AASHTO PP 84 and R 101 are presented in a format that allows state agencies flexibility in selecting the tests and
requirements most applicable to their states. Recommended uses of the PEM tests, such as for mixture qualification or for
acceptance, are also suggested. An appendix to the standard provides additional context, technical information, and
guidance. It is noted that AASHTO PP 84 was modified almost yearly between 2016 and 2021, with slight changes to
format, content, recommended testing protocol, and testing targets. AASHTO R 101 will also likely be updated frequently
as research and deployment activities supporting the PEM initiative progress in the coming years.

Performance-related specifications require measurement of key properties and performance characteristics. In order
for performance specifications to be successfully utilized, QA and QC tests should be performance related, rapid, effective,
reliable, and inexpensive (Cackler et al. 2017b). Recent advancements in testing technologies have provided means of more
directly measuring the properties of concrete mixtures that have been linked to successful field performance (Cackler et al.
2017b). A number of state agencies are using and evaluating new, rapid, early-age testing technologies such as resistivity,
sorptivity, and air void system analysis that support development and use of performance-engineered concrete mixtures.
Ongoing concrete materials research is providing state highway agencies data to support the use of PEMs. However,
additional work is needed to identify appropriate performance measures, performance goals, and QA and QC protocol. The
capabilities of these tests to evaluate the durability performance of concrete mixtures is improving as state highway agencies
build sufficient data to correlate the test results with field performance.

1.2 Performance Engineering Mixtures — Materials and Mixture Parameters, and Specifications

As mentioned earlier, tests used for specification and acceptance of concrete mixtures have typically been tests for
slump, air content, and strength. It has generally been believed that strength could be used as a “quasi-indicator of
durability” (Cackler et al. 2017a). However, research and field experience has shown that slump, air, and strength are not
reliable predictors of long-term performance. To endure stresses related to field exposure, concrete needs to exhibit
characteristics that indicate good resistance to freezing and thawing, and chemical attack from corrosive deicing salts and
chlorides, to the extent to which it will be exposed during its service life (Cavalline et al. 2016). Additionally, the concrete
cannot be susceptible to deleterious alkali-aggregate interaction (such as alkali-silica reactivity, or ASR).
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Although none of these characteristics are easily measured directly, it has long been known that durable concrete is
associated with several performance characteristics measurable in a laboratory setting. Low permeability, resistance to
cracking and transport of deleterious substances, aggregate stability, and an adequate air void system are examples of these
performance characteristics (Cackler et al. 2017a, Taylor et al. 2013). Additionally, to mitigate placement defects that result
in the poor durability of what would otherwise be a satisfactorily-performing concrete mixture, workability needs to be
considered (Cackler et al. 2017a, Taylor 2016).

Conventional mixture designs using ordinary portland cements and quality aggregates, can provide good durability
performance if they are properly proportioned with low w/c ratio, good workability, and take advantage of admixtures to
create an adequately dispersed air void system (Taylor et al. 2013). Additionally, SCMs, such as fly ash and slag have been
shown to provide enhanced durability performance (reduced permeability and mitigation of ASR). Established and emerging
mixture proportioning and test methods included in AASHTO PP 84 and R101 will help to ensure that mixtures will meet
performance expectations.

A key feature of the AASHTO PP 84 and R101 specifications is that they provide a menu of potential specification
provisions that address six-key performance-related properties listed below, with recommended test methods that state
highway agencies can select (or omit) as they desire. This approach allows state highway agencies to incorporate knowledge
of local historical performance, risk tolerance, and agency preference into a durability-based specification. For many
performance requirements, an agency can select from either a prescriptive or performance approach. The six key
performance requirements included in AASHTO PP 84 and R101 include (AASHTO 2020, AASHTO 2022):

1. Concrete strength
Despite not always being directly indicative of long-term performance, the strength of concrete continues to be an important
specification parameter. AASHTO PP 84 and R101 suggest use of either flexural or compressive strength (or both) for
mixture qualification and for acceptance.

2. Reducing cracking due to shrinkage
AASHTO PP 84 and R 101 suggests several specification provisions to reduce cracking, including a prescriptive measure
of limiting the volume of paste in a paving mixture to 25%. A performance test that could be selected includes the
unrestrained volume change (AASHTO T160). Other conventional and emerging test methods such as the restrained ring
tests and a probability of cracking method are discussed in the Appendix of the standard.

3. Durability of hydrated cement paste for freeze-thaw durability
AASHTO PP 84 and R 101 suggest use of a prescriptive w/c ratio limit (0.45), or acceptable performance using one of
several other currently utilized or emerging rapid test methods. These methods include fresh air content using the
conventional pressure or volumetric air meter (AASHTO T 152 and T 196), the Super Air Meter (SAM) (AASHTO TP
118), and tests related to time of critical saturation (ASTM C1585) and deicing salt damage. Other prescriptive specification
provisions suggested for protecting concrete from deicing salts include use of SCMs at a suggested replacement rate of
30%, and application of sealers (AASHTO M 224). Measures to protect joints from damage caused by calcium oxychloride
formation include tests to quantify the amount of calcium oxychloride in the cement paste (AASHTO T 365).

4. Transport properties
A prescriptive measure of maximum w/cm (limiting to less than 0.45 or 0.50) is suggested, based upon freeze-thaw
conditions. Results from several research projects showed test results of the surface resistivity meter (AASHTO T 358)
correlate with the well-established but time-consuming rapid chloride ion permeability test (ASTM C1202) (Rupnow and
Icenogle 2011). However, both of these electrical tests have limitations associated with pore solution ionic concentration,
temperature effects, sample geometry, degree of saturation, and storage. AASHTO PP 84 extends the use of resistivity
meter by suggesting use of a formation factor (F-factor) to assist in normalizing the results of surface resistivity testing.

5. Aggregate stability
Prevention of deleterious aggregate-related issues such as D-cracking, alkali-silica reactivity (ASR), and alkali-carbonate
reactivity (ACR) are addressed in AASHTO PP 84 and R 101. ASTM T 161 and ASTM C1646 are suggested for screening
aggregates for D-cracking. AASHTO PP 84 and R 101 suggest use of the approaches outlined in AASHTO R 80 to prevent
and mitigate ASR and ACR.

6. Workability
Although not a measure of durability performance, considerations for assessing workability are included in the AASHTO
PP 84 and R 101 standards due to the linkage between inappropriate workability and construction-induced issues such as
poor consolidation, edge slump, segregation, and degraded air void system quality. Two emerging methods of assessing
concrete workability of low-slump paving mixtures suggested in AASHTO PP 84 and R 101 are the Box Test and the
Modified V-Kelly test (AASHTO TP 129).



1.3 Construction QA and QC for Performance Engineered Mixtures

Properties of interest for performance engineered concrete mixtures will depend on the agency’s goals, preferences,
and risk tolerance, as well as the project constraints. Performance specifications allow the contractor flexibility to meet
contract requirements, encouraging innovation and potential cost savings for the owner (Cackler et al. 2017a). Agencies
will need to continue to review and approve performance engineered concrete mixtures as they would other types of
concrete. Guidance for establishing a quality assurance program for performance engineered concrete mixtures is outlined
in Cackler et al. (2017b). This publication also describes the importance of development and use of contractor QC plans,
which serve as a means for the contractor to alert the agency about how specification provisions will be met.

AASHTO PP 84 and R101 provide mixture proportioning guidance to assist in developing PEM. Commentary
provided within the standards and their Appendices provide insight into strategies to meet performance goals, such as
optimizing aggregate gradation to assist in reducing paste volume, and meeting strength requirements while simultaneously
economizing the mixture. Requirements for mixture qualification and mixture acceptance are presented.

Performance specifications tend to shift risk from the agency to the contractor, with the contractor in turn benefitting
from the opportunity to innovate. AASHTO PP 84 and R101 detail the required QC activities to be performed by the
producer, which include development, approval and implementation of a QC plan. This QC plan should include details on
the methods and frequency of monitoring and testing, as well as data management and reporting tools such as control charts.
The QC plan will communicate to the agency how the contractor intends to meet the specification requirements (Cackler et
al. 2017b). A quality control plan to support PEM will reduce risk for all parties and can maximize the economic and
performance benefits associated with the mixture. Education and training (of both agency and contractor personnel), use of
shadow and pilot projects, a mixture qualification/verification procedure, and QC tools such as control charts are important
parts of a quality assurance (QA) program for PEM (Cackler et al. 2017b).

With proper mixture design, control, and testing, construction considerations for use of performance engineered
concrete mixtures in transportation infrastructure components should not differ significantly from construction
considerations for conventional concrete mixtures. As with other types of concrete, appropriate construction technigques
must be utilized and adequate curing must be performed in order to ensure development of the desired properties.

1.4 Implementation of Performance Engineered Mixtures

The approach outlined in AASHTO PP 84 was developed for pavement concrete mixtures. However, PEMs could
be extended to include mixtures of other classes of concrete as well. For example, use of PEM specifications could be used
to ensure placement of low permeability concrete in bridge decks, girders, piers and foundations, if desired.

Development and implementation of PEM specifications is an extensive undertaking, and the shift will impact all
stakeholders in the construction process. The menu of specification provisions suggested by AASHTO PP 84 and R 101
have provided guidance for several state agencies to make initial movement towards PEM in a variety of means (examples
include shadow testing using emerging test methods, pilot projects, and enhanced QC plans). At the time of preparation of
this literature review (Summer 2022), PEM tests were being performed by a number of states, including Arkansas,
California, Colorado, Georgia, Idaho, Illinois, lowa, Kansas, Maine, Michigan, Minnesota, New York, North Carolina,
Ohio, Oklahoma, Pennsylvania, South Dakota, and Wisconsin.

Although some states are currently utilizing some performance-related or performance-based specification
provisions, implementation of PEM is an ongoing effort to improve specifications. Research is being performed at many
universities and DOTSs to enhance the knowledge of the basic science, emerging tests, and field performance data to support
the specification. Evaluation of new technologies and equipment under field working conditions is ongoing, with a goal of
providing feedback to researchers and agencies, as well as refining the technologies (Praul 2016).

Challenges facing agencies interested in moving towards PEM include ensuring stakeholders are aware of and are
capable of performing the new tests, as well as properly interpreting the results. Some tests require purchase of new testing
equipment by both agencies and contractors. Ongoing technology transfer efforts are focused on preparing guidance for
specification approaches, tests, and quality control (Praul 2016). AASHTO PP 84 and R 101 also require an approved QC
plan. This provision, although likely to improve the quality of concrete produced, may be viewed as an additional burden
by some contractors. Overall, implementation of PEM should result in “higher quality concrete and more efficient
construction practices, reducing long-term costs to the agency (Cackler et al. 2017b).”

1.4.1 Implementation Efforts of Other State Highway Agencies

Several state agencies have made advancements towards implementing performance specifications for concrete.
These states include Minnesota DOT, New York State DOT, and Louisiana DOTD, among others. Each state agency has
approached changes to their specifications in a manner that was consistent with agency preferences and stakeholder comfort
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level. Although approaches vary by state, a review of these states’ approaches to PEM implementation provides insight and
guidance as NCDOT identifies future PEM studies and implementation efforts. For example, Minnesota DOT has made
incremental changes to their concrete pavement and bridge specifications from 1996 to present day. Their pre-1996 concrete
specifications focused on strength-based requirements. Over the next two decades, incremental changes were made to
include (Sutter et al. 2018):

1) A reduction in maximum w/cm ratio from 0.46 to 0.40

2) Optimization of gradations from the gap graded to the well-graded aggregate

3) Increased pozzolan substitution for portland cement to lower the risk of alkali-silica reaction (ASR)

4) Improved curing materials and practices

5) Increase in plastic air content

As described by Sutter et al. (2018), these incremental changes in concrete material specifications have led to
construction of pavements with lower permeability, higher strength, and increased air concrete. Potentially more
importantly, the ride quality for pavements constructed using the new concrete specifications “appears to be better and the
rate of degradation of ride quality appears to be slower (Sutter et al. 2018).” A marked decrease in permeability of Minnesota
concrete pavements (as evidenced by an increase in measured resistivity) after implementation of concrete specification
changes has been measured and is described in Sutter et al. (2018).

New York State DOT specification “ITEM 504.01010001 - Performance Engineered Concrete Mixture for
Pavements” in 2015. To date, this specification has been implemented on 47 design-build projects, including bundled bridge
projects, major paving projects, and train stations (Streeter 2018). With agency experience, this performance specification
continues to be refined and updated, with the most recent revision issued April 25, 2019. The key performance provisions
included in NYSDOT’s PEM specification include surface resistivity requirements (to ensure low permeability concrete)
for different applications of concrete mixtures. Prescriptive provisions include air content and minimum strength
requirements. In the spirit of performance mixture design, no slump, w/c ratio, aggregate gradation, or pozzolan
requirements are provided in this specification. The NYSDOT PEM specification also includes requirements for contractor
QC, as well as agency QA requirements (NYSDOT 2019).

Other states, such as lowa DOT have implemented PEM shadow specifications to gain field experience with new
PEM tests, to refine shadow specifications and performance targets, and to identify requirements for contractor QC plans
(Hanson 2018). Most of the states participating in the FHWA PEM pooled fund study have applied for (and received)
implementation funding. Agency experiences with PEM shadow specifications is documented in a series of reports provided
at the National Concrete Pavement Technology Center’s Website (CP Tech Center 2022), providing agency lessons learned
and stakeholder guidance. This literature includes experience gained during NCDOT’s own initial PEM implementation
study (Cavalline et al. 2020b, Cavalline et al. 2022), which provide insights into NCDOT’s implementation path

As evidenced by several states’ successful experiences, the benefits of moving towards performance specifications
for concrete are tangible. However, each agency must do the groundwork necessary to identify the components of PEM
concrete specifications appropriate for their agency and local stakeholders. Work performed as part of this project enhanced
NCDOT’s knowledge to support deployment of several approaches and testing targets for PEM, while also moving
advancing implementation efforts as appropriate for NCDOT personnel and local industry.

1.4.2 North Carolina DOT’s PEM Implementation Efforts to Date

In 2017, NCDOT initiated the first phase of this project focused on PEM, including support of FHWA’s PEM
Pooled Fund Study and funding a separate PEM research project. RP 2018-14, “Durable and Sustainable Concrete Through
Performance Engineered Concrete Mixtures” was a first step towards implementation of PEM (Cavalline et al. 2020a). This
project includes a data analysis of concrete mixtures used in NCDOT’s projects to 1) identify trends in materials and
proportions, and link to unacceptable, acceptable, and excellent performance, and 2) correlate mixture characteristics and
QA and QC test results with observed condition data, if possible. The laboratory evaluation included in RP 2018-14 includes
a mixture matrix of 24 mixtures typical of bridge deck (AA) and pavement mixtures at three water cement ratios, three
cementitious contents, and two replacement rates of fly ash (20% and 30%). Three mixtures contained portland limestone
cement (PLC) to aid in determining potential performance improvements that could result through use of ternary blends of
cementitious materials. This laboratory program included a single source for each cementitious material, and aggregates
utilized were representative of the Piedmont region (coarse aggregate sourced from Wake Stone’s Triangle Quarry, and a
natural sand from the Lemon Springs Pit).

Additionally, NCDOT applied for and received additional funds to support PEM implementation as part of FHWA’s
“Demonstration Project for Implementation of Performance Engineered MixturessAASHTO PP 84.” These funds were
awarded to NCDOT in Spring 2018, and the UNC Charlotte research team was retained (as part of RP 2019-41) to assist
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NCDOT in supporting the contractor at the PEM current implementation site (an 1-85 pavement reconstruction project).
Work contracted to UNC Charlotte as part of RP 2019-41 included support of contractor and NCDOT personnel at the
current implementation site. Efforts also include preliminary technology transfer and training efforts focused on NCDOT
regional and divisional personnel. This implementation project was successful, and findings are presented in (Cavalline et
al. 2020b, Cavalline et al. 2022).

It is well understood by those involved in the PEM initiative that implementation of performance-related
specifications is an extensive undertaking that includes identification of locally appropriate values, agency preferences, and
training/technology transfer for all stakeholders. Nationally, the PEM initiative is a dynamic effort that is a key, current
focus of many state agencies, researchers, and industry partners. FHWA, other state agencies, and academic institutions
continue to make advancements in the basic science behind key PEM tests, identification of QA and AC and specification
approaches, and links to performance data. NCDOT’s preliminary work has provided early steps towards performance
specifications for concrete infrastructure. However, additional work is needed in several areas to move closer to
implementation of performance-based specifications for concrete. Specifically:

e The laboratory evaluation program in RP 2018-14 contains a matrix representing a portion of types of concrete
mixtures used in NCDOT’s projects, with a limited sample of materials and proportions. Additional work is needed
to broaden the range of mixtures included in the PEM studies.

o Research support is needed to assist NCDOT personnel in identifying QA and QC advancements and approaches
that can be used in local PEM implementation efforts. Implementation in the pavement pilot project broke ground
in bringing PEM shadow specifications to North Carolina concrete paving project. However, additional
implementation sites focused on bridge projects (for deck, superstructure, and substructure concrete) are needed in
order to refine PEM targets and shadow specifications. Tests for structural concrete could be expanded to include
shrinkage, which was not included in the pavement concrete pilot project.

e Technology transfer and tools should be enhanced and broadened to promote understanding and use of PEM
approaches.

1.5 Research Objectives
Mindful of ongoing work and the dynamic nature of progress of the PEM initiative on many fronts, the objectives of this
research project were as follows:

Objective 1) Supplemental laboratory evaluation to expand the catalog of data to support development and
refinement of PEM specifications
e laboratory evaluation expanded the range of mixtures and materials providing data to support appropriate
performance measures and target values
e mixture characteristics that reduce paste content through optimized aggregate gradation
o additional specification guidance regarding w/cm ratios, aggregate gradations, and/or paste contents

Objective 2) Development of resources, tools and guidance to support QA and QC
o evaluate the surface resistivity meter for use in evaluating the quality of concrete overlays
e provide guidance regarding use of SAM and other tests to support freeze-thaw durable concrete
e provide tools and training focused on enhancing QA and QC activities

Objective 3) Implementation of PEM tests and shadow specifications at additional existing highway projects
PEM tests were deployed during and after construction of many structures included in the 1-485 widening project
in south Charlotte, NC. The structural concrete was used for bridge decks, overlays, substructure components,
superstructure components, barrier walls, approach slabs, drilled shafts, drilled piers, and culverts. Some non-
structural (Class A) mixtures were also tested.



2.0 LITERATURE REVIEW - OVERVIEW

To present a concise report, the literature review is included Appendix A. The literature review performed to support this
project focused on three key areas, listed below.

Introduction to PEM and recent advancements (Appendix A.1)

Optimized aggregate gradations (Appendix A.2 — this material supports Chapter 3)

Freeze-thaw durable concrete (Appendix A.3 — this material supports Chapter 4)

Surface resistivity and its potential use in overlay evaluation (Appendix A.4 — this material supports Chapter 5)

3.0 OPTIMIZED AGGREGATE GRADATION MIXTURES

3.1 Concrete Mixtures
The testing program for this work was designed to evaluate NCDOT structural (Class AA) and pavement mixtures
with optimized aggregate gradations, and to identify targets for specifications for surface resistivity, shrinkage, and the
SAM. Mixtures for this project were based upon the mixtures in the Phase | PEM study sponsored by NCDOT, RP 2018-
14. The w/cm ratio, total cementitious content, and fly ash replacement percentage are highly influential in development of
the integrity of the paste structure of concrete. These parameters were the primary focus in developing the mixture matrix
for NCDOT RP 2018-14, shown in Figure 3.1.
e Three w/cm ratios — 0.37, 0.42, and 0.47
e Three cementitious contents — 700 pcy, 650 pcy, and 600 pcy
o Two fly ash replacement levels — 20% and 30% by weight
Higher cementitious content mixtures (700 pcy and 650 pcy, shown in orange and yellow, respectively in Figure
3.1) are typical of bridge mixtures (NCDOT Class AA). Lower cementitious content mixtures (600 pcy, shown in green)
are typical of lower cementitious content AA mixtures and pavement mixtures. In RP 2018-14, 21 of the 24 mixtures
contained OPC, while 3 lower cementitious content (low AA and pavement) mixtures contained PLC. For each mixture
included in RP 2018-14, a companion mixture with an optimized aggregate gradation was developed. No PLC mixtures
were developed as part of this study, RP 2020-13. Material types and sources were kept consistent between projects and
within projects for all mixtures, including aggregates, fly ash, admixtures, and water.
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Figure 3.1: Concrete mixture matrix from RP 2018-14 with supporting information
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Figure 3.2: Concrete mixture matrix for RP 2020-13 with supporting information

Using the established w/cm and cementitious materials contents, along with the aggregate properties measured, the
remainder of mixture proportions were computed using the ACI 211.1 methodology. Mixture materials and proportions for
RP 2018-14 (minus the PLC mixtures which were not the focus of continued study) are shown in Table 3.1. The colors in
the table correspond to the colors of the boxes in Figure 3.2. The concrete mixtures developed for this project were each
given a mixture 1D, with the convention W-XXX-YY'Y, which is summarized as follows:

o W isthe w/cm ratio (H = high = 0.47, M = medium = 0.42, L = low = 0.37)
o XXX is the cement content in pcy
e YYY is the fly ash content in pcy



Table 3.1: Concrete mixtures with material proportions for RP 2018-14 (non-optimized aggregate gradations)

Mixture ID Mixture Proportions, pcy
W-XXX-YYY, where
Wisw/emratio, XXX | Mixture | w/cm e FIZ:ernhent Cement | FIY | Coarse Fine Water
Is cement content, YY'Y type ratio | "oP'8 ash | aggregate | aggregate
is fly ash content (%)
H-700-0 0 700 0 1659 1072 329.0
H-560-140 20 560 140 1659 1022 329.0
H-650-0 0 650 0 1659 1175 305.5
H-520-130 20 520 130 1659 1129 305.5
H-600-0 0 600 0 1659 1277 282.0
H-480-120 AA 20 480 120 1659 1235 282.0
H-420-180 (high and 30 420 | 180 | 1659 1214 282.0
medium
M-700-0 cm 0 700 0 1659 1163 294.0
M-560-140 content) 20 560 | 140 1659 1114 294.0
M-650-0 0 650 0 1659 1259 273.0
M-520-130 20 520 130 1659 1214 273.0
M-600-0 0 600 0 1659 1356 252.0
M-480-120 20 480 120 1659 1313 252.0
M-420-180 30 420 180 1659 1292 252.0
L-700-0 0 700 0 1659 1254 259.0
L-560-140 20 560 140 1659 1205 259.0
L-650-0 AA 0 650 | 0 | 1659 1344 | 2400
(low cm
L-520-130 content) 20 520 130 1659 1298 240.0
L-600-0 and 0 600 | O 1659 1434 | 2220
Pavement
L-480-120 20 480 120 1659 1392 222.0
L-420-180 30 420 180 1659 1370 222.0

Implementation of the Tarantula Curve

AASHTO PP 84 suggests that mixtures should have a paste content of less than 25%, although this limit is
intended for paving mixtures which are typically far less workable than structural mixtures. The non-optimized mixtures
produced in RP 2018-14 had paste contents ranging from 24.5% to 33.8%, and an average paste content of 28.5%. To
support development of optimized mixtures, a target cementitious material reduction of 10% was selected (while adjusting
water content to hold the w/cm ratio consistent) so that a uniform reduction could be applied to each non-optimized
aggregate gradation concrete mixture. Using this target to develop optimized aggregate gradation mixture designs
facilitated a fairly uniform comparison between non-optimized aggregate gradation mixtures and their counterpart
optimized aggregate gradation mixtures. Larger paste reductions may have been feasible for some mixtures. However, this
approach was not used since optimized versions of the non-optimized mixtures with paste contents already below the 25%
recommendation by AASHTO PP 84 would have paste contents close to 20%, causing workability concerns.

Applying a 10% cementitious material reduction to the RP 2018-14 paste contents, the paste contents of
optimized mixtures ranged from 22.0% to 30.3%, with an average paste content of 25.6%. To facilitate easy comparison
between companion mixtures, the previous study’s name structure of W-XXX-YYY was maintained for optimized
gradation mixtures, where W is the w/cm ratio, XXX is the cement content of the original non-optimized mixture and *
denotes that the mixture has an optimized aggregate gradation with a reduced paste content, and YYY is the fly ash
content of the mixture.

The quantities of each non-optimized mixture’s materials were entered into a spreadsheet that projected
gradations across the Tarantula Curve with percent retained limits for each sieve discussed in Chapter 2. The limits set by
the Tarantula curve are: the 1-inch sieve should retain less than 16 percent, sieves #4 — 3/4” should retain between 4 — 20
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percent, sieves #8 and #16 should retain less than 12 percent, sieves #30 and #50 should retain between 4 — 20 percent,
and sieve #100 should retain between 0 — 10 percent (Cook et al. 2013). A graph of the recommended Tarantula Curve
boundaries is shown in Figure 3.3.
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Figure 3.3: Tarantula Curve recommended gradation boundaries

The same materials used in concrete batched in RP 2018-14 (non-optimized gradation mixtures) were also used
for this study’s optimized aggregate gradation mixtures, supporting direct comparison. Sieve analyses were performed on
aggregates obtained from each study to verify consistency. The gradations of aggregates used from RP 2018-14 and this
study were very similar, and can be seen in Figure B.1 in Appendix B. Sieve analysis results were entered into a
spreadsheet developed to assess the combined aggregate gradations with the guidance of the Tarantula Curve. In Figure
3.4, the combined aggregate gradation for the aggregates used in the non-optimized mixture H-700-0 is shown with the
Tarantula curve boundaries. The combined gradation exceeds the recommended percent retained on the %5” sieve.
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Figure 3.4: Particle sizes of non-optimized mixture H-700-0 on Tarantula Curve

Using information collected from the coarse aggregate supplier, several aggregate gradations (No. 8, No. 9, No.
78, and No. 89M) were explored to help identify an intermediate aggregate which, when paired with the coarse and fine
aggregate, would best satisfy parameters of the Tarantula Curve while allowing for a reduction in cementitious materials.
The No. 89M stone was selected because it had a peak percent retained distributed between the No. 4 and No. 8 sieves,
shown in Appendix A. The quantity of this intermediate aggregate used in each optimized concrete mixture was adjusted
in a manner that allowed the combined, optimized aggregate gradation to meet the Tarantula Curve recommendations
while trying to minimize the reduction in fine aggregate removed. Figure 3.5 shows the combined aggregate gradation
used in optimized mixture H-700*-0, contained within the boundaries of the Tarantula curve.
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Figure 3.5: Particle sizes of H-700*-0 optimized aggregate gradation mixture

This process was repeated for all 21 OPC mixtures used in RP 2018-14. Cementitious material contents for non-
optimized aggregate gradation mixtures varied from 600 pcy to 700 pcy while the cementitious material contents for
optimized aggregate gradation mixtures varied between 378 pcy and 630 pcy after the 10% cementitious materials
reduction. The final mixture matrix for this project, with the optimized aggregate gradation mixtures that utilized the
Tarantula Curve can be seen next to their companion mixture in Table 3.2. Note that Mixture 1Ds are as follows: W-
XXX*-YYY, where W is w/cm ratio, XXX is cement content where * denotes an optimized gradation, YYY is fly ash
content

3.2. Materials Description and Characterization

3.2.1 Cementitous Materials

A Type I/I1 OPC meeting ASTM C150 was used in both RP 2018-14 and this study, RP 2022-13. This cement was
produced in Holly Hill, South Carolina, and is a commonly used cement for the Coastal and Piedmont regions of NC. This
OPC is sourced from the same production facility as the OPC used in RP 2016-06 and Cement B used in RP 2015-03, which
supported development of initial PEM test targets. A mill report for the cement is provided in Appendix B as Figure B.1.

Fly ash used in this study was a Class F ash sourced from the Belews Creek Power Plant in Belews Creek, NC.
Additional information is provided in Figure B.2. NCDOT Standard Specifications allow for substitution of 1 pound of
Class F fly ash per pound of cement replaced up to 30%. In this project, percentages of 20% and 30% were used.

3.2.2 Aggregates

Aggregates for this project met the requirements of ASTM C33 and were selected as representative of many
aggregates used for structural and paving concrete in the Piedmont area. The coarse aggregate was a granitic gneiss [SG of
2.63 (RP 2018-14) and 2.64 (RP 2020-13) and absorption of 0.40%] sourced from a quarry near Cary, NC. The coarse
aggregate met the gradation requirements of No. 67 stone. A granitic gneiss intermediate aggregate, No 89M stone (SG of
2.66 and an absorption of 2.76%) from a quarry in Moncure, North Carolina was also used to produce the optimized
aggregate gradation mixtures. The fine aggregate used for this study was a natural sand [SG 2.61 (RP 2018-14) and 2.62
(RP 2022-13), absorption 0.40%, and a fineness modulus of 2.65]. Sieve analysis results for the coarse and fine aggregates
are shown in Appendix B, Figures B.3 and B.4.

3.2.3 Admixtures

A commercially available air entraining admixture (MasterAir AE 200 manufactured by BASF) and a mid-range
water-reducing admixture (MasterPolyheed 997 manufactured by BASF) were used in all mixtures. The target slump for
the mixtures was 3.5 inches, although reasonable variations to this target slump were accepted in order to achieve the target
w/cm while maintaining the selected material proportions. NCDOT specifications allow an air content for pavement
mixtures of 5.0% £ 1.5%, and for structural concrete 6.0% * 1.5%. However, a relatively tight allowable air content
tolerance of 5.0% to 6.0% was utilized for all batches in order to ensure consistency between test results and to ensure that
differences in laboratory test results could be attributed to changes in materials, rather than changes in air content.
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Table 3.2: Mixture proportions for non-optimized gradation mixtures (RP 2018-14) and optimized gradation mixtures (RP

2020-13)
Mixture Proportions, pcy
. Fly No. 89

Mixture 1D Mixture Ash Fly No. 67 Intermedi Fine

Type Cement Coarse Water
Repl. Ash Aqareqate ateAggreg | Aggregate
(%) yareg ate

H-700-0 0 700 0 1659 0 1072 329.0
H-700-0* 0 630 0 1175 620 1065 296.1
H-560-140 20 560 140 1659 0 1022 329.0
H-560-140* 20 504 126 1158 615 1055 296.1
H-650-0 0 650 0 1659 0 1175 305.5
H-650-0* 0 585 0 1215 640 1105 275.0
H-520-130 20 520 130 1659 0 1129 305.5
H-520-130* 20 468 117 1204 632 1088 275.0
H-600-0 0 600 0 1659 0 1277 282.0
H-600-0* 0 540 0 1261 662 1130 253.8
H-600C-0 0 600 0 1659 0 1277 282.0
H-600C-0* 0 540 0 1261 662 1130 253.8
H-480-120 20 480 120 1659 0 1235 282.0
H-480-120* 20 432 108 1243 652 1125 253.8
H-420-180 30 420 180 1659 0 1214 282.0
H-420-180* AA (high 30 378 162 1227 652 1124 253.8
M-700-0 and 0 700 0 1659 0 1163 294.0
M-700-0* medium 0 630 0 1206 636 1107 264.6
M-560-140 cm 20 560 140 1659 0 111 294.0
M-560-140* content) 20 504 126 1193 626 1093 264.6
M-650-0 0 650 0 1659 0 1259 273.0
M-650-0* 0 585 0 1248 658 1130 245.7
M-520-130 20 520 130 1659 0 1214 273.0
M-520-130* 20 468 117 1235 650 1115 245.7
M-600-0 0 600 0 1659 0 1356 252.0
M-600-0* 0 540 0 1284 678 1162 226.8
M-600C-0 0 600 0 1659 0 1356 252.0
M-600C-0* 0 540 0 1284 678 1162 226.8
M-480-120 20 480 120 1659 0 1313 252.0
M-480-120* 20 432 108 1277 672 1141 226.8
M-420-180 30 420 180 1659 0 1292 252.0
M-420-180* 30 378 162 1270 590 1211 226.8
M-600P-0 0 600 0 1659 0 1356 252.0
M-480P-120 20 480 120 1659 0 1313 252.0
M-420P-180 30 420 180 1659 0 1292 252.0
L-700-0 0 700 0 1659 0 1254 259.0
L-700-0* 0 630 0 1252 658 1122 233.1
L-560-140 20 560 140 1659 0 1205 259.0
L-560-140* 20 504 126 1224 650 1123 233.1
L-650-0 0 650 0 1659 0 1344 240.0
L-650-0* 0 585 0 1279 675 1159 216.0
L-520-130 AA (low 20 520 130 1659 0 1298 240.0
L-520-130% Coﬂt‘;m 20 468 117 1270 668 1140 216.0
L-600-0 and 0 600 0 1659 0 1434 222.0
L-600-0* Pavement) 0 540 0 1316 697 1186 199.8
L-600C-0 - 0 600 0 1659 0 1434 222.0
L-600C-0* 0 540 0 1316 697 1186 199.8
L-480-120 20 480 120 1659 0 1392 222.0
L-480-120* 20 432 108 1297 688 1177 199.8
L-420-180 30 420 180 1659 0 1370 222.0
L-420-180* 30 378 162 1293 684 1173 199.8

3.3 Testing Program and Results

The testing program for this project was identical to the testing program used in NCDOT RP 2018-14 (Cavalline et
al. 2020a) to facilitate comparison of test results between conventional mixtures and optimized aggregate gradation
mixtures. Testing was performed on fresh and hardened concrete in accordance with the AASHTO, ASTM, and other test
procedures shown in Table 3.3. Since flexural strength tests are typically only required for pavement concrete, flexural
strength (modulus of rupture) tests were only performed on the lower cementitious content mixtures, which were mixtures
typical of pavement mixtures.
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Table 3.3: Testing program

Test name Standard Testing age(s) in days Replicates
Air content ASTM C231 Fresh 1
= SAM number AASHTO TP 118 Fresh 1
3 Slump ASTM C143 Fresh 1
" | Fresh density (unit weight) ASTM C138 Fresh 1
Temperature AASHTO T 309 Fresh 1
Compressive strength ASTM C39 3,7,28,56,90 3 each age
Modulus of rupture (MOR, ASTM C78 28 2
or flexural strength)
Modulus of elasticity
- (MOE) and Poisson’s ratio ASTM C469 28 2
o Surface Resistivity AASHTO T 358 3,7,28,56,90 3 each age
S - -
T Rapid chloride ASTM C1202 28, 90 2
£ permeability
Formation factor (via Protocol by J. Weiss, 35 2
Bucket Test) Oregon State University (Weiss 2018)
Shrinkage ASTM C157 Per standard 3
Freeze-thaw durability ASTM C666 (procedure A) Per standard 3
Hardened air content ASTM C457 (automated) N/A 2

Batching was performed in accordance with ASTM C685. For higher-cementitious material content (structural)
mixtures, all specimens were produced from one batch, including concrete for fresh concrete tests, and test specimen for
compressive strength/surface resistivity, modulus of elasticity, formation factor, rapid chloride penetration, hardened air
void system, freeze-thaw durability, and shrinkage. Specimens for low-cementitious content (paving) mixtures were
prepared in two batches. One mixture included concrete used for fresh tests and for preparation of test specimens for
compressive strength/surface resistivity, modulus of elasticity, formation factor, and rapid chloride penetration tests. The
second mixture included concrete used for fresh tests and for preparation of specimens for modulus of rupture, hardened air
void system, shrinkage, and freeze-thaw durability tests.

3.3.1 Fresh Concrete Properties

Fresh concrete tests, including slump, air content, temperature, density, and SAM were performed immediately
after mixing. To mitigate the influence of a wide range of air contents on the test results, the air content of all batches was
restricted to a range between 5.0% to 6.0%. The target slump for mixtures in this project was 3.5 = 1 inch. However, based
on the objectives of the project, it was more important to ensure the desired w/cm ratios were maintained. Several mixtures
had slumps that exceeded this target (H-700-0, H-700*-0, H-560-140, H-650-0, H-650*-0, H-520-130, M-700-0, M-560-
140, M-560*-140) but this could be expected since these mixtures tended to be the higher w/cm ratio mixtures. Mixtures
with slumps below 3.5 inches were deemed acceptable only if they could be adequately consolidated into the specimen
molds. A summary of test results for each fresh concrete property test (average of the two batches for each mixture) is
presented in Appendix B, Table B.1, with results of SAM tests for optimized aggregate gradation mixtures in Table B.2.

3.3.2 Mechanical Properties

Results for mechanical property tests are presented below, with results for optimized gradation mixtures
compared to both NCDOT specifications and the companion non-optimized gradation mixtures. For all mechanical
property tests, it should again be noted that the high (0.47) w/cm ratio mixtures were originally batched as non-optimized
aggregate gradation mixtures to provide test results that are indicative of poor concrete mixtures that are not typical to
NCDOT use. Optimized aggregate gradation concrete mixtures at the high w/cm ratio were batched and tested for a direct
comparison between the optimized and non-optimized aggregate gradation mixtures. However, as these mixtures are
representative of a higher w/cm ratio than typical NCDOT concrete mixtures, these results may not be as valuable.

3.3.2.1. Compressive Strength
Averaged test results for all test dates with test results for both non-optimized and optimized aggregate gradation
mixtures can be found in Table B.3 and are graphically displayed in figures presented in this section. NCDOT’s 2018
Standard Specifications require paving and Type AA bridge mixtures to have a minimum 28-day compressive strength of
4,500 psi. Of the 24 optimized aggregate gradation mixtures, only H-420*-180 did not meet this requirement. This mixture
contained 30 percent fly ash, which is known to provide later-age strength gain later than mixtures with portland cement
13



alone, and did, however, meet the minimum requirement at 56 days. In the following sections, average compressive strength
results are presented with mixtures sorted by cementitious material, comparing optimized and non-optimized aggregate
gradation mixtures by w/cm ratio and fly ash rates to understand the differences between the aggregate types.

Figure 3.Figure 3.6 shows the compressive strength test results for pairs of optimized and non-optimized
aggregate gradation mixtures developed with 700 pcy cementitious material. Similarly, Figures 3.7 and 3.8 show the
compressive strength test results for pairs of optimized and non-optimized aggregate gradation mixtures developed with
650 pcy and 600 pcy of cementitious material, respectively. Optimized aggregate gradation mixtures and non-optimized
aggregate gradation mixtures performed similarly on most test dates and had similar variability on each test date.
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Figure 3.6: Development of average compressive strength for 700/700* pcy cementitious material mixtures
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Figure 3.7: Development of average compressive strength for 650/650* pcy cementitious material mixtures



10,000 0.47 wicm 0.42 w/cm

9,000 NCDOT 4,500 psi

8,000 requirement
7,000 -
1
1
1

5,000 .| |
@'Q ¢ ,\"’Q ,\”Q

\

4,000
S \"9 P F \°°Q &
SN

3,000
2,000
NN “
AFCUN C NC IR

1,000
m3Day m7Day m28Day m56Day =90 Day

0.37 wicm

Figure 3.8: Development of average compressive strength for 600/600* pcy cementitious material mixtures

To further compare the strength gain of optimized vs. non-optimized mixtures with similar cementitious materials
contents, a series of plots were created. Figures 3.9 through 3.11 illustrate the strength gain for pairs of mixtures with total
cementitious contents of 700 pcy at each water cement ratio, and plots for other cementitious materials contents and w/cm
ratios are provided in Appendix B in Figures B.5 through B.7 (for 650 pcy total cementitious content mixtures) and B.8
through B.10 (for 600 pcy total cementitious content mixtures). In Figures 3.9 through 3.11, as well as Figures B.5
through B.10, the optimized aggregate gradation mixtures tended to show similar strength gain over time, but often had
slightly lower strength, particularly at later ages. However, as indicated previously, almost all mixtures readily met
NCDOT’s strength target of 4500 psi.

10,000
9,000
8,000
7,000

6,000 ! el H-700-0
5,000 .
4000 — = oo dmee H-700%-0

3,000 = H-560-140

2,000 —— *
1.000 NCDOT 4,500 psi requirement H-560*-140

Compressive Strength (psi)

3 Day 7Day 28Day 56Day 90 Day
Testing Day

Figure 3.9: Development of compressive strength for 700/700* pcy cementitious material mixtures at 0.47 w/cm ratio
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Figure 3.10: Development of compressive strength for 700/700* pcy cementitious material mixtures at 0.42 w/cm ratio
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Figure 3.11: Development of compressive strength for 700/700* pcy cementitious material mixtures at 0.37 w/cm ratio

Table 3.4 shows the average compressive strength and the average percent difference of average compressive
strengths between 700* pcy optimized aggregate gradation mixtures when compared to their 700 pcy non-optimized
companion mixtures. The average percent difference was calculated by taking the average of all mixtures percent
difference between optimized and non-optimized aggregate gradation mixtures compressive strength results. 700* pcy
optimized aggregate gradation mixtures exhibited an average compressive strength noticeably lower for early age (3-day)
testing. However, a fairly negligible difference (less than 10 percent different on average with all mixtures meeting the
28-day compressive strength requirement of 4,500 psi) was exhibited at all other ages.

Table 3.4: Average percent difference between average compressive strength for 700* pcy optimized mixtures vs 700 pcy
non-optimized mixtures

- . Test Day
Characteristic Mixture Type 3 Day 7 Day 28 Day 56 Day 90 Day
All 700* pey Non_-o_ptimized 4,557 5,282 6,222 6,971 7,334
Mixtures Optimized 4,091 5,091 6,044 6,764 7,110
Average percent difference -14.1% -3.9% -3.5% -2.8% -2.7%
Straight cement Non_-optimized 4,940 5,874 6,641 7,478 7,929
Mixtures Optimized 4,670 5,733 6,679 7,133 7,425
Average percent difference -8.1% -2.5% 0.6% -4.4% -6.3%
Fly ash Non-optimized 4,175 4,690 5,804 6,464 6,739
replacement Optimized 3,511 4,449 5,409 6,396 6,794
mixtures Average percent difference -20.0% -5.3% -71.5% -1.3% 0.9%
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Table 3.5 shows the average compressive strength as well as their average percent difference of average
compressive strengths between 700* pcy optimized aggregate gradations when compared to their 700 pcy non-optimized
companion mixtures grouped by w/cm ratio. As previously described, early age (3-day) average compressive strengths
were noticeably different, but pairs of mixtures tended to perform more similarly as the concrete aged. 700* pcy
optimized aggregate gradation mixtures with a w/cm ratio of 0.47 and 0.42 performed more similarly to their companion
non-optimized mixtures at later test dates than the 0.37 w/cm ratio optimized mixtures. However, all pairs with the
exception of 0.37 w/cm ratio optimized mixtures showed a fairly negligible average percent difference (less than 10%
different on average with all mixtures meeting the 28-day required compressive strength of 4,500 psi). Although the
optimized aggregate mixtures at the 0.37 w/cm ratio exhibited a 90-day compressive strength average 12.9 percent lower
than their companion non-optimized 0.37 w/cm ratio mixtures, it is noted that this difference was computed based upon

the optimized aggregate gradation exhibiting a 90-day average compressive strength of 7,549 psi and was deemed

negligible.

Table 3.5: Average percent difference between average compressive strength for 700* pcy optimized mixtures vs

700 pcy non-optimized mixtures by w/cm ratio

w/ cm Mixture Type Test Day
ratio 3 Day 7 Day 28 Day 56 Day 90 Day
Non-optimized 3,636 4,172 5,187 6,051 6,234
0.47 Optimized 2,919 4,019 4,945 5,896 6,442
Average percent difference -24.9% -3.8% -5.3% -2.7% 3.1%
Non-optimized 4,554 5,267 6,188 6,823 7,245
0.42 Optimized 4,149 5,321 6,393 7,006 7,338
Average percent difference -10.5% 0.8% 3.1% 2.9% 1.7%
Non-optimized 5,483 6,409 7,293 8,039 8,523
0.37 Optimized 5,204 5,933 6,793 7,391 7,549
Average percent difference -6.8% -8.8% -8.1% -8.7% -12.9%

Similar tables comparing the compressive strength gain of pairs of optimized and non-optimized mixtures with
650 and 600 pcy of cementitious material, at all w/cm ratios, are provided in Appendix B, Tables B.4 through B.7, and
Tables B.8 through B.10. In general, optimized aggregate gradation mixtures and non-optimized aggregate gradation
mixtures performed similarly on most test dates and had an expected variability on each test date. Although optimized
aggregate gradation mixtures typically exhibited lower compressive strength than their companion optimized mixtures,
the average 28-day compressive strengths almost always met the NCDOT standard specification target of 4,500 psi, and
all mixtures exceeded the target by 56 days.

3.3.2.2 Modulus of Rupture

Modulus of rupture (MOR) testing was performed at 28-days for 600 pcy cementitious content (pavement)
mixtures only, and results for optimized aggregate gradation and non-optimized aggregate gradation mixtures are
presented in Table 3.6. MORs for optimized aggregate gradation mixtures ranged from 581 psi to 840 psi, with an average
of 715 psi, while the 28-day MOR of non-optimized aggregate gradation mixtures ranged from 715 psi to 822 psi, with an
average of 766 psi. All optimized aggregate gradation mixtures MOR test results were higher than the NCDOT required
28-day MOR of 650 psi, except for mixtures H-420*-180 and M-420*-120. The two mixtures that did not meet the
requirement contained 30 percent fly ash, and significant additional strength gain after 28 days could be expected. H-
420*-180 also did not meet the 28-day compressive strength requirement by the NCDOT but did by the 56-day test. As fly
ash mixtures are known to gain strength later than straight cement mixtures, these mixtures may have met the requirement
by a later testing date.
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Table 3.6: MOR, MOE, and Poisson’s Ratio

Mixture ID

Modulus of Rupture (psi)

Modulus of Elasticity (psi)

Poisson's Ratio

Non-

Non-

Non-

Optimized Optimized Optimized Optimized Optimized Optimized
H-700-0 - - 3,045,000 3,266,000 0.21 0.21
H-560-140 - - 2,675,000 2,894,000 0.20 0.20
H-650-0 - - 3,650,000 3,862,000 0.21 0.20
H-520-130 - - 3,056,000 3,349,000 0.23 0.24
H-600-0 745 720 2,980,000 3,733,000 0.19 0.19
H-480-120 808 704 2,527,000 3,230,000 0.20 0.22
H-420-180 724 581 2,461,000 2,995,000 0.22 0.20
M-700-0 - - 3,569,000 3,975,000 0.24 0.18
M-560-140 - - 3,363,000 4,260,000 0.18 0.18
M-650-0 - - 3,706,000 3,842,000 0.20 0.14
M-520-130 - - 3,620,000 3,921,000 0.20 0.18
M-600-0 822 748 3,398,000 4,294,000 0.21 0.17
M-480-120 726 683 3,076,000 3,942,000 0.20 0.20
M-420-180 726 637 3,131,000 3,700,000 0.19 0.20
L-700-0 - - 3,826,000 3,838,000 0.17 0.15
L-560-140 - - 3,656,000 4,492,000 0.20 0.19
L-650-0 - - 4,317,000 4,588,000 0.19 0.17
L-520-130 - - 3,632,000 3,992,000 0.21 0.15
L-600-0 817 840 3,761,000 4,932,000 0.19 0.19
L-480-120 718 808 3,087,000 3,949,000 0.22 0.17
L-420-180 815 713 3,241,000 3,942,000 0.20 0.17
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Table 3.6: MOR, MOE, and Poisson’s Ratio

Modulus of Rupture (psi)

Modulus of Elasticity (psi)

Poisson's Ratio

Mixture 1D - - - - - _—
Oplt\ils::ze q Optimized Op’t\:omr}ze q Optimized Op't\:?nnize q Optimized
H-700-0 - - 3,045,000 3,266,000 0.21 0.21
H-560-140 - - 2,675,000 2,894,000 0.20 0.20
H-650-0 - - 3,650,000 3,862,000 0.21 0.20
H-520-130 - - 3,056,000 3,349,000 0.23 0.24
H-600-0 745 720 2,980,000 3,733,000 0.19 0.19
H-480-120 808 704 2,527,000 3,230,000 0.20 0.22
H-420-180 724 581 2,461,000 2,995,000 0.22 0.20
M-700-0 - - 3,569,000 3,975,000 0.24 0.18
M-560-140 - - 3,363,000 4,260,000 0.18 0.18
M-650-0 - - 3,706,000 3,842,000 0.20 0.14
M-520-130 - - 3,620,000 3,921,000 0.20 0.18
M-600-0 822 748 3,398,000 4,294,000 0.21 0.17
M-480-120 726 683 3,076,000 3,942,000 0.20 0.20
M-420-180 726 637 3,131,000 3,700,000 0.19 0.20
L-700-0 - - 3,826,000 3,838,000 0.17 0.15
L-560-140 - - 3,656,000 4,492,000 0.20 0.19
L-650-0 - - 4,317,000 4,588,000 0.19 0.17
L-520-130 - - 3,632,000 3,992,000 0.21 0.15
L-600-0 817 840 3,761,000 4,932,000 0.19 0.19
L-480-120 718 808 3,087,000 3,949,000 0.22 0.17
L-420-180 815 713 3,241,000 3,942,000 0.20 0.17

Figure 3.12 shows the MOR test results for all optimized aggregate gradation mixtures and non-optimized companion
mixtures, grouped by fly ash content and Figure 3.13 shows the MOR of optimized gradation mixtures and non-optimized
gradation mixtures grouped by w/cm ratio.
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Figure 3.12: MOR of optimized and non-optimized aggregate gradation mixtures by fly ash content
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Figure 3.13: MOR of optimized and non-optimized aggregate gradation mixtures by w/cm ratio

Table 3.7 shows the average percent difference in MOR between optimized aggregate gradation mixtures and
companion non-optimized mixtures. Optimized aggregate gradation mixtures with 20 percent fly ash replacement showed
a negligible difference (while meeting the NCDOT 2-day required MOR of 650 psi) when compared with companion non-
optimized 20% fly ash replacement mixtures, companion optimized straight cement mixtures, and companion non-
optimized straight cement mixtures. Optimized aggregate gradation mixtures with 30% fly ash replacement did, however,
show a significant decrease in their MOR values when compared to all of their companion mixtures.

As mentioned previously, two optimized 30% fly ash replacement mixtures did not meet the NCDOT 28-day
requirement of 650 psi: H-420*-180 with an MOR of 581 psi and M-420*-180 with an MOR of 637. As the mixtures that
contain the highest rate of fly ash replacement, it is possible they may have reached the required MOR of 650 psi at a later
date due to the delayed strength gain attributed to fly ash mixtures. It also should be noted that while these mixtures did
not meet the NCDOT 28-day requirement, they did meet the 28-day recommended AASHTO PP 84 target of 600 psi.

Table 3.7: Average percent difference between optimized aggregate gradation mixtures MOR and companion mixtures

Non-optimized Optimized straight Non-optimized
Optimized mixture characteristic Pt ) cement companion straight cement
companion mixture ; . .
mixture companion mixture
Straight cement mixtures -3.5% - -
20% fly ash replacement mixtures -3.3% -5.2% -9.0%
30% fly ash replacement mixtures -17.1% -19.7% -23.9%

3.3.2.3 Modulus of Elasticity

Modulus of Elasticity (MOE) results of both optimized aggregate gradation and non-optimized aggregate
gradation mixtures are provided in Table 3.6. The 28-day MOE test results for optimized aggregate gradation mixtures
ranged from approximately 2,890,000 psi to 4,930,000 psi with an average of approximately 3,840,000 psi. These values
are greater than the 28-day MOE test results for non-optimized aggregate gradation mixtures, which ranged from
approximately 2,460,000 psi to 4,320,000 psi with an average of approximately 3,320,000 psi. As could be expected, the
mixtures with the lowest w/cm ratio had MOE values relatively higher than the mixtures with the highest w/cm ratio.
MOE values for optimized aggregate gradation mixtures tended to be higher than their companion non-optimized
mixtures. Figure 3.14 shows the results of the MOE tests for all pairs of non-optimized and optimized mixtures grouped
by w/cm ratio.
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Figure 3.14: Optimized and non-optimized aggregate gradation mixtures 28-day MOE by w/cm ratio

Figure 3.15 displays the measured MOE values for both optimized and non-optimized mixtures plotted against
their 28-day compressive strength in comparison with the ACI 318 calculated MOE value using equation 19.2.2.1b
(Equation 3.1) and the MOE calculated using AASHTO LFRD equation C5.4.2.4-2 (Equation 3.2) (AASHTO 2017, ACI
2019). This figure displays optimized aggregate gradation mixtures and non-optimized aggregate gradations 28-day MOE
values were lower than the calculated values using ACI 318, which is a finding similar to other concrete studies
performed by the research team. Studies have shown that the type of aggregate used in concrete mixtures can affect the
MOE (Beuhausen and Ditmer 2015), and this is the suspected primary cause of the difference.

E. =57,000 =./f/ Equation 3.1

E. = 33,000 * Ky * w25+ \/f) Equation 3.2
K, = correction factor for source of aggregate
w,. = unit weight of concrete (kcf)
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Figure 3.15: MOE vs. 28-day compressive strength, plotted with ACl and AASHTO LRFD calculated MOE

Table 3.8, the average percent difference between the measured 28-day MOE values of optimized mixtures are
compared to their companion non-optimized mixtures, the ACI 318 calculated MOE and the AASHTO calculated MOE,
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grouped by w/cm ratio and by cementitious content. As the w/cm ratio decreased in optimized aggregate gradation
mixtures, their 28-day MOE values became closer to the calculated MOE using both ACI 318 and AASHTO LRFD
equations but did not change significantly when compared to their companion non-optimized aggregate gradation
mixtures. As cementitious content decreased in optimized aggregate gradation mixtures, their measured 28-day MOE
became closer to the calculated MOE values using ACI 318 and ASHTO LRFD equations.

All optimized gradation mixtures had measured 28-day MOE values an average of 13.6% higher than their
companion non-optimized gradation mixtures. As the w/cm ratio decreased in optimized aggregate gradation mixtures the
average percent difference remained fairly consistent. As the cementitious content decreased in optimized aggregate
gradation mixtures there was no trend in MOE change observed. However, medium and low cementitious content
optimized aggregate gradation mixtures had the highest 28-day MOE, which could be expected (as shown in Table 3.9),
while non-optimized aggregate gradation mixtures with low cementitious content mixtures had the lowest 28-day MOE.

Table 3.8. Average percent difference in MOE between optimized mixtures, non-optimized mixtures calculated per ACI
318 and AASHTO LRFD

Optimized mixture characteristic sz_ara_ge % differepce Vs non- Average % difference vs Average % difference vs
optimized companion mixture | ACI 318 calculated MOE | AASHTO calculated MOE
All mixtures 13.6% -14.3% -13.9%
0.47 w/cm ratio 12.6% -21.0% -19.8%
0.42 w/cm ratio 14.4% -10.9% -10.8%
0.37 w/cm ratio 13.9% -10.9% -11.0%
700* pcy of cementitious material 10.8% -18.3% -17.4%
650* pcy of cementitious material 6.7% -12.4% -12.1%
600* pcy of cementitious material 20.1% -12.9% -12.7%

Table 3.9: Average 28-day MOE of optimized aggregate gradation mixtures and non-optimized aggregate gradation
mixtures by cementitious content

Cementitious content (pcy) Mixture characteristic Non-optimized Optimized
All mixtures 3,356,000 3,788,000

700 Straight cement 3,480,000 3,693,000

Fly Ash replacement 3,231,000 3,882,000

All mixtures 3,664,000 3,926,000

650 Straight cement 3,891,000 4,097,000

Fly ash replacement 3,436,000 3,754,000

All mixtures 3,074,000 3,857,000

600 Straight cement 3,380,000 4,320,000

Fly ash replacement 2,921,000 3,626,000

Table 3.10 shows the percent difference in measured MOE test results between optimized aggregate gradation
straight cement and fly ash mixtures when compared to companion non-optimized mixtures, companion optimized
straight cement mixtures, companion non-optimized straight cement mixtures, and the calculated MOE using ACI 318 and
AASHTO LRFD equations. Optimized aggregate gradation fly ash mixtures performed as expected, with an increase in
fly ash replacement causing lower 28-day MOE values when compared to all mixtures.

Table 3.10: Average percent difference in 28-day MOE by type of mixture

Average % Average % Average % Average % Average %
Optimized mixture differer_lce_ VS differencg VS differe_nce 'S difference vs | difference vs
- non-optimized companion companion non- ACI 318 AASHTO
characteristic . S . o n .
companion optimized straight | optimized straight calculated calculated
mixture cement mixture cement mixture MOE MOE
Straight cement mixtures 10.8% - - -14.4% -14.0%
All optimized fly ash mixtures 15.8% -11.3% 4.5% -14.2% -13.8%
20% fly ash replacement 12.6% -6.3% 3.7% -11.2% -10.8%
30% fly ash replacement 17.0% -21.9% 4.4% -15.9% -15.6%
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3.3.2.4 Poisson’s Ratio

Poisson’s ratios for both optimized aggregate gradation and non-optimized aggregate gradation mixtures are
shown in Table 3.6. Optimized aggregate gradation mixtures exhibited Poisson’s ratios in the range of 0.14 to 0.24, with
an average of 0.19. Non-optimized aggregate gradation mixtures exhibited Poisson’s ratios that ranged from 0.17 to 0.24
with an average of 0.20. Figure shows the Poisson’s ratio for all pairs of non-optimized aggregate gradation mixtures and
optimized mixtures, with mixtures grouped by the w/cm ratio of the mixtures. Poisson’s ratios for optimized aggregate
gradation mixtures and non-optimized aggregate gradation mixtures were similar on most test dates and had an expected

variability on each test date.
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Figure 3.16: Poisson’s ratio for optimized and non-optimized mixtures at 28-days

Table 3.11 shows optimized aggregate gradation mixtures 28-day Poisson’s ratios compared with the 28-day
Poisson’s ratios for their companion non-optimized mixtures, grouped by w/cm ratio and cementitious content (pcy). As
the w/cm ratio of optimized aggregate gradation mixtures decreased, the average Poisson’s ratio for each w/cm ratio
decreased from 0.21 to 0.17 while the average Poisson’s ratio for non-optimized aggregate gradation mixtures decreased
from 0.21 to 0.19. Optimized gradation mixtures with a cementitious material content of 700* pcy and 600* pcy had
average Poisson’s ratios negligibly different (less than 10 percent) when compared to companion non-optimized gradation
mixtures, while optimized aggregate gradation mixtures with 650* pcy of cementitious material were noticeably different.
The percent difference for 650/650* pcy mixtures could be skewed, as the two lowest Poisson’s ratios for optimized
aggregate gradation mixtures (M-650*-0, 0.14; and L-520*-130, 0.15) were from the 650*/650 pcy cementitious material
content.

Table 3.11: Average percent difference between Poisson’s ratios

. . . Average % difference in Poisson’s ratio vs
Optimized mixture characteristic o . .
non-optimized companion mixture
All mixtures -11.1%
0.47 w/cm ratio -0.4%
0.42 w/cm ratio -16.6%
0.37 w/cm ratio -16.2%
700* pcy of cementitious material -8.6%
650* pcy of cementitious material -18.7%
600* pcy of cementitious material -7.6%

TableTable 3.12 shows the average percent difference between the Poisson’s ratios of optimized aggregate
gradation fly ash replacement mixtures compared to their companion non-optimized mixtures, companion optimized
straight cement mixtures, and their companion non-optimized straight cement mixtures. Optimized aggregate gradation fly
ash mixtures all exhibited a negligible difference (less than 10 percent) in measured Poisson’s ratios when compared with
their companion mixtures.
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Table 3.12: Average percent difference in Poisson’s ratios between all optimized fly ash replacement mixtures and their

companion mixtures, grouped by fly ash replacement rate

Optimized mixture characteristic

Average % difference in
Poisson’s ratio vs non-
optimized companion

Average % difference in
Poisson’s Ratio vs
companion optimized

Average % difference in
Poisson’s Ratio vs
companion non-optimized

mixture straight cement mixture straight cement mixture
Straight cement mixtures -15.4% - -
All optimized fly ash mixtures -7.8% 6.0% -5.6%
20% fly ash replacement -6.3% 6.1% -4.8%
30% fly ash replacement -8.3% 1.9% -4.5%

3.3.3 Durability Performance

Durability performance tests were performed using the methods listed in Table 3.3. A summary of these results
(typically the average of two or three specimens) is provided in Table 3.13. The durability performance between non-
optimized and optimized mixtures is compared using the average percent difference, which was calculated by taking the
average of the percent difference between companion non-optimized and optimized aggregate gradation mixtures.
Supporting information is presented in Theilgard (2022).

It should again be noted that the high (0.47) w/cm ratio mixtures were originally batched as non-optimized aggregate
gradation mixtures to provide test results that are indicative of poor concrete mixtures that are not typical to NCDOT use.
Optimized aggregate gradation concrete mixtures at the high w/cm ratio were batched and tested for a direct comparison
between the optimized and non-optimized aggregate gradation mixtures. However, as these mixtures are representative of
a higher w/cm ratio than typical NCDOT concrete mixtures, these results may not be as valuable.

3.3.3.1 Surface Resistivity

Surface resistivity test results can be qualitatively described with the permeability ratings included in AASHTO T
358, provided in Table 3.13. Results of surface resistivity tests are presented in Table 3.14, along with results from RCPT.
Surface resistivity test results for optimized aggregate gradation mixtures tended to be lower than their companion non-
optimized aggregate gradation mixtures. This does not necessarily mean less permeable mixtures and could be a function
of reduced cement content, the increased volume of interfacial transition zone (ITZ) offered by the increased aggregate
volume, the 10% paste reduction, or some other reason.

Table 3.13: AASHTO T 358 surface resistivity index

Resistivity measured with 4”x8” Cylinder (kQ-cm) Chloride lon Permeability
<12 High
12-21 Moderate
21-37 Low
37-254 Very Low
>254 Negligible
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Table 3.14: Surface resistivity and RCPT results for optimized aggregate gradation and non-optimized aggregate
gradation mixtures

Non-optimized mixtures | Optimized mixtures - Non-optimized Optimized mixtures —
Mixture 1D - Surface Resistivity Surface Resistivity mixtures — RCPT RCPT (coulombs
(kQ*cm) (kQ*cm) (coulombs passed) passed)
28 Day 90 Day 28 Day 90 Day 28 Day | 90 Day 28 Day 90 Day
H-700-0 7.3 14.0 8.0 8.2 4253 3070 6976 5080
H-560-140 6.6 18.8 7.1 13.1 3860 2118 7067 3407
H-650-0 8.7 9.8 6.8 8.1 4687 4018 6538 4832
H-520-130 10.6 21.8 6.2 12.3 4480 2879 7746 3575
H-600-0 8.1 17.6 8.4 9.6 4159 3439 6208 4922
H-480-120 9.5 17.1 7.0 13.5 3766 2266 7204 3358
H-420-180 11.2 20.7 6.0 15.9 3571 1980 6699 3148
M-700-0 10.9 12.5 8.6 115 4479 3822 5261 4275
M-560-140 6.4 18.4 7.5 16.8 4354 2148 6930 3356
M-650-0 10.7 11.9 8.6 12.7 3506 3008 5580 4355
M-520-130 12.1 26.9 6.5 12.8 4247 2154 5486 3439
M-600-0 10.0 22.7 8.5 9.2 3943 3087 5192 4450
M-480-120 9.4 20.3 7.3 134 3632 2132 7421 3377
M-420-180 6.1 19.6 8.8 22.0 3391 1768 5687 2362
L-700-0 9.3 15.7 10.2 13.7 4766 2947 4497 3332
L-560-140 12.3 20.2 10.6 26 4094 2136 3831 1559
L-650-0 14.8 18.6 9.1 14 4239 2197 4107 3293
L-520-130 13.1 23.3 9.5 27 2532 1409 4389 1848
L-600-0 9.9 17.0 10.0 16.5 3572 1962 4351 3227
L-480-120 9.1 19.8 12.0 29.3 2987 1840 3644 1441
L-420-180 8.4 18.7 10.2 30 2879 1557 4041 1648

700*/700 pcy of Cementitious Material Surface Resistivity

Figure 3.17 provides the surface resistivity test results for pairs of optimized and non-optimized mixtures for the
700 Ib cementitious materials mixtures. Optimized aggregate gradation mixtures consistently exhibited surface resistivity
values lower than their companion non-optimized aggregate gradation mixtures. Also shown on Figure 3.17 are the
proposed surface resistivity targets for pavement mixtures (11 kQ*cm), and bridge mixtures (15 kQ*cm) developed as
part of the previous study (Biggers 2019, Cavalline et al. 2020a). Although the proposed target for structural mixtures
was not met by most mixtures at the high water-cement ratios, the target was met by 90 days for all mixtures containing
fly ash (both optimized and non-optimized aggregate gradations) at moderate (0.42) and low (0.37) w/cm ratios.
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Figure 3.17: Average surface resistivity for 700/700* pcy cementitious material mixtures
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Figure 3.18 through Figure 3.20 show the changes in surface resistivity measurements by testing date for mixture
pairs at each w/cm ratio. From these plots, the similarities and differences in surface resistivities between pairs of
optimized/non-optimized mixtures and between pairs of straight cement/fly ash replacement mixtures can be observed.

35.0

30.0

25.0

20.0 i H-700-0
15.0 codlles H-700*-0

10.0 /-/" H-560-140

R Tocciiojgpecccccccll
H-560*-140

o o

o o
¢
¢
!

Surface Resistivity (kQ*cm)

3 Day 7 Day 28 Day 56 Day 90 Day
Testing Day

Figure 3.18: Average surface resistivity test results for 700/700* pcy cementitious material mixtures at 0.47 w/cm ratio
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Figure 3.19: Average surface resistivity test results for 700/700* pcy cementitious material mixtures at 0.42 w/cm ratio
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Figure 3.20: Average surface resistivity test results for 700/700* pcy cementitious material mixtures at 0.37 w/cm ratio

This trend could also relate to the 10% cementitious material reduction of the optimized aggregate gradation
mixtures, as lower cementitious material mixtures. Table 3.15 shows the average percent difference between the average
surface resistivities for the 700* pcy optimized aggregate gradation mixtures compared to their companion 700 pcy non-
optimized mixtures, segmented by w/cm ratio. At most ages, and for most mixtures, there is an improvement (increase) in
surface resistivity as the w/cm ratio decreases at later ages (after 28 days of age). This trend reinforces the importance of
controlling (reducing) the w/cm ratio as the primary tool for producing quality concrete. This trend could also relate to the
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10 percent cementitious material reduction of the optimized aggregate gradation mixtures, as lower cementitious material
mixtures have demonstrated improved durability performance.

Table 3.15: Average percent difference between surface resistivity of 700* pcy optimized mixtures and companion 700

pcy non-optimized mixtures

w/cm ratio Test Day
3 Day 7 Day 28 Day | 56 Day | 90 Day
0.47 -31.4% | -11.7% 7.4% -51.8% | -57.4%
0.42 -43.4% | -27.5% -5.7% -21.1% -9.2%
0.37 -3.4% 11.5% -3.7% 12.0% 3.5%

Table 3.16 shows the average percent differences between the average surface resistivities of the 700* pcy
optimized aggregate gradation straight cement and fly ash replacement mixtures compared to their companion 700 pcy
non-optimized aggregate gradation straight cement and fly ash replacement mixtures. Both straight cement mixtures and
fly ash replacement mixtures with 700* pcy of cementitious material performed similarly to their companion non-
optimized 700 pcy mixtures. This is consistent with findings from previous studies performed by the research team, where
700 pcy non-optimized straight cement mixtures outperformed 700 pcy non-optimized fly ash mixtures at the 28-day tests,
with fly ash replacement mixtures outperforming straight cement mixtures at 56- and 90-day tests. As mentioned
previously, the 700* mixture series has a cementitious content typical of structural concrete mixtures, and the proposed
surface resistivity target is 15 kQem. Of the 700* pcy optimized mixtures, only L-560*-140 met the recommended 15
kQcm structural concrete surface resistivity target by the 56-day test, and M-560*-140 met the recommended 15 kQcm
surface resistivity target by the 90-day test. Of the 700 pcy non-optimized mixtures only M-560-140 and L-560-140 met
the recommended 15 kQcm surface resistivity target by the 56-day test, with H-560-140 and L-700-0 meeting the
recommended 15 kQcm surface resistivity target by the 90-day test.

Table 3.16: Average percent difference between surface resistivity of 700* pcy optimized straight cement and fly ash
replacement mixtures surface resistivity compared with companion 700 pcy non-optimized mixtures

. - Test Day
Mixture Characteristic 3 Day 7 Day 28 Day 56 Day 90 Day
All mixtures -26.1% -9.2% -0.7% -20.3% -21.0%
Straight cement mixtures -25.9% -10.7% -3.2% -12.6% -31.4%
Fly ash replacement mixtures -26.3% -7.8% 1.9% -27.9% -10.6%

650*/650 pcy of Cementitious Material Surface Resistivity

Figure 3.21 shows the surface resistivity test results for pairs of optimized and non-optimized mixtures for the 650
Ib cementitious content series of mixtures. It can be observed that optimized aggregate gradation mixtures again
consistently exhibited lower surface resistivity values than their companion non-optimized mixtures. However, some non-
optimized aggregate gradation mixtures exhibited low surface resistivity values at early ages and high w/cm ratios as well.
Figures showing the surface resistivity changes by testing age by mixture pairs for the 650 pcy cementitious content
mixtures are provided in Appendix B, Figures B.11 through B.13.
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Figure 3.21: Average surface resistivity for 650/650* pcy cementitious material mixtures

Table 3.17 shows the average percent difference in the average surface resistivities between the 650* pcy
optimized aggregate gradation mixtures compared to their companion 650 pcy non-optimized mixtures grouped by w/cm
ratio. Similar to the 700 pcy cementitious content mixtures, optimized 650 pcy cementitious content mixtures exhibited
surface resistivity similar to their companion non-optimized mixtures as the w/cm ratio decreased. However, this trend is
notably deviated by two fly ash mixtures, where H-520*-130 had a resistivity 71.2 percent lower than H-520-130, M-
520*-130 had a resistivity 85.8 percent lower than M-520-130, and one straight cement mixture, L-650*-0 had a
resistivity 65.6 percent lower than L-650-0. For 56- and 90-day tests, mixtures H-520*-130 and M-520*-130 continued to
be outperformed by their companion non-optimized mixtures. Of note, mixture L-650*-0 showed the opposite trend, with
higher surface resistivity than its companion non-optimized mixture.

Table 3.17 Average percent difference between 650* pcy optimized surface resistivity and their companion 650 pcy non-
optimized mixtures

w/cm Test Day

ratio 3 Day 7 Day 28 Day 56 Day 90 Day
0.47 -23.7% -26.7% -49.6% -63.5% -48.7%
0.42 -51.6% -36.9% -54.9% -72.6% -51.9%
0.37 -8.0% -2.6% -50.1% -19.9% -10.4%

Table 3.18 shows the average percent difference in the average surface resistivities between 650* pcy optimized
aggregate gradation straight cement and fly ash replacement mixtures compared to their companion 650 pcy non-
optimized straight cement and fly ash replacement mixtures. The previously observed trend where optimized fly ash
replacement mixtures outperformed straight cement optimized mixtures at later dates is not present for this series of
mixtures. As mentioned before, H-520*-130 and M-520*-130 were significantly outperformed by their non-optimized
companion mixtures. Despite the fly optimized aggregate gradation fly ash replacement mixtures at high and medium
w/cm ratios exhibiting lower resistivity, L-520*-130 was the only optimized aggregate gradation mixture to meet the
recommended 15 kQ*cm target for bridge mixtures by the 56-day test at the low w/cm ratio.

Table 3.18: Average percent difference between 650* pcy optimized straight cement and fly ash replacement mixtures
surface resistivity compared with companion 650 pcy non-optimized straight cement and fly ash replacement mixtures

. - Test Day
Mixture Characteristic 3 Day 7 Day 28 Day 56 Day 90 Day
All mixtures -27.8% -22.1% -51.5% -52.0% -37.0%
Straight cement mixtures -28.5% -21.4% -38.2% -21.3% -16.5%
Fly ash replacement mixtures -27.0% -22.7% -64.9% -82.7% -57.5%
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600*/600 pcy of Cementitious Material Surface Resistivity

Figure 3.22 provides the surface resistivity test results for pairs of optimized and non-optimized mixtures for the
600 Ib cementitious content mixtures. It can be observed that optimized aggregate gradation mixtures again consistently
exhibited surface resistivity values lower than their companion non-optimized aggregate gradation mixtures especially at
later testing dates. Figures showing the surface resistivity changes by testing age by mixture pairs for the 600 pcy
cementitious content mixtures are provided in Appendix B, Figures B.14 through B.16.
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Figure 3.22: Average surface resistivity for 600/600* pcy cementitious material mixtures

Table 3.19 shows the average percent difference between the average surface resistivities of the 600* pcy
optimized aggregate gradation mixtures compared to their companion 600 pcy non-optimized mixtures grouped by w/cm
ratio. The previously observed trend of optimized aggregate gradation mixtures performing similarly to their companion
non-optimized mixtures as w/cm ratio decreases is present, again reinforcing the importance of controlling (reducing) the
w/cm ratio as the primary tool for producing quality concrete.

Table 3.19: Average percent difference in surface resistivity between 600* pcy optimized and companion 600 pcy non-
optimized mixtures

w/cm ratio Test Day
3 Day 7 Day 28 Day 56 Day 90 Day
0.47 -28.5% -25.3% -40.2% -37.0% -47.0%
0.42 -16.9% -19.8% -5.5% -38.0% -46.5%
0.37 -2.2% 8.2% 14.4% 22.8% 22.4%

29



TableTable 3.20 shows the average percent difference in average surface resistivities of the 600* pcy optimized
aggregate gradation straight cement and fly ash replacement mixtures when compared to their companion 600 pcy non-
optimized straight cement and fly ash replacement mixtures. The previously observed trend of the optimized aggregate
gradation fly ash replacement mixtures exhibiting surface resistivities similar to their companion non-optimized fly ash
replacement mixtures at later ages (56- and 90-day tests) is present. As mentioned previously, the 600 pcy cementitious
material mixtures could be more representative of pavement concrete mixtures, which have a proposed target resistivity of
11 kQ*cm. Of the 600* optimized mixtures, mixtures M-420*-180, L-600*-0, L-480*-120, and L-480*-120 met the
recommended 11 kQ*cm surface resistivity target by the 56-day test. H-480*-120, H-420*-180, M-600*-0, and M-480*-
120 met the recommended 11 kQ*cm surface resistivity target by the 90-day test. H-600*-0 was the only 600* optimized

mixture to not meet the proposed target. All 600 pcy cementitious material non-optimized mixtures met the recommended
11 kQ*cm surface resistivity values by the 56-day test.
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Table 3.20: Average percent difference between 600* pcy optimized straight cement and fly ash replacement mixtures
surface resistivity compared with companion 600 pcy non-optimized straight cement and fly ash replacement mixtures

. . Test Day
Mixture Characteristic 3 Day 7 Day 28 Day 56 Day 90 Day
All mixtures -15.9% -12.3% -10.4% -17.4% -23.7%
Straight cement mixtures -16.3% -10.7% -4.4% -34.8% -61.6%
Fly ash replacement mixtures -15.7% -13.1% -13.5% -8.7% -4.8%

The previously observed trend that optimized aggregate gradation mixtures perform similarly to their companion
non-optimized mixtures as the w/cm decreases holds true across all cementitious contents, and is highlighted in Table
3.21, where the average surface resistivity values are shown for optimized aggregate gradation mixtures, non-optimized
aggregate gradation mixtures, along with the percent difference between companion mixtures. This trend reinforces that
producing low w/cm ratio mixtures is very important to support the production of quality concrete. However, it should be
noted that by reducing the cementitious materials by 10% in optimized aggregate gradation mixtures, the cementitious
paste systems of optimized and non-optimized aggregate gradations are not identical and could have resulted in the
varying surface resistivity results.

Table 3.21: Average surface resistivity of all mixtures grouped by w/cm ratio, along with their average percent difference
between pairs of optimized and non-optimized mixtures

w/cm ratio Mixture type 3 Day 7 Day 28 Day 56 Day 90 Day
Non-optimized 5.5 6.5 8.9 13.3 17.1
0.47 Optimized 4.2 5.3 7.0 8.9 11.5
Average percent difference -28.0% -21.8% -29.3% -48.8% -50.5%
Non-optimized 5.9 7.0 94 15.0 18.9
0.42 Optimized 4.4 5.5 8.0 11.0 14.4
Average percent difference -34.4% -26.9% -19.7% -43.1% -37.4%
Non-optimized 5.2 5.8 11.0 14.5 19.0
0.37 Optimized 5.2 6.2 10.2 16.3 22.3
Average percent difference -4.2% 6.1% -9.2% 7.5% 7.6%

Table 3.22 shows the average surface resistivity test results between optimized aggregate gradation mixtures and
their companion non-optimized aggregate gradation mixtures and their average percent difference. As cementitious
material contents (pcy) decreased in optimized aggregate gradation mixtures there was no noticeable trend that showed
optimized mixtures performing similarly to their companion non-optimized mixtures. However, the 600* pcy optimized
aggregate gradation mixtures did perform slightly better than the 700* pcy optimized mixtures at later ages, and
significantly better than the 650* pcy optimized mixtures at all ages. This could be related to additional ITZ volume that is
added when optimizing the gradation of a concrete mixture. As the cementitious material content increases in a mixture,
so does the volume of the ITZ, likely causing its surface resistivity measurements to decrease. This is discussed later in
this report.

Table 3.22: Average surface resistivity of all mixtures grouped by cementitious content (pcy) and the average percent
difference between optimized and non-optimized mixtures

Cementitious material (pcy) Mixture type 3 Day 7 Day 28 Day | 56 Day | 90 Day
Non-optimized 5.6 6.3 8.8 13.2 16.6
700*/700 Optimized 4.5 5.8 8.7 114 14.8
Average percent difference -26.1% | -9.2% -0.7% -20.3% | -21.0%
Non-optimized 5.8 6.7 117 16.2 18.7
650*/650 Optimized 4.5 5.5 7.8 11.3 145
Average percent difference -27.8% | -22.1% | -51.5% | -52.0% | -37.0%
Non-optimized 5.3 6.3 9.1 13.7 19.3
600*/600 Optimized 4.7 5.7 8.7 13.0 17.9
Average percent difference -159% | -12.3% | -10.4% | -17.4% | -23.7%

Table 3.23 shows the average percent difference of the average surface resistivity measurements of optimized
aggregate gradation straight cement and fly ash replacement mixtures. The previously observed trend where w/cm ratio
decreases as surface resistivity values improve is visible in optimized fly ash replacement mixtures. Additionally, the
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trend where the surface resistivity measurements for optimized fly ash replacement mixtures improve at later ages is also
visible in optimized fly ash replacement mixtures. By the 56-day test all optimized aggregate gradation fly ash
replacement mixtures had an average surface resistivity higher than their companion optimized aggregate gradation
straight cement mixtures.

Table 3.23: Average surface resistivity and the average percent difference of all optimized aggregate gradation mixtures
straight cement and fly ash mixtures grouped by w/cm ratio

w/cm ratio Mixture type 3 Day 7 Day 28 Day 56 Day 90 Day

Optimized Straight Cement mixtures 4.6 5.8 7.7 8.3 8.6

0.47 Optimized Fly Ash Replacement mixtures 4.0 5.0 6.6 9.4 13.7
Average percent difference -18.2% | -17.1% -20.8% 9.0% 34.9%

Optimized Straight Cement mixtures 4.9 6.1 8.6 10.3 11.9

0.42 Optimized Fly Ash Replacement mixtures 4.1 5.0 7.5 115 16.2
Average percent difference -19.6% | -20.7% -15.3% 8.0% 23.7%

Optimized Straight Cement mixtures 6.4 7.2 9.8 12.7 14.7

0.37 Optimized Fly Ash Replacement mixtures 4.3 5.5 10.6 19.0 28.0
Average percent difference -58.4% | -34.3% 6.8% 32.1% 46.1%

As cementitious content decreases in optimized aggregate gradation fly ash mixtures, there is no noticeable trend.
However, when optimized aggregate gradation fly ash mixtures are compared with their companion optimized straight
cement mixtures in Table 3.24 below, the previously mentioned trend that optimized fly ash mixtures do not perform as
well until their later age tests (56- and 90-day tests) can be observed.

Table 3.24: Average surface resistivity and the average percent difference of all optimized aggregate gradation mixtures
straight cement and fly ash mixtures grouped by cementitious content (pcy)

w/cm ratio | Mixture type 3 Day 7 Day 28 Day 56 Day 90 Day
Optimized Straight Cement mixtures 5.0 6.4 8.9 10.3 111
700* Optimized Fly Ash Replacement mixtures 4.0 5.2 8.4 12.6 18.5
Average percent difference -24.0% | -23.5% -7.8% 16.9% 38.5%
Optimized Straight Cement mixtures 5.0 6.0 8.2 10.4 115
650* Optimized Fly Ash Replacement mixtures 4.1 5.0 7.4 12.3 17.4
Average percent difference -23.0% | -19.3% -12.6% 7.3% 28.1%
Optimized Straight Cement mixtures 5.9 6.6 9.0 10.6 125
600* Optimized Fly Ash Replacement mixtures 4.2 5.3 8.5 14.2 20.7
Average percent difference -40.6% | -26.6% -9.3% 20.7% 36.5%
3.3.3.2RCPT

RCPT can be evaluated using the index provided in ASTM C1202, shown in Table 3.25. Results for 28- and 90-
days tests are shown in Table 3.13. Figure 3.23 and Figure 3.24 display the 28- and 90-day test results for optimized
aggregate gradation and non-optimized aggregate gradation mixtures, grouped by w/cm ratio. These figures show the
typical decrease in chloride permeability as the concrete specimens age for both optimized and non-optimized aggregate
gradation mixtures. With a few exceptions, optimized aggregate gradation mixtures typically exhibited higher chloride
permeability than their companion non-optimized aggregate gradation mixtures indicating more permeability, particularly
at early ages and at higher w/cm ratios. However, optimized aggregate gradation mixtures exhibited chloride permeability
closer to their companion non-optimized aggregate gradation mixtures as the w/cm ratio decreases, further reinforcing that
producing low w/cm ratio mixtures is important to support the production of quality concrete.

Table 3.25: ASTM C1202 RCPT index

Charge Passed (Coulombs) Chloride lon Permeability
>4,000 High
2,000-4,000 Moderate

1,000-2,000 Low
100-1,000 Very Low
<100 Negligible
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Figure 3.23: 28-day RCPT results for optimized aggregate gradation and non-optimized aggregate gradation mixtures
grouped by w/cm ratio
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Figure 3.24: 90-day RCPT results for optimized aggregate gradation and non-optimized aggregate gradation mixtures
grouped by w/cm ratio

Table 3.26 shows average RCPT results for optimized aggregate gradation mixtures and non-optimized mixtures,
grouped by cementitious content (pcy). There was no noticeable trend as the cementitious content decreased in optimized
aggregate gradation mixtures. However, regardless of the w/cm ratio used, optimized aggregate gradation mixtures did
show improvement when compared to their non-optimized aggregate gradation mixtures by the 90-day test.
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Table 3.26: Average percent difference between RCPT test results for optimized aggregate gradation and non-aggregate
gradation mixtures grouped by cementitious content

Cementitious Content Mixture Type Test Day

(pcy) 28 Day (Coulombs) 90 Day (Coulombs)

Non-optimized 4301 2707

700 Optimized 5760 3501

Average percent difference 20.6% 16.4%

Non-optimized 3949 2611

650 Optimized 5641 3557

Average percent difference 28.2% 26.9%

Non-optimized 3544 2226

600 Optimized 5605 3104

Average percent difference 34.2% 23.3%

Table 3.27 shows average RCPT results for optimized aggregate gradation mixtures and non-optimized gradation
mixtures, grouped by w/cm ratio. As the w/cm ratio decreased, there was a noticeable improvement in the chloride ion
penetrability of optimized mixtures (a lower number of coulombs was measured). This trend again reinforces that
producing low w/cm ratio mixtures is very important to ensure quality concrete is produced. Additionally, this trend may
indicate a higher w/cm ratio mixture combined with the added aggregate likely increases the volume of the I1TZ, leading to
permeability, as exhibited by the charge passed in the RCPT.

Table 3.27: Average percent difference between RCPT test results of optimized aggregate gradation and non-aggregate
gradation mixtures grouped by w/cm ratio

. . Test Day

w/em Ratio Mixture Type 28 Day (Coulombs) 90 Day (Coulombs)

Non-optimized 4111 2824

0.47 Optimized 6920 4046

Average percent difference 20.6% 16.4%

Non-optimized 3936 2588

0.42 Optimized 5937 3659

Average percent difference 28.2% 26.9%

Non-optimized 3581 2007

0.37 Optimized 4123 2335

Average percent difference 34.2% 23.3%

Table 3.28 shows average RCPT results for optimized aggregate gradation straight cement mixtures and optimized
aggregate gradation fly ash replacement mixtures, grouped by w/cm ratio. As previously observed, there was no
improvement in permeability of these mixtures as cementitious content decreased. Both optimized straight cement
mixtures and optimized fly ash replacement mixtures did show reduced permeability as the w/cm ratio decreased. As the
concrete aged, optimized fly ash replacement mixtures outperformed their companion optimized straight cement mixtures
as would be expected from fly ash replacement mixtures due to the later-age hydration and pozzolanic effects.

Table 3.28: Average percent difference between RCPT test results of optimized aggregate gradation and non-aggregate
gradation straight cement and fly ash replacement mixtures grouped by w/cm ratio

. . Test Day
wjem Ratio Mix Type 28 Day (Coulombs) 90 Day (Coulombs)

Optimized straight cement 6574 4945

0.47 Optimized fly ash replacement 7179 3372
Average percent different 8.4% -46.6%
Optimized straight cement 5344 4360

0.42 Optimized fly ash replacement 6381 3133
Average percent different 16.2% -39.1%
Optimized straight cement 4318 3284

0.37 Optimized fly ash replacement 3976 1624
Average percent different -8.6% -102.2%
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Figure 3.25 indicates that the surface resistivity (kQcm) vs the RCPT test results (charge passed in coulombs) for both
non-optimized and optimized mixtures exhibit a similar correlation, supporting the findings of RP 2018-14 (the non-
optimized aggregate gradation mixtures) in Biggers (2019) and Cavalline et al. (2019). As can be seen in Figure3.25, the
correlation between surface resistivity tests and RCPT is best modeled using a power-curve, as indicated in a seminal
study on surface resistivity by Rupnow and Icenogle (2012). As previously observed, optimized aggregate gradation
mixtures in this study routinely exhibited electrical test results that indicated more permeable mixtures compared to their
companion non-optimized aggregate gradation mixtures. This is possibly due to the additional aggregate introducing
additional ITZ volume and is discussed subsequently in this report. Additionally, the higher RCPT results could be
attributed to the use of admixtures such as AEA and WRA or fly ash that was used in the mixtures.
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Figure 3.25: Surface resistivity plotted against RCPT test results for optimized aggregate gradation and non-optimized
aggregate gradation mixtures

Influence of the Interfacial Transition Zone on Electrical Tests

In almost all optimized aggregate gradation mixtures, the surface resistivity and RCPT results showed increased
permeability (lower surface resistivity and higher RCPT results) than their companion non-optimized mixtures. This
reduction in surface resistivity (and commensurate increase in RCPT charge passed) is likely due to four causes: 1) the
reduction in cementitious content of 10 percent between companion mixture pairs, 2) the influence of the additional
interfacial transition zone (ITZ) in the paste due to the additional aggregate content, and 3) the potential for the resistivity
of the additional aggregate volume to influence the measurement of electrical tests 4) the influence of different quantities
of admixtures across non-optimized and optimized aggregate gradation mixtures.

To examine a potential influence of the volume of the ITZ in mixtures, the ITZ volume in each mixture was
estimated. To compute this estimate, it was assumed that all ITZ around each aggregate would have a unit thickness,
enabling a calculation of the surface areas of aggregates to be used to compare the ITZ volume between optimized and
non-optimized aggregate gradation mixtures. The surface area of the coarse (#67) and intermediate (#89M) aggregate was
estimated using a method developed at the National Center for Asphalt Technology (NCAT) at Auburn University, used
when calculating the asphalt film thickness. See the formula and table below (NCAT 2009). Because the added ITZ
volume is of interest, and the volume of sand was fairly consistent between companion mixtures, only the surface area of
the coarse and intermediate aggregates were considered. Table 3.29 shows the surface area factors used by the NCAT
procedure, while Table 3.30 shows the estimated surface area of each mixture, computed using the NCAT procedure.

SA = Z P; x FA; Equation 3.3
P; = percent passing sieve

FA; = surface area factor of aggregates from Table 3.29)
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Table 3.29: Surface area factor of aggregates

Sieve opening size Surfazce area factor,
m?/kg (ft¥/1b)
1" 0.41 (2)
3/4" 0.41(2)
1/2" 0.41(2)
3/8" 0.41(2)
#4 0.41(2)
#8 0.82 (4)
#16 1.64 (8)
#30 2.87 (14)
#50 6.14 (30)
#100 12.29 (60)
#200 32.77 (160)

Table 3.30: Estimated surface area for optimized and non-optimized mixtures

Non-optimized mixture o . .
Mixture 1D estim;ted surface area Optimized mixture 2estlr;nated
(f2ly ) surface area (ft*/yd°)
H-700-0 1,367 1,818
H-560-140 1,369 1,794
H-650-0 1,367 1,875
H-520-130 1,368 1,855
H-600-0 1,367 1,944
H-480-120 1,368 1,914
H-420-180 1,369 1,901
M-700-0 1,375 1,863
M-560-140 1,368 1,838
M-650-0 1,367 1,928
M-520-130 1,368 1,906
M-600-0 1,367 1,984
M-480-120 1,368 1,970
M-420-180 1,369 1,853
L-700-0 1,367 1,931
L-560-140 1,369 1,895
L-650-0 1,367 1,977
L-520-130 1,369 1,959
L-600-0 1,367 2,035
L-480-120 1,368 2,009
L-420-180 1,369 1,997

Once the surface areas were calculated, the percent difference between optimized aggregate gradation mixtures and
non-optimized aggregate gradation mixtures was calculated. Table 3.31 shows the 28-day and 90-day surface resistivities
and RCPT results for pairs of mixtures, along with the percent difference between the estimated ITZ volumes of the
optimized aggregate gradation mixtures and the non-optimized aggregate gradation mixtures.

36



Table 3.31: Surface resistivity, RCPT, and difference of surface area from aggregates of all mixtures
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Figures B.17 through B.28 in Appendix B show the relationships between the estimated ITZ volume and surface
resistivity and RCPT test results. Figures B.17 through B.19 show the percent aggregate by volume plotted against the
surface resistivity of optimized aggregate gradation mixtures only against the surface resistivity results grouped by w/cm
ratio. Figures B.20 through B.22 plot the percent aggregate by volume against the surface resistivity results of optimized
and non-optimized aggregate gradation mixtures grouped by w/cm ratio. Figures B.23 through B.25 plot the percent
aggregate by volume against the RCPT results of optimized aggregate gradation mixtures grouped by w/cm ratio. Figures
B.26. through B.28 plot the percent aggregate by volume against the RCPT test result of optimized and non-optimized
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aggregate gradation mixtures. These figures were created to provide a potential explanation for the discrepancy in
electrical test results for optimized and non-optimized aggregate gradation mixtures. However, it should be noted that by
changing the cementitious material content in the optimized aggregate gradation mixtures, the cementitious matrix of the
mixtures was changed as well, making a direct comparison between the mixtures inaccurate.

As the w/cm ratio decreases, the quality of the ITZ likely decreases as well since there is less water present to increase
the thickness and permeability of the ITZ. This could explain the difference between electrical test results (surface
resistivity and RCPT) between optimized and non-optimized mixtures. The increase in ability to carry electrical current
does not necessarily mean optimized aggregate gradation mixtures are more permeable (and inherently less durable).
Instead, it may indicate that performance targets for optimized aggregate gradation mixtures may need to be adjusted.
Additional discussion is presented following these figures, and research into the relationship between the ITZ and
electrical test results is recommended.

Research has been performed on the influence of recycled aggregate concrete by a team at Rowan University
suggesting that the additional mortar contained in recycled concrete aggregates influences electrical tests, and that target
thresholds for chloride ion penetrability classifications should be lower (Lomboy 2021). Research has also been
performed at Oklahoma State University (OSU) that presented the idea that the gradation of aggregate used in a concrete
mixture impacts the surface resistivity (Govindbhai 2012). Trends observed in this research indicated that the resistivity of
the cylinder could be thought of as a composite resistivity: influenced by the resistivity of the paste, the resistivity of the
fine aggregate, and the resistivity of the coarse aggregate. The study performed at OSU found a relationship that was
inverse to the relationship findings in this study. However, the research performed by Dr. Lomboy at Rowan University
on recycled aggregate concrete seems to support the findings of this study, showing that an increased 1TZ decreases
electrical resistivity, and the electrical tests on this concrete were also influenced by the w/cm ratio and the volume of
coarse aggregate in the concrete mixture. More research on the relationship between coarse aggregate volume and
electrical tests is recommended.

While the optimized aggregate gradation mixtures electrical durability testing indicates more permeable concrete
mixtures, factors such as introducing additional aggregate and possibly increasing the ITZ may be causing these
deviations. Additionally, as the cementitious material of optimized aggregate gradation mixtures was reduced by 10%, the
cementitious paste system in the non-optimized aggregate gradation mixtures has been changed as mentioned before. This
change, in addition to changes in chemical admixture dosages for the optimized aggregate gradation mixtures, may have
played a role in the skewed surface resistivity results of the optimized aggregate gradation mixtures.

3.3.3.3 Formation Factor

Testing to support the evaluation of the use of the formation factor (per AASHTO PP 84) instead of using an
unmodified surface resistivity value was performed. Ongoing research using the Bucket Test method helped to provide
insight into the role of pore solution chemistry and pore structure on bulk resistivity and surface resistivity measurements.
Table 3.32 shows the formation factors associated with various levels of chloride ion penetrability, as found in AASHTO
PP 84.

Table 3.32: Chloride ion penetrability associated with various formation factor values

Chloride ion classification Formation factor value
High 520
Moderate 520 — 1,040
Low 1,040 — 2,080
Very low 2,080 — 20,700
Negligible 20,700

Two samples per mixture were tested using the procedure developed by Dr. W. Jason Weiss at Oregon State
University at intervals ranging from 2 hours to 91 days. Surface resistivity and bulk resistivity tests were performed on the
cylinders after being removed from buckets filled with a solution designed to mimic concrete pore solution. The average
test result from the two specimens was calculated and used to compute the formation factor. Table B.8 provides 28- and 56-
day test results for surface resistivity, Bucket Test, and Formation Factor for optimized aggregate gradation mixtures
calculated using the assumed resistivity of the pore solution of 0.127 Qm from AASHTO PP 84. It is noted that the assumed
resistivity of the pore solution has changed between the 2017 and 2020 versions of AASHTO PP 84 used for NCDOT RP
2018-14 and RP 2020-13 (this study), respectively. Table B.9 shows a sample of the test results for 28- and 56-day surface
resistivity, Bucket Test, and the calculated formation factor using the assumed resistivity of the pore solution of 0.10 Qm
used previously by the research team (Cavalline et al. 2018). It is noted that Bucket Test and Formation Factor calculations
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for optimized aggregate gradation mixtures H-700*-0, H-560*-140, and H-650*-0 were not obtained due to a lack of
specimens.

Figure 3.26 shows all optimized mixtures Formation Factor plotted in comparison to the chloride ion penetrability
classification from AASHTO PP 84. Figures B.29. and B.30 display the 28- and 56-day optimized aggregate gradation
mixture formation factors plotted against the same testing days surface resistivity, showing reasonably strong correlation
between the results of the two tests. All mixtures showed improved performance at later testing dates, similar to the surface
resistivity and RCPT test results. The average formation factors for optimized mixtures with fly ash were only slightly
higher than their companion optimized straight cement mixtures at 28 days (1.4%). However, the formation factors
improved at the 56-day test mark considerably with an average formation factor 27.7 percent higher than their companion
optimized straight cement mixtures.
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Figure 3.26: Formation Factors for optimized aggregate gradation mixtures at 28- and 56-days

Based on the limited test data gathered as part of this study (which only utilizes two cements and one SCM), as well
as ongoing current developments in the PEM initiative at the national level, use of the formation factor in NCDOT
specifications is not recommended at this time. However, data found as part of this laboratory testing program shows a
correlation between the chloride penetrability classifications given in AASHTO PP 84 for formation factor and RCPT,
surface resistivity, and bulk resistivity. Ongoing developments associated with use of the formation factor, as well as related
tests such as the Bucket Test, should be monitored and included in future PEM studies supported by NCDOT.

3.3.3.4 Volumetric Shrinkage

Shrinkage tests were performed per ASTM C157, using concrete beam specimens consisting of 4 inch by 4 inch by
11% inch prisms. Measurements were made at 4, 7, 14, and 28 days, and at later ages, and results are provided in Appendix
B in Table B.10. During RP 2018-14, shrinkage measurements were computed using the measurement directly after curing
as the initial measurement, which deviated from ASTM C157 which uses the measurement after demolding as the initial
measurement. Therefore, to facilitate comparison, volumetric shrinkage measurements in microstrain for optimized and
non-optimized mixtures are reported in Table B.10 for 28day, 8-week, 16-week, and 32-week testing days (after a 28 day
curing period) using shrinkage values calculated using the measurement directly after curing as the initial comparator
reading. Table B.11 provides the microstrain of optimized aggregate gradation mixtures with the microstrains for 28day, 8-
week, 16-week, and 32-week testing days, but has been calculated using the initial reading directly after demolding as the
comparator reading as per ASTM C157. For optimized aggregate gradation mixtures, the difference in the two methods
with comparator reading at 28 days and 0 days directly after demolding resulted in an average difference of 78 microstrain
across all mixtures and test dates.

Since AASHTO PP 84 suggests that a 28-day shrinkage target (focusing on timely performance criteria) be used,
so analysis of this data focused on 28-day test results. Figure 3.27 displays the volumetric shrinkage results for the 28-day
test for both optimized and non-optimized gradation mixtures, with the values calculated using the measurement taken
directly after curing as the initial comparator reading. Figure 3.28 displays the volumetric shrinkage results for the 28-day
test for the optimized gradation mixtures using the shrinkage values calculated using the measurement directly after de-
molding as the initial comparator reading per the ASTM C157 standard. The 28-day maximum shrinkage target of 420 pe
suggested by AASHTO PP 84-20 is shown by the solid black line (AASHTO 2020). When using the measurement after
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curing as the comparator reading, optimized aggregate gradation mixtures did not perform as well as their companion non-
optimized mixtures at the early age testing requirements as shown in Figure 3.27. However, all optimized aggregate
gradation mixtures did meet the AASHTO PP 84 420 microstrain recommended target at their 28-day test except for H-
520*-130, which had a 28-day microstrain of 440. All mixtures did meet the AASHTO PP 84 420 microstrain requirement
at their 28-day test when using the measurement directly after demolding per ASTM C157.
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Figure 3.27: Volumetric shrinkage measurements (in microstrain) for optimized and non-optimized aggregate gradation
mixtures, measurement after 28-day cure as initial reading
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Figure 3.28: Volumetric shrinkage measurements (in microstrain) for optimized aggregate gradation mixtures (0-day
reading is comparator reading per ASTM C157 standard)

Table 3.33 shows the average shrinkage (in microstrain) and the percent difference between optimized aggregate
gradation mixtures and non-optimized mixtures, for all mixtures, straight cement mixtures, and fly ash replacement
mixtures. As the concrete continues to age, optimized aggregate gradation mixtures began to exhibit less shrinkage (lower
microstrain) when compared to their companion non-optimized mixtures. These optimized mixtures eventually showed
less shrinkage (outperforming) their non-optimized mixtures by 32-weeks, shown in Figure 3.29 and 3.30.
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Table 3.33: Volumetric shrinkage results and average percent difference of optimized and non-optimized straight cement

and fly ash replacement mixtures microstrains by w/cm ratio

. - . 28 Day 8 Week 16 Week 32 Week
Mixture Characteristic Mixture type . . - . . ) - .
(microstrain) | (microstrain) | (microstrain) | (microstrain)
Non-optimized 299 373 445 763
All Optimized 372 487 552 603
Average percent difference 19.1% 23.1% 18.9% -29.8%
Non-optimized 303 375 452 728
Straight cement Optimized 368 497 562 611
Average percent different 17.5% 24.4% 18.9% -24.8%
Non-optimized 298 375 440 795
Fly ash replacement Optimized 379 482 544 593
Average percent different 20.1% 22.2% 19.0% -34.8%
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Figure 3.29: 16-week volumetric shrinkage measurements (in microstrain) for optimized and non-optimized aggregate
gradation mixtures, 28-day as initial reading
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Table 3.34 shows the average volumetric shrinkage (in microstrain), along with the percent difference in
volumetric shrinkage between optimized aggregate gradation mixtures and non-optimized mixtures grouped by
cementitious content. Optimized aggregate gradation mixtures exhibited lower shrinkage at later dates, and both
optimized and non-optimized mixtures exhibited lower shrinkage as the cementitious material content decreased.
However, optimized aggregate gradation mixtures with 650* pcy of cementitious material had slightly more volumetric
shrinkage than the average shrinkage of optimized 700* pcy mixtures until the 32-week test date.
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Table 3.34: Average volumetric shrinkage and average percent difference of optimized and non-optimized mixtures

rouped by w/cm ratio

Cementitious Mixture type 28 Day 8 Week 16 Week 32 Week
material (pcy) (microstrain) (microstrain) (microstrain) (microstrain)

Non-optimized 319 401 476 798

700 Optimized 373 496 571 627
Average percent difference 13.8% 18.4% 16.5% -29.4%

Non-optimized 310 385 455 828

650 Optimized 387 513 588 622
Average percent difference 20.7% 25.5% 22.8% -37.0%

Non-optimized 280 348 419 733

600 Optimized 360 464 515 572
Average percent difference 21.7% 24.8% 18.4% -27.7%

Table 3.35 shows the average volumetric shrinkage (in microstrain) and the percent difference in shrinkage

between optimized aggregate gradation mixtures and non-optimized mixtures grouped by w/cm ratio. The trend that
optimized aggregate gradation mixtures exhibit lower shrinkage than non-optimized mixtures at later dates is again
visible. Non-optimized aggregate gradation mixtures showed an increase in average shrinkage as the w/cm decreased.
This trend was also evident in optimized aggregate gradation mixtures at 28-day and 8-week testing dates, however, the
volumetric shrinkage stabilized at the 16-week testing date with average volumetric shrinkage results being very similar
across all w/cm ratios.

Table 3.35: Average volumetric shrinkage and average percent difference of optimized and non-optimized mixtures
grouped by cementitious material content

w/cm Mixture type 28 Day 8 Week 16 Week 32 Week
ratio (microstrain) (microstrain) (microstrain) (microstrain)
Non-optimized 277 348 429 709
0.47 Optimized 342 470 550 617
Average percent difference 17.7% 24.9% 20.8% -17.3%
Non-optimized 300 369 427 750
0.42 Optimized 385 502 552 592
Average percent difference 21.4% 26.0% 22.3% -29.5%
Non-optimized 318 398 476 852
0.37 Optimized 388 490 554 587
Average percent difference 18.0% 18.5% 14.0% -94.3%

When using the measurement after curing as the comparator reading, optimized aggregate gradation mixtures did
not perform as well as their companion non-optimized mixtures at the early age tests. However, all optimized aggregate
gradation mixtures did meet the AASHTO PP 84 420 microstrain requirement at the 28-day test except for H-520*-130,
which had a 28-day microstrain of 440. All mixtures did meet the AASHTO PP 84 420 microstrain recommended
performance target at their 28-day test when using the measurement directly after demolding per ASTM C157.

3.4 Summary of Laboratory Findings

Overall, the analysis demonstrated that the cementitious content of concrete mixtures could be reduced by 10
percent and still meet current NCDOT specification provisions. For moderate (w/cm = 0.42) and low (w/cm = 0.37)
mixtures, many optimized gradation mixtures produce mechanical property test results that were similar to concrete
mixtures that did not have a reduction in cementitious material. Electrical tests indicated greater permeability in optimized
aggregate gradation mixtures, but the influence of the additional aggregate content, ITZ, and the 10% reduction in
cementitious materials effectively changing the cement paste structure may have influenced the results. Such indirect
measurements may require adjustments to performance targets for optimized mixtures. The use of optimized aggregate
mixtures may reduce costs and emissions of greenhouse gases via the reduction of cement, and additionally may result in
mixtures with improved durability characteristics, a longer service life, and lower cracking through volumetric shrinkage.
While this research provided test results where optimized aggregate gradation mixtures with reduced cementitious
materials demonstrated more permeable characteristics, it does not mean that these mixtures are actually less durable.
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Specific laboratory findings of this project are:

Fresh Properties

Low (0.37) w/cm ratio and low (600* pcy) cementitious material content optimized aggregate gradation mixtures
required the most WRA to achieve acceptable workability.

Optimized aggregate gradation concrete mixtures had lower slumps than the companion non-optimized mixtures,
with higher cement content mixtures requiring less WRA to achieve target slump.

Low (0.37) w/cm ratio and low (600* pcy) cementitious material contentment optimized aggregate gradation
mixtures required the most AEA to achieve the target range for entrained air.

Unit weights of optimized aggregate gradation mixtures increased as the w/cm ratio decreased; this trend is also
present in non-optimized aggregate gradation mixtures. As could be reasonably expected due to the denser
aggregate packing, the optimized aggregate gradation mixture unit weights were slightly higher (ranging from 140.9
pounds per cubic foot (pcf) to 145.8 pcf and averaging 143.6 pcf) than their companion non-optimized aggregate
gradation unit weights (which ranged from 136.1 pcf to 143.9 pcf and averaged 139.9 pcf).

Optimized aggregate gradation mixtures typically had a slightly higher unit weight than the companion non-
optimized aggregate gradation mixtures.

Mechanical Properties

Mechanical properties of both non-optimized and optimized aggregate gradation mixtures improved as the w/cm
ratio decreased.

Mechanical properties of optimized aggregate gradation straight cement mixtures with reduced paste showed a
negligible impact at all testing dates.

Mechanical properties of optimized aggregate gradation mixtures of fly ash mixtures at 20% replacement rates
showed a negligible impact to mechanical properties for tests at ages greater than 3-days, and mechanical properties
of fly ash mixtures at 30% replacement rates showed negligible impact to mechanical properties for tests past 28-
days. These findings may indicate that NCDOT should continue to encourage the use of SCMs at replacement rates
of up to 30%.

Compressive and Flexural Strength

Compressive strengths were roughly equivalent between optimized and non-optimized mixtures, indicating
that current NCDOT specifications could reasonably be met by mixtures containing a 10% reduction in
cementitious materials and a 2-3%o reduction in paste volume. This could offer both economic and
sustainability benefits.

The flexural strength test results for optimized gradation of 20% fly ash mixtures were roughly 2.1% less than their

identical non-optimized, 7.8% less than the non-optimized straight cement mixtures, and about 4.9% less than the

optimized straight cement mixtures. This roughly equivalent performance between optimized and non-
optimized mixtures indicates that current NCDOT specifications could reasonably be met by mixtures
containing a 10% reduction in cementitious materials and a 2-3% reduction in paste volume, offering both
economic and sustainability benefits.

Optimized aggregate gradation straight cement mixtures aged 3-days had average compressive strengths 9.7% lower

than companion non-optimized aggregate gradation straight cement mixtures. Optimized aggregate gradation

straight cement mixtures exhibited compressive strengths that were similar at later ages.

o Average compressive strength test results of optimized aggregate gradation straight cement mixtures as the
wi/cm ratio decreased were closer to the companion non-optimized aggregate gradation straight cement
mixtures. Average compressive strengths of high (0.47) w/cm ratio straight cement optimized aggregate
gradation mixtures were 19.7% lower at 3-day tests but were within 10% of non-optimized mixtures at all other
test ages.

o Average compressive strength test results of optimized aggregate gradation straight cement mixtures with 650*
pcy of cementitious material were noticeably lower than their companion non-optimized aggregate gradation
straight cement mixtures at the ages of 3- and 7-day tests (22.6% and 16.7% respectively) but performed closer
to the non-optimized straight cement mixtures at later ages. However, the 700* pcy and 600* pcy optimized
aggregate gradation straight cement mixtures did not exhibit this trend and were within 10% at all ages,
sometimes outperforming non-optimized companion mixtures.
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o Average 28-day MOR test results of optimized aggregate gradation straight cement mixtures showed essentially
no difference in flexural strength than companion non-optimized aggregate gradation straight cement mixtures
(3.5% lower).

Optimized aggregate gradation mixtures with fly ash did not perform as well as their companion non-optimized

aggregate gradation mixtures with fly ash at early test dates. However, the average compressive strength of all

optimized aggregate gradation mixtures with fly ash did perform as well (within in 1%) as their companion non-
optimized aggregate gradation fly ash mixtures at later testing dates.

o The average compressive strength of optimized aggregate gradation fly ash (20% and 30% replacement rates)
mixtures was 24.0% lower than companion non-optimized aggregate fly ash mixtures at 3-day tests.
Optimized aggregate gradation mixtures with 20% fly ash showed a negligible difference compared to their
companion non-optimized mixtures by the 7-day tests (6.3% lower), optimized aggregate gradation mixtures
with 30% fly ash average compressive strengths were almost equivalent to non-optimized companion
mixtures by the 28-day tests (0.7% lower).

o Average compressive strengths of high (0.47) w/cm ratio optimized and non-optimized aggregate gradation
30% fly ash mixtures did not meet the 28-day NCDOT 4,500 psi requirement, but both mixtures had average
compressive strength results above the 4,500 psi requirement by 56-day tests.

o The 28-day MOR of optimized aggregate gradation 20% fly ash mixtures showed no difference in flexural
strength when compared to the companion non-optimized aggregate gradation 20% fly ash mixtures (3.3%
lower). However, optimized aggregate gradation 30% fly ash mixtures had 28-day MOR 17.1 % lower than
companion non-optimized aggregate gradation 30% fly ash mixtures, with two mixtures not meeting the 28-
day NCDOT requirement of 650 psi.

Modulus of Elasticity

Measured 28-day MOE values of optimized aggregate gradation mixtures were 13.6% higher than companion non-

optimized aggregate gradation mixtures

o Average 28-day MOE values of optimized aggregate gradation mixtures were 14.3% lower than the MOE
calculated using the ACI 318 equation; 11.9% lower than the MOE calculated with AASHTO LFRD equation
C5.4.2.4-2. These differences were roughly consistent across all optimized aggregate gradation straight cement
and fly ash mixtures.

o The 28-day MOE of optimized aggregate gradation mixtures with fly ash showed similar trends of decreasing
average 28-day MOE as fly ash content increased when compared to their companion non-optimized mixtures.
The average 28-day MOE of optimized aggregate gradation mixtures with 20% and 30% fly ash decreased by
6.8% and 13.8% respectively when compared to their companion optimized straight cement mixtures. The
average 28-day MOE of non-optimized aggregate gradation mixtures with 20% and 30% fly ash decreased by
12.4% and 21.7% respectively when compared to their non-optimized straight cement mixtures.

Durability Performance

Durability performance test results improved as the w/cm ratio decreased in both optimized and non-optimized
aggregate gradation mixtures, suggesting the NCDOT may want to further explore prescriptive specification
provisions to reduce the w/cm ratio of their mixtures. This prescriptive change could result in less permeable
concrete, lower shrinkage, potentially lower paste contents, and overall improved durability performance.
Optimized aggregate gradation mixtures with fly ash exhibited improved durability performance characteristics at
later ages when compared to companion optimized and non-optimized aggregate gradation mixtures, suggesting the
NCDOT may want to explore prescriptive specifications to encourage the use of SCMs at replacement rates up to
30 percent to improve durability performance.

RCPT and Surface Resistivity

RCPT results of optimized aggregate gradation mixtures were typically higher than the companion non-optimized

aggregate gradation mixtures at both 28- and 90-day tests.

These electrical test results may be influenced by the increased volume of the ITZ, the increased aggregate volume,

or other factors. Additional study is recommended to better understand these results.

o Results for both optimized and non-optimized aggregate gradation mixtures improved as the w/cm decreased.

o The optimized aggregate mixtures with fly ash had higher RCPT results than straight cement mixtures at 28-day
tests (5.1% higher than optimized straight cement mixtures and 25.1% higher than non-optimized straight
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cement mixtures) but had lower RCPT results than companion straight cement mixtures by the 90-day tests
(64.4% lower than companion optimized straight cement mixtures and 16.7% lower than non-optimized straight
cement mixtures).
e Average surface resistivity test results for optimized aggregate gradation mixtures were typically lower than the
companion non-optimized aggregate gradation mixtures.

o Awverage surface resistivity results of optimized and non-optimized aggregate gradation mixtures improved as
the w/cm ratio decreased at later age tests. Non-optimized aggregate gradation mixtures exhibited this trend by
the 28-day tests while optimized aggregate gradation mixtures exhibited this trend at all test dates.

o Average surface resistivity results of optimized aggregate gradation mixtures with fly ash had similar
resistivities than the companion non-optimized aggregate gradation straight cement mixtures by the 56-day tests
(4.5% lower) and had higher average surface resistivities by the 90-day tests (7.2% higher).

Formation Factor
e Preliminary formation factor results show trends similar to other electrical resistivity tests. It should be noted that the
testing and calculation method for formation factor testing is still being revised and improved, therefore these values
are relevant only for preliminary observations.
e Additional study on formation factor tests should be considered as NCDOT begins using mixtures with an increased
range of cementitious materials and ternary blends.

Volumetric Shrinkage

e Volumetric shrinkage of all optimized aggregate gradation mixtures met the AASHTO PP 84 suggested limit of 420
microstrain at 28-days.
¢ In the previous study, the research team used the measurement after the 28-day wet curing period as the initial
measurement. Therefore, comparisons were made between companion optimized and non-optimized aggregate
gradation mixtures using this approach, despite ASTM C157 indicating that the measurement immediately
following demolding should be used as the initial measurement.
o Optimized aggregate gradation mixtures had higher average 28-day volumetric shrinkage (in microstrain) than
companion non-optimized aggregate gradation mixtures.
o Optimized aggregate gradation mixtures had lower average volumetric shrinkage (in microstrain) than non-
optimized aggregate by the 32-week measurement.

45



4.0 PERFORMANCE TARGETS FOR FREEZE-THAW DURABLE CONCRETE

4.1 Introduction

The Super Air Meter (SAM) is a relatively new test method that evaluates the dispersion of an air void system
within fresh concrete. The SAM number has been shown to correlate with spacing factor and durability factor (DF) from
the ASTM C666 freeze-thaw test (Ley et al. 2017). This test uses a modified Type B pressure meter (SAM) that
undergoes a set of sequential pressure steps. The equilibrium pressure difference between the first and second steps of
pressurization provides the SAM number. The goals of this research were to evaluate how the materials and mixture
proportions commonly used by NCDOT affect the SAM number, as well as to identify SAM numbers that are indicative
of durable concrete based on the performance specifications of the NCDOT.

Mixtures from this project, as well as four past NCDOT projects, that used a variety of w/cm, fly ash types and
replacement percentages, and cementitious material content were included in this study. SAM numbers obtained from
fresh concrete tests were correlated to freeze-thaw durability test results (ASTM C666, method A) and air void system
parameters determined using manual point count methods (ASTM C457). This analysis provided insight into the
performance of NCDOT mixtures in the freeze-thaw durability test, the relationship between the air void system spacing
factor of the hardened concrete and historically used performance targets, and a potential SAM number performance
target that could be used in shadow specifications by NCDOT in future concrete construction.

4.2 Limitations

The research study supporting this effort was configured to support evaluation of optimized aggregate gradation
concrete mixtures and identification of performance targets for multiple PEM tests, including surface resistivity and
shrinkage in addition to SAM. Data from other research projects included in this analysis also had different objectives.
To support these objectives, fresh air contents for mixtures produced were limited to a tight range (5 to 6%) to minimize
the variation in the mechanical properties and durability performance test results both within this current project and
between projects. Since NCDOT specifications require air contents of 5.5 + 1.5%, the range of 5.0% to 6.0% air should
encompass many mixtures being accepted on job sites across North Carolina’s highway system. With such a narrow band
of fresh air encompassed by the project mixtures the spacing factors associated with these air contents are also a narrower
band then in other projects dealing with the SAM. Therefore, it is likely that the limited range of air contents allowed in
the mixtures included in this work did not allow for the full spectrum of spacing factors seen in similar evaluations of the
SAM or hardened air void systems. Nevertheless, this chapter presents an analysis of the air void systems of a range of
NCDOT structural and pavement concrete mixtures, comparing test results of different mixtures to one another and to
published data on air void systems from previous research studies.

It is noted that the SAM test results included in this analysis were obtained over the course of approximately 8
years using two SAM devices and approximately 10 different operators. Additionally, over the course of the project, both
SAM devices received service from the OSU technician at several points, including reprogramming of the gauge with
updated software as it became available. Lightweight sand used in RP 2016-06 (Cavalline et al. 2018) as an internal
curing agent was porous and may have influenced the SAM measurements for these mixtures. These changes in
equipment, operator, materials, and computational algorithm each likely influenced the accuracy and the uncertainty of
SAM number measurements. Evaluating the influence of these changes on the SAM measurements was not included in
the scope of this study, but the likely influence of these changes is acknowledged.

4.3 Methods and Test Results

SAM tests were performed using the AASHTO TP 118 procedure as part of three past research studies for
NCDOT: RP 2015-03 (Cavalline et al. 2017), RP 2016-06 (Cavalline et al. 2018), and RP 2018-14 (Cavalline et al.
2020a). Due to space limitations in this report, the reader is referred to the project reports for the previous studies, as well
as a thesis published on this work (OCampo 2022) for further details on mixture proportions, materials, and fresh and
hardened property test results. Data from these studies was paired with new SAM and freeze-thaw test results from RP
2020-13 (this study), and additional hardened air void analysis was performed on specimens from all four studies. All
SAM numbers of 0.60 or greater were discarded as these high values were likely the result of a leak during the test than a
true SAM number, given that almost all mixtures had a total air content measured with the Type B meter between 5.0 and
6.0%. AASHTO TP 118-17 recommends a range of 0.01 to 0.82 for acceptable SAM numbers so to ensure the integrity of
the SAM testing was upheld a more conservative threshold of 0.60 was used as the upper limit.

SAM test results used in this analysis are provided in Appendix C, Table C.1, along with other fresh property test
results for these mixtures.
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Results of durability testing, including SAM measurements are shown in Table 4.1. Freeze-thaw testing was
performed using ASTM C666, Procedure A. For each mixture, 3 replicate beam specimens were tested. Fundamental
transverse frequency measurements were made using a Rigol DS1052E digital oscilloscope and Omega Engineering
ACC-PS2 accelerometer. The digital oscilloscope was set to Fast Fourier Transform (FFT) mode and the fundamental
transverse frequency was determined in accordance with ASTM C215, “Standard Test Method for Fundamental
Transverse, Longitudinal, and Torsional Resonant Frequencies of Concrete Specimens” (ASTM 2019). It should be noted
that during the course of RP 2020-13 (this study) the settings on the oscilloscope were such that the fundamental
frequency measurements were only captured to the hundredths of a kHz (e.qg., 2.1 kHz) rather than additional resolution
(e.g., 2.13 kHz). This source of resolution loss is acknowledged as a limitation of the DF computed for specimens tested
in this study, many of which were greater than 100 at the completion of the study. A full analysis of the impact of this
change in measurement resolution on the uncertainty of the measurements was beyond the scope of this study but would
likely also need to consider the combined uncertainty of all sources (calibration, frequency, length, mass, etc.). The
fundamental transverse frequencies were used to compute DF per ASTM C666.

Table 4.1: Results of durability testing for all mixtures

Project

. : :
Number | Mixture ID DF Mass Loss (%) | SAM | SF(in) | SF(um)

Conventional concrete, no fly ash

cC | 8522 | -0.39% | 032 | 00243 | 617
Internally cured concrete, no fly ash

11IM 88.39 -0.17% 0.4 0.0211 536

12M 100.96 0.23% 0.12 0.0219 557

11H2* 91.67 -0.20% 0.24 0.0215 546

12H 83.8 -0.48% 0.39 0.0323 821
Internally cured pavement mixture

2016-06 1P | 8439 | 0.66% [ 03 | 00138 [ 351

Conventional concrete, fly ash
CF | 8015 | -0.29% | 03 | 00221 | 560
Internally cured concrete, fly ash

11MF 87.2 -0.23% 0.25 0.016 408

12MF 38 1.57% 0.19 0.0242 615

11HF 83.19 0.39% 0.29 0.0196 497

12HF 2 52.26 2.99% 0.27 0.023 585
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H-series (high w/cm ratio, 0.47)

H-560-140 0.19 0.0228 580
H-650-0 0.38 0.0227 576
H-480-120 0.28 0.0111 281
H-420-180 0.22 0.0167 424
2018-14 M Series (moderate w/cm ratio, 0.42)
M-700-0 0.25 0.0237 601
M-650-0 0.23 0.0208 528
M-420-180 0.24 0.0159 403
L Series (low w/cm ratio, 0.37)
L-600-0 | | o006 | 00196 [ 499
H-series (high w/cm ratio, 0.47)
H-700*-0 103.46 1.22% 0.29
H-560*-140 105.19 0.96% 0.4 0.0246 626
H-650*-0 103.46 1.12% 0.13 0.0209 532
H-520*-130 101.73 1.03% 0.3 0.0204 519
H-600*-0 100 2.05% 0.0236 599
H-480*-120 103.46 1.93% 0.18 0.0158 402
H-420*-180 103.46 1.22% 0.24 0.0209 530
M Series (moderate w/cm ratio, 0.42)
M-700*-0 100 1.28% 0.022 559
M-560%*-140 93.65 1.08% 0.026 660
M-650*-0 103.25 -0.15% 0.43 0.0156 395
M-520*-130 100 2.30% 0.41 0.0205 520
M-600*-0 100 1.93% 0.0124 il
M-480*-120 100 3.20% 0.53 0.0116 295
M-420*-180 100 3.49% 0.0197 502
2020-13 L Series (low w/cm ratio, 0.37)
L-700*-0 100 0.98% 0.2 0.031 786
L-560*-140 96.83 0.54% 0.39 0.0226 574
L-650*-0 100 0.17% 0.42 0.0208 529
L-520*-130 106.5 0.41% 0.27 0.0195 496
L-600*-0 100 1.37% 0.0214 544
L-480*-120 98.53 0.50% 0.51 0.0205 520
L-420*-180 100 3.20% 0.0206 523
CNT Series, containing carbon nanotube mixtures, w/cm designated H, M, L as defined
above
H-600C-0 96.71 1.77% 0.55 0.0157 400
M-600C-0 100 0.11% 0.38 0.0248 630
L-600C-0 98.9 0.15% 0.5 0.0197 500
CNT Series, containing carbon nanotube mixtures, w/cm designated H, M, L as defined
above contains Non-Optimized Aggregate Gradation
HNO-600C-0 95.06 0.57% 0.031 788
MNO-600C-0 95.06 0.31% 0.0176 447
LNO-600C-0 100 0.09% 0.0241 612
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Hardened air void analysis was performed using the scanner procedure developed by Michigan Technological
University (Peterson et al. 2001, Peterson et al. 2002, Carlson et al. 2005, Sutter et al. 2007). Development of the
calibration set of specimens for use of the system is described in Ojo (2018). To minimize sawcutting, specimens cast for
hardened air analysis used cardboard takeout food cartons as molds (Figure 4.1a). To perform the hardened air analysis,
specimens were sawcut (Figure 4.1b), polished to roughly 800 grit (Figure 4.1c), and treated with black ink. After the
black ink dried, white powder was pressed into the air voids (Figure 4.2a and b). Each specimen was inspected closely,
and any entrapped air voids or voids within aggregates were painted with black ink so that they were not “counted” as
entrained air voids. The prepared concrete surface was then scanned on a flatbed scanner. The characteristics of the air




void system were then determined using the Bubble Counter software developed by researchers at Michigan Tech

(Peterson et al. 2001) (Figure 4.2c).

Figure 4.1a: Specimen cast for Figure 4.1b: Specimen sawcut, prior
hardened air void analysis to polishing

Fingre 4.1c: Specimen after face is
polished using progressively finer grit

Figure 4.2a: Treated specimen Figure 4.2b: Treated specimen prior

prior to scanning. Note the limited to scanning. Note the presence of
number of white air voids visible more air voids than in the specimen

shown in Figure 4.2a

Figure 4.2c: Scanned image of sample
with black and white contrast card (UNC
Charlotte ID card) along with Bubble
Counter system parameters

4.3.1 Fresh Air vs. Spacing Factor

Figure 4.3 shows a downward trend of the spacing factor as the fresh air content (%) increases. This is consistent
with findings of other researchers. When Figure 4.3 is compared to a similar figure from Ley et al. (2017) a trend in the
spacing factor decreasing as the percentage of fresh air increases can be observed. If a wider ranging fresh air content had
been allowed in these studies, a broader range of spacing factor values may have been provided and the trend could have

potentially been more strongly exhibited.

1200
1000
800
600
400
200
0

Spacing Factor (um)

1.00%

y=-86685x+10205  °®
R? = 0.0471 * oo
o . !
[ ®
3.00% 5.00% 7.00%

Fresh Air (%)

__0.0500

: =-0.3413x + 0.0402
£ 0.0400 ® J R2=0.0471
£ 0.0300 o ° °
& s ...

=, 0.0200 0 t 8 | f"i’g ..... !

f
= °

2 0.0100 L] o0

o
“ 0.0000

4.80%5.00% 5.20% 5.40% 5.60% 5.80% 6.00% 6.20%
Fresh Air (%)
Figure 4.3: Fresh Air (%) vs. Spacing Factor (in.)

Figure 4.4: Fresh Air (%) vs. Spacing Factor (um)

To explore whether the data obtained as part of this NCDOT study align with that obtained by OSU, the data
provided in the Appendix of Ley et al. (2017) was mined and plotted. Data from this NCDOT-funded study was then
plotted with the data from Ley et al. (2017) in the same figure to facilitate comparison. The first of these graphs is shown
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below in Figure 4.5, where comparing the data obtained from the OSU data sets is shown with data obtained from
NCDOT mixtures (red markers). As seen in Figure 4.5, the data gathered from this NCDOT study are contained fully
within an air content range of 5% to 6%. While the spacing factors from some NCDOT mixtures are within the range seen
in the OSU data most mixtures spacing factors are between 2 and 3 times the average seen by the data plotted from Ley et
al. (2017). There are several factors that could be affecting the difference in spacing factors seen between the data
provided by Ley et al. (2017) and the NCDOT projects such as different AEASs used, using a different class of fly ash, and
differing WRAs being used for the different studies. Determining the causes of the general increase in spacing factor was
not within the scope of this study and as such will not be evaluated at this time.
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Figure 4.5: Fresh air (%) vs. spacing factor (um) — OSU data from Ley et al. (2017) with NCDOT mixtures (red data
markers)

For similar mixtures dispersion in the SAM numbers could be attributed to the change in users, change in SAM
device, different temperatures, or changes in cementitious material chemistry. Interactions between the admixtures may
also have coarsened the air voids system, causing larger air bubbles and therefore larger spacing factors. For the mixtures
included in this study, the rodding procedure was used to consolidate the concrete into the base of the SAM unit. In
recent years, the developer of the SAM has recommended a vibration procedure that could potentially be used to improve
the quality of SAM data collected. A daily leak check procedure has also been developed recently and could also be used
to improve the accuracy of SAM measurements.

4.3.2 Fresh Air vs. Durability Factor

Figures 4.6 and 4.7 include plots of data from the NCDOT mixtures, with the DF of each mixture plotted against
the measured percentage of fresh air. One trend setting the NCDOT mixtures batched and tested for this project apart from
the OSU data published in Ley et al. (2017) is the fact that NCDOT mixtures exhibited particularly good durability
performance in this test. In fact, only 2 NCDOT mixtures included in this analysis had DF lower than the
recommendation provided by Ley et al. (2017), while only 6 NCDOT mixtures fell below a more conservatively
recommended DF of 80. In both graphs there is a trend upwards in the DF as the fresh air content percentage increases, as
could be expected. Figure 4. shows the same data from Figure 4.6 with a broader range of air contents, showing the
limitations in this dataset due to mixture air contents maintained between 5 and 6%.
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Figure 4.6: Fresh air (%) vs. DF Figure 4.7: Fresh air (%) vs. DF
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The test results for mixtures used for this NCDOT project have been overlayed on the test results of the mixtures
used by Ley et al. in Figure 4.8. The NCDOT mixtures used for this project (plotted using red markers in Figure 4.8) align
well with the OSU data based on the expectations from the data provided by Ley et al. (2017) in this category.
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Figure 4.8: Fresh air (%) vs. DF — OSU data from Ley et al. (2017) with NCDOT mixtures (red data markers)

4.3.3 Fresh Air vs. SAM Number
Figures 4.9 and 4.10 show a slight increase in the SAM number as the fresh air percentage increases for NCDOT

mixtures. Figure 4.11 displays the same data that is shown in Figure 4.10; however, the data is plotted using a broader
range of air contents. As previously stated, the mixtures used for all NCDOT project analysis were designed with
mechanical properties and other durability concerns in mind (e.g. evaluating surface resistivity, shrinkage, and mechanical
properties). This focus, along with a guiding criterion of maintaining a tight air content range to facilitate comparisons of
mixture properties/test performance without undue effects of air content, has left the range of fresh air allowed as a very
narrow range. Based on the limitations of this dataset, and the dispersion that could be expected based on the wide range
of mixtures tested, the poor correlation shown in Figure 4.10 could be expected.
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Figure 4.9: Fresh air (%) vs. SAM number Figure 4.10: Fresh air (%) vs. SAM number

As can be seen in Figure 4.11, where test results for the NCDOT mixtures used in this project (red data markers)
are plotted along with the OSU data from Ley et al. (2017). A fairly wide range of SAM numbers was measured for
NCDOT mixtures containing between 5 and 6% air content. This variability in the data may be the result of issues arising
from use of the device (such as leaks), variability induced by different mixtures, materials, operators, environmental
conditions, or other reasons. Riding and Albahttiti (2016) found that between one SAM test to the next within the same
site the coefficient of variation was 154% higher than that of the air content tests on average. Overall, the SAM test had a
coefficient of variation of 56% throughout all of the samples taken while the air content had a coefficient of variation of
22% (Riding and Albahttiti 2016). The number of SAM operators used to collect UNC Charlotte’s dataset is estimated to
be approximately 10 people, likely contributing to the dispersion of the data. Although some users received training from
the SAM developer, others learned via the online videos or from other users. Many agencies have reported improved
results after additional training from the developer (Hall et al. 2019), and it is acknowledged that the change in user and
device played a role in the dispersion observed in the data. It is also noted, however, that the spacing factors measured for
the NCDOT mixtures were also greater than those obtained by Ley et al. (2017), and the increase in measured SAM
number could therefore be expected.
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Figure 4.11: Fresh air (%) vs. SAM number - OSU data from Ley et al. (2017) with NCDOT mixtures (red data markers)

4.3.4 Spacing Factor

ASTM C457 testing was performed on two samples per mixture. Of the 65 samples which had a spacing factor
calculated, 29 were above the average of 0.0213 in. Of the samples which had above the average spacing factor 8 of 29
utilized fly ash while the variable w/cm ratio mixtures from 2018-14 and 2020-13 accounted for 10 of the 29 mixtures.
Figure 4.12 shows the spacing factor (um) graphed against the DF using data from Ley et al. (2017) and NCDOT
mixtures (red markers). For the OSU data, the DF can be seen to decrease rapidly in the space between 200 um and 400
pum with most mixtures at or before 200 um having a DF above 80. The mixtures measured with a spacing factor of above
200 um rapidly descend in the DF measured until they hit a general low at 400 um and above with only random mixtures
displaying a DF above 80 and the majority of mixtures being measured below 40. As noted before, only a few of the
NCDOT mixtures performed poorly the ASTM C666 test. Note that the data shown with hollow red markers is from RP
2020-13 specimens where the DF was measured to be slightly greater than 100 due to the oscilloscope settings used.
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Figure 4.12: Spacing factor (um) vs. DF - OSU data from Ley et al. (2017) with NCDOT mixtures (red data markers)
Figure 4.13 shows a plot of SAM number vs. spacing factor, with mixtures from OSU from Ley et al. (2017)
plotted with NCDOT data (red markers). The data found from the NCDOT mixtures notably exhibits spacing factors

higher in general when compared to the data acquired from OSU. This correlates with work by Ojo (2018) using mixtures
with North Carolina materials and NCDOT paving mixtures.
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Figure 4.14 shows the SAM number plotted against spacing factor for a study completed for a private entity using
NCDOT mixtures (Ojo 2018). It is noted that some mixtures contained fly ashes that did not meet ASTM C168 in several
mixtures. These findings align more closely with the relationships between the SAM number and spacing factor suggested
by OSU (Ley et al. 2017).
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Figure 4.14: SAM Number vs. Spacing Factor (um) — OSU data from Appendix of Ley et al. (2017) with NCDOT
mixtures utilizing off spec fly ash overlaid (red data markers)

4.3.5 Durability Factor

For all NCDOT studies included in this work, ASTM C666 testing was performed on three specimens per
mixture, and the averages are plotted in Figure 4.15 (red markers) with data from OSU for comparison (Ley et al. 2017).
As described earlier, a change in the oscilloscope settings during RP 2020-13 resulted in a loss of resolution on the
fundamental frequency of these samples. Therefore, several samples from the RP 2020-13 project had a final (after 300
cycle) relative dynamic modulus higher than that of the initial reading, and therefore DF slightly greater than 100. These
samples will be shown as having a DF of 100 but are marked with a hollow red circle to show which exceeded this limit.

The data from OSU shows a general drop in the DF as the SAM number approaches 0.4, which is similar to the
drop measured when graphing the spacing factor (um) vs the DF for this data. The NCDOT mixtures did not exhibit a
drop in DF with only 6 of the 57 mixtures with a DF being under a DF of 80. Of these 6 mixtures that fell under a DF of
80 only 2 were below a DF of 70. According to Brian Hunter, State Laboratory Engineer at NCDOT, North Carolina’s
bridge and pavement concrete mixtures have historically exhibited good freeze-thaw durability. UNC Charlotte’s freeze-
thaw laboratory tests of NCDOT mixtures have indeed supported this field observation.
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Previous work by Ojo (2018) using NCDOT-type mixtures with a variety of in-spec and off-spec fly ash more
closely aligned with the findings from Ley et al. (2017), but also aligned with NCDOT studies in that a majority of
concrete mixtures that passed ASTM C666 testing. It is noted that many mixtures in Ojo (2017) contained off-spec fly
ash from several sources, some treated with a treated them with a chemical compound to assist with air entrainment.
Although the performance of mixtures containing fly ash from each source was different, mixtures containing air contents
greater than 5% all had high (typically >90%) DFs at the end of 300 freeze-thaw cycles (Ojo 2018).

4.4 Development of Recommended SAM Specification

To support use of the results from this research project in future work and to develop a preliminary SAM
specification for NCDOT, a review of existing SAM specifications was undertaken. Findings of this review are published
in OCampo (2022) and are summarized here.

Currently the SAM is being utilized in several states as well as some Canadian provinces. However, of the state
specifications reviewed for this project, only Wisconsin had SAM requirements included in the standard specifications as
a mixture design approval requirement (WisDOT 2022). At the time of this review, the Wisconsin DOT standard
specifications includes a quality management plan requiring the SAM test be performed at least once per lot with the
following exceptions: lots less than 4 sublots, high early strength concrete, special high early strength concrete, concrete
pavement approach slabs, concrete masonry culverts, concrete masonry retaining walls, crash cushions, and concrete-
filled steel grid floor. While the SAM number was a required measurement, no pay adjustment was required for an
unsatisfactory test result, and recommendations for an acceptable SAM number were not included (WisDOT 2022).

At the time of this review, the New York DOT did not have a standard specification calling for the use of the
SAM test but did include a special provision for SAM testing the during mixture design phase in section 501-3 (NYSDOT
2022). A SAM number of 0.20 was typically recommended, or a DF > 90%. Colorado DOT has also created a special
provision for the SAM test where all air entrained concrete produced for their projects will also need to have a SAM
number reported when air testing is conducted for mixture design (CODOT 2021). This provision has been placed into
section 601.05 of the standard specifications for projects that include a special provision. West Virginia approved of using
the SAM as a project specific special provision for mixture design acceptance. The criteria required for the mixture design
is shown in Table 4.2 below.

Table 4.2: Design Mix Performance Criteria (WVDOT)

SAM Number Required Action

Less than 0.25 Accept Concrete

0.25100.30 Accept with Corrective Action Needed
Greater than 0.30 Reduced payment for concrete

The original lab work completed by Ley et al. (2017) showed that above a SAM number of 0.30, a steep decline
occurred in the ability of the concrete to provide a DF above 80 in the ASTM C666 freeze-thaw test. With such a steep
decline exhibited by the mixtures included to date, the OSU research team established a recommended of a SAM number
of 0.20 to ensure adequate freeze-thaw performance of most mixtures. Other laboratories performing research on different
types of concrete mixtures using materials from different geographic areas have had results that indicate a different SAM
number may correlates to a recommended spacing factor and/or DF.

In a study aimed to evaluate the SAM in Poland, Dabrowski et al. (2019) found that a SAM number of 0.40
provided a more accurate correlation to the desired spacing factor of 200 um. These researchers indicated that a SAM
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number target of 0.20 was too restrictive, with only one of the tested mixtures included in their study achieving a SAM
number of 0.20 or below while mixtures with a SAM number greater than 0.20- but less than 0.40 still exhibiting a
desirable spacing factor. European countries do not use a rapid freeze-thaw test such as ASTM C666, so this study did not
provide data to allow comparisons to be made with the DF. However, a SAM number of 0.40 had an apparent correlation
to the content of microvoids deemed acceptable. Microvoids are air voids that are under 300 pm in size and have been
shown to be a useful parameter in determining the quality of the microstructure of the air void system (Dabrowski et al.
2019).

Work done by Ojo (2018) at UNC Charlotte indicated that a SAM number of 0.30 was found to encompass all but
three mixtures that had a DF of 60 or higher which is the failure threshold for ASTM C666. As a disclaimer, the mixtures
used by Ojo (2018) used fly ash that did not meet ASTM C618 in some mixtures. However, the mixtures and materials
did provide useful insights into a wider range of air contents which the NCDOT-sponsored research did not provide due to
the study design.

In studies of NCDOT concrete mixtures by UNC Charlotte, freeze-thaw tests performed on mixtures with a wide
range of w/cm, SCM contents, aggregate sources, and other factors showed that these mixtures exhibited favorable freeze-
thaw durability performance in the laboratory, with DF typically greater than 80 at 300 cycles. With these favorable DFs
in the ASTM C666 test, supported by typically good freeze-thaw durability of concrete in service, a less conservative
SAM number (e.g., greater than 0.20) should be an appropriate preliminary target for NCDOT project special provisions
for the SAM until additional field and laboratory data is collected and analyzed. It is therefore recommended that NCDOT
use a SAM number of 0.30 in shadow specifications for future projects, along with requirements for total air content
aligned with their current specifications 6.0% * 1.5%. In environments experiencing significant freeze-thaw, such as in
the mountains, it could be worthwhile to for NCDOT to consider specifying a higher air content range of 6 to 8%,
consistent with other states with similar environments.

4.5 Conclusions

e NCDOT structural and pavement mixtures batched and tested as part of a series of research studies are very
resistant to freeze-thaw stresses. After 300 cycles of ASTM C666 testing, only 6 of the 56 mixtures exhibited a
DF below 80 and only 2 falling below ASTM C666’s performance threshold DF of 60.

e The historically used spacing factor limit of 0.008 in (200 um) appears to be too conservative for use of NCDOT
in specification development. Many mixtures exhibiting good to excellent freeze-thaw durability performance in
the ASTM C666 test had spacing factors that exceeded this target. Since most concrete mixtures included in this
study exhibited DFs greater than 80, a proposed target spacing factor could not be identified.

o Fresh air content exhibited a reasonable correlation to the spacing factor and DF found during testing.

e The SAM numbers obtained during studies of NCDOT concrete at UNC Charlotte exhibited a lesser correlation to
the DF. The strong relationship between SAM number and spacing factor observed in other studies was not
observed based on findings of this work. Variability in the SAM measurements was likely increased due to use of
multiple devices, operators, and materials. Variability also exists in the spacing factor measurements, which
could have affected the ability to observe meaningful correlations.

e The findings of this study were significantly limited by the range of air contents (5 to 6%) used in the mixtures. A
more comprehensive study should be performed using a wider range of air contents (such as 2% to 10%).
Analysis of field-produced concrete should also be paired with additional laboratory testing of to further explore
the SAM number, in hopes of expanding the types of materials and mixtures used to identify the performance
target. Future research projects to support NCDOT’s PEM initiatives could further explore the spacing factor,
SAM number and DF that correlates to adequate performance in both the field and laboratory.
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5.0 USE OF SURFACE RESISTIVITY METER TO EVALUATE BRIDGE DECK OVERLAYS

Also included as part of the laboratory evaluation was an investigation of the potential for the surface resistivity
meter to be used as a QA tool for bridge deck overlays. Although the resistivity meter shows strong promise for field
applications, the influence of a number of factors such as overlay thickness, influence of reinforcing steel, and influence of
polymeric mixture additives on surface resistivity measurements is not yet fully understood. To explore the potential for
use of the surface resistivity meter for use in bridge deck overlay QA, several laboratory mockups were constructed.
Mockups were designed and constructed in a manner that allowed the impact of a variety of factors on the measured
resistivity to be explored. As constructed, variables to be explored using these mockups include: overlay mixture type
(conventional, polymer modified, very high early strength), overlay thickness, rebar depth/size, voids/defects, edge effects,
and moisture content.

The concrete mixtures used to construct the test specimens replicated common mixtures employed by NCDOT for
bridge deck construction, bridge deck overlays, and bridge deck repair patches. Mixture designs met Class AA bridge deck
specifications which require a minimum 4,500 psi 28-day compressive strength and a cement content of between 639-715
pounds per cubic yard. Details on the materials used are provided in Dillworth (2021). The concrete mixtures are described
in Table 5.1 and included those listed below.

e A conventional bridge deck mixture (CC)

e A conventional ready-mix bridge deck mixture (CC-RM)

o A latex-modified bridge deck overlay mixture (LMC)

e A very high early strength overlay mixture (VHES)

e A very high early strength latex-modified overlay mixture (VHES-LMC)

Table 5.1: Concrete proportions for bridge deck overlay slabs
Mixture Ib/cy gal/cy 0z/100# cement
wic Cement Water CA FA Latex MRWR AEA

CC 0.37 | 715 265.5 1720 1113 0 7.66 3.65
CC-RM 0.39 | 572 288.6 1825 1014 - - -
LMC 0.39 | 658 177 1304 1510 175 5.55 0
VHES 0.45 | 658 299 1304 1510 0 15 2.56
VHES-LMC 0.45 | 658 222 1304 1510 175 5.55 0

5.1 Test Specimen Preparation

Previous research by Polder (2002) had found a 2x to 6x reduction in surface resistivity measurements when the
probe is placed on top of and parallel to the epoxy-coated steel reinforcement. This work was performed using early
version of the surface resistivity meter. To better understand the effect of different types of reinforcing steel embedded in
concrete at different depths on resistivity measurements a preliminary investigation was carried out on concrete cylinders
and miniature slabs cast from CC, LMC, VHES, and VHES-LMC.

For cylinder specimen, concrete mixtures shown in Table 5.2 were cast into 6 in. x 12 in. cylinders. A single No.
6 (3/4 in.) rebar was embedded longitudinally into selected cylinders as follows (1) with a single standard rebar - two
cylinders per mixture, (2) with a single epoxy-coated rebar - two cylinders per mixture, and (3) no reinforcement - two
cylinders per mixture.

Table 5.2: Number of 6 in. x 12 in. cylinders for preliminary testing

. Number of Cylinders
Type of reinforcement cC LMC VHES VHES-LMC
Standard rebar 2 2 2 2
Epoxy coated rebar 2 2 2 2
No rebar 2 2 2 2

In cylinders containing reinforcement, the No. 6 bar was placed off-center longitudinally through the cylinder,
providing differing cover dimensions for the surface resistivity testing, depending on where the meter was placed
longitudinally along the cylinder to take a reading. Rebar was placed approximately 1.5 in. from the outside surface of the
cylinders, as shown in Figure 5.1.
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Figure 5.1: 6 in by 12 in reinforced cylinder specimen

After the concrete cylinders were cast, they were covered with plastic to promote curing without moisture loss.
Cylinders cast from the two conventional (non-VHES) concrete mixtures were allowed to cure for 24 hours in laboratory
conditions prior to demolding, then were tested for surface resistivity at 1 day (24 hours). After the 1-day tests, cylinders
were placed in the moist curing room and removed only for the 3, 7, 14, 28, 56, and 90-day surface resistivity tests.

Cylinders cast from the two VHES mixtures were also covered with plastic to promote curing without moisture
loss. At 1 hour, the cylinders were demolded, and surface resistivity tests were performed at 1 hour, 2 hours, and 4 hours.
The VHES cylinders were then placed in the moist curing room to follow the same testing schedule utilized for the
conventional (non-VHES) concrete test specimens. At 120 days, all cylinders (CC, LMC, VHES-LMC, VHES-non latex)
were relocated to an environmental chamber programmed to retain a constant temperature of 73 £ 3°F with a relative
humidity of 50 + 4% to allow them to reach a steady yet unsaturated state, and surface resistivity testing resumed.

As an intermediate-sized test specimen between the preliminary 6 in. x 12 in. cylinders and the more extensive
bridge deck mockups, miniature slabs were constructed and tested as part of this preliminary work. The miniature slabs
served to better understand the influence of reinforcing steel, edge, and orientation of test on measured surface resistivity,
Figure 5.2 shows the containers used as concrete forms for the miniature slabs with the three reinforcing conditions —
unreinforced (at top), uncoated rebar (middle) and epoxy-coated rebar (bottom). The No. 6 reinforcement was placed 6
in.-on-center to maintain the same spacing as the bridge deck mockups. The forms at the left of Figure 5.2 were filled
with VHES concrete, the forms on the right of Figure 5.2 were filled with VHES-LMC. After being filled with concrete,
the boxes were placed on a vibrating table to assist with consolidation of the concrete around the reinforcement.
Miniature slabs cast using the two conventional (non-VHES) mixtures were cured in the curing room and tested following
the schedule used for the non-VHES cylinders. VHES concrete miniature slabs were cured and tested following the
schedule and procedure previously used for the VHES cylinders (1, 2, 4 hours, then 1, 3, 7, 14, 28, 56, and 90 days).

Figure 5.2: Miniature slab forms
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Four bridge deck mockups were also developed and constructed, each resembling a 10-inch-thick section of a
typical cast-in-place reinforced concrete bridge deck. In developing the mockups, consideration was given to steel
reinforcement diameter and spacing as set forth by typical bridge deck construction practices, except for the inclusion of
only the top steel reinforcement mat. The steel reinforcement that would typically be found in the lower portion of bridge
decks was omitted due to the fact that the reach of the surface resistivity meter’s current field is limited with respect to
depth. It is suspected that the lower reinforcement mat would not influence surface resistivity readings. Figure 5.3 shows
the plan view schematic of a typical bridge deck mockup form including the top reinforcement mat and the 12-inch clear
space for control measurements and does not display the placed void material. Figure 5.4 provides additional detail for the
steel reinforcement mat, showing the division line between the epoxy-coated and non-coated steel reinforcement, as well
as dimensioning. At the reinforcement division line, the reinforcement is simply butted end-to-end, without connection.
The steel reinforcement mat within each mockup was composed of No. 6 epoxy coated and standard or non-coated
transverse and lateral reinforcement strands spaced at 6 inches on center.
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TOP VIEW not connected
Figure 5.3 Plan view of bridge deck mockups 5.4 Detail of reinforcing steel in bridge
deck mockups

Each mockup contained a different concrete mixture configuration. The single control mockup was filled entirely
with a CC bridge deck mixture CC-RM, and the remaining three mockups contain the CC-RM only as the base layer, then
a different overlay concrete mixture was poured on top of each. To create a varying thickness overlay, the base concrete
was intentionally poured and finished out of level. Figure 5.5 shows a section view of a typical bridge deck mockup. As
depicted in the figure, the base concrete and overlay concrete thickness varies from left-to-right.
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Figure 5.5: Typical bridge deck mockup section view

The bridge deck mockup forms were built using 2-in x 10-in lumber for the sides and plywood on the bottom
(Figure 5.6a). To provide a moisture loss barrier, the mockup forms were lined with 3 mil. polyethylene sheeting. Once
the forms were built, the steel reinforcement was placed and supported through predrilled holes on three of the four form
walls then tied with standard reinforcement ties. The mockups were built to be carted around the laboratory on a pallet
jack. Figure 5.6a shows a typical completed mockup form containing epoxy-coated reinforcement (left), standard
reinforcement (middle), and a non-reinforced section (right).

The control mockup and overlay bases were all poured together on the same day using concrete supplied by a
local ready-mixed concrete company. During placement, an electric handheld concrete vibrator was utilized to assist with
consolidation. After pouring the conventional concrete for the control mockup and the base sections for the three overlay
mockups, the mockups were moist cured outdoors for 7 days to allow for curing per NCDOT’s specifications. Therefore,
the 1 day and 3-day surface resistivity testing of the control mockup was performed outside of the laboratory in ambient
conditions. On the 7th day, the moist curing concluded, and the mockups were relocated inside for the duration of the
testing program.

Figure 5.6a: Slab mocku forms Figure 5.6b: Mockups after AA deck | Figure 5.6¢: Mockups with overlay
slab was placed, but prior to overlay slabs placed (rear three mockups)
placement

The LMC mockup was prepared by including six pieces of foam to simulate voids as depicted in Figure 5.7a. An
additional void (bottom left-hand corner of Figure 5.7b) was included on the VHES-LMC mockup for a total of seven
voids, and the VHES mockup contained two additional voids ([1]bottom left-hand corner and [2] top right-hand corner of
Figure 5.7c) for a total of eight voids.
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Figure 5.7a, b, and ¢: Mockup void placement - (a) LMC, (b) VHES-LMC, and (c) VHES

The three overlay mixtures, LMC, VHES-LMC, and VHES, were batched in the laboratory and placed on top of
the CC-RM base concrete a later date, after 7 days of curing of the base. The bridge deck mockups containing Type I/11
cement (conventional concrete, latex modified concrete) were cured after finishing with wet burlap under polyethylene
sheets in an effort to maintain the desired moist conditions for the 7-day curing period (NCDOT 2018). The overlay
concrete containing the VHES cement were cured similarly to non-VHES mockups except for the curing duration was
reduced from 7 days to a one hour curing period, as recommended by the cement manufacturer. Cylinders for each
overlay concrete mixture were also cast and were measured for surface resistivity (Figure 4b) and compressive strength at
1, 3,7, 14,28, 56, and 90 days. The VHES and VHES-LMC mixtures were also tested at 1 hour and 4 hours. All data is
provided in Dillworth (2021).

5.2 Test Methods

The Resipod surface resistivity meter manufactured by Proceq was used for this study. Surface resistivity
measurements were made on the preliminary 6 in. x 12 in. specimens following the AASHTO T 358 standard method.
Resistivity measurements were made on two replicates of each concrete type and reinforcement configuration at the four
circumferential points shown in Figure 5.8a. The influence of mixture type, reinforcement type, and depth of cover on
surface resistivity measurements were evaluated with attention given to the comparison of measurements at quadrant 1
with other quadrants. For miniature slab specimens, resistivity measurements were made using the meter placed at 22
locations on the top surface of the miniature slabs. Figure 5.8b shows a typical miniature slab, with the rebar locations
shown in black. Testing locations and alignment of the surface resistivity meter are shown in blue.
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Figure 5.8a: 6 in by 12 in cylinder cross section, with Figure 5.8b: Typical miniature slab with location and

measurement positions labeled 1-4 and embedded rebar orientation of rebar (shown in black) and test locations
shown as blue circle. (shown in blue)

Surface resistivity measurements of the bridge deck mockups were measured over a series of selected time
periods (1, 3, 7, 14, 28, 56, and 90 days for conventional mixtures; 1, 2, and 4 hr, 1, 3, 7, 14, 28, 56, and 90 days for
VHES mixtures) at designated points arranged in a 13 x 13 cell grid (169 points) across the top surface (Figure 5.9a and
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b). Each of the 169 points was measured with the meter held at a certain orientation (horizontal, vertical, or diagonal)
before beginning the next orientation. The points were measured in a sequence from left-to-right, top-to-bottom starting
with the top left point in the following orientations, diagonal, horizontal, then vertical.
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Figure 5.9a: Mockup surface showing grid layout | Figure 5.9b: Testing sequence for surface resistivity of mockups
spacing

For the meter’s current to successfully enter and pass through the pore liquid water must be added to the mockups
surface. Roughly 1 gallon of water divided into three pours was used to saturate the 3.5 ft. by 3.5 ft. testing area per
orientation. The water was poured onto the surface so that it is fully covered without spillover, allowing it to absorb and
reapplying several times to account for evaporation. An extension was temporarily attached to the meter to facilitate easier
data collection from the standing position (Figure 5.10). The desired saturation was achieved when the surface resistivity
measurement no longer drifted and remained stable. The points were measured with the surface resistivity meter
positioned in three different orientations with respect to image of Figure 5.11.

B

Figure 5.10: Tpicai surface moisture condition after Figure 5.11: Schematic showing the three different
wetting/preparation and attachment to allow surface orientations used when measuring surface resistivity at the
resistivity measurements to be taken rapidly while 169 measurement points.

standing.
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5.3 Results

Surface resistivity measurements were made on unreinforced 4 in by 12 in cylinders cast from the CC-RM and the three
overlay mixtures, which were cured in a moist curing room. A summary of the compressive strength of these mixtures is
shown in Figure 5.12, with the surface resistivity shown in Figure 5.13.
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Figure 5.12: Compressive strength of CC-RM, LMC, VHES, and VHES-LMC used in mockups
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Figure 5.13: Surface resistivity of CC-RM, LMC, VHES, and VHES-LMC used in mockups
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5.3.1 Reinforced Cylinder Specimens

Results for tests on the reinforced cylinder specimen are shown in Figure 5.14. Figures 5.14a, 5.14b, and 5.14c
show the surface resistivity measurement at each point (1-4) around the circumference of the cylinders cast from the
conventional concrete mixture. As shown in Figure 5.14b and c, the rebar is offset towards point 1 on the cylinder. The
radar chart represents the end view of the cylinders with the numbers 1-4 correlating the circumferential positions on the
diagrams. If the radar plots in Figure 5.14a, 5.14b, and 5.14c are compared, the influence of the standard rebar on the
resistivity measurement can be readily observed, particularly near position 1 (where the reinforcement is closest to the
surface). This drop in surface resistivity is evident in both the data tables and the radar plots. Readings at position 1 for
the conventional rebar (Figure 5.14b) are lower than those at position 1 for the unreinforced cylinder (Figure 5.14a) and
for the cylinder with epoxy-coated rebar (Figure 5.14c).

This testing showed that uncoated reinforcement will influence (decrease) surface resistivity measurements and
that the proximity of the reinforcement to the meter influences the decrease in the resistivity measurement. However, the
radar chart showing resistivity tests of the unreinforced cylinders (Figure 5.14a) and of cylinders with epoxy-coated
reinforcement (Figure 5.14c) appear to be similar. It therefore appears that the surface resistivity measurement is not
influenced by the epoxy-coated reinforcement. This is likely due to an insulating effect of the epoxy coating.

Plots similar to those shown in Figure 5.11 are provided for LMC, VHES, and VHES-LMC cylinders in
Appendix D. A similar trend can be observed in measurements for the LMC, shown in Appendix D, Figures D.1 through
D.3. For LMC mixtures (Figures D.1a through D.1c), the influence of the uncoated reinforcement on resistivity readings
was also evident in the radar plots, particularly at location 1 where the bar is closest to the surface of the cylinder. Similar
to the CC cylinder, the epoxy coated rebar did not appear to influence the resistivity readings. There was also an overall
increase in resistivity measurements for all LMC mixtures, indicating a lower permeability and higher durability
performance of this mixture compared to the conventional concrete mixture.

The influence of the uncoated reinforcement on the resistivity of the VHES concrete cylinders (Figures D.2a
through D.2c¢) is again evident when compared to the unreinforced cylinder and the cylinder containing the epoxy coated
reinforcement. Of note, the surface resistivity values of the VHES concrete are generally much higher than those of the
conventional concrete and LMC up to 28 days, but the readings dropped after this time to levels more on the order of the
CC and LMC mixtures by 90 days. The resistivity values for the VHES concrete at 7 days were lower than the
measurements at 3 days, indicating the start of the decrease in resistivity. It is suspected that this reduction in resistivity is
the result of the VHES cylinders increasing in humidity/moisture content due to being stored in the moist curing room.

The influence of the uncoated reinforcement on the surface resistivity of the VHES LMC cylinders (Figures D.3a
through D.3c) is again evident when compared to the unreinforced cylinder and the cylinder containing the epoxy coated
reinforcement. Of note, the surface resistivity values of the VHES-LMC concrete are substantially higher than those of
the conventional concrete, the LMC, and the VHES concrete. Similar to the trends observed in the VHES mixture, the
resistivity values appeared to peak at 3 days, and then lower readings were measured at 7 days and 14 days.

Figure 5.15 shows surface resistivity versus time for the cylinders (dashed lines) that illustrates the peak in
surface resistivity of the VHES-LMC and VHES concrete mixtures. The two solid trendlines in Figure 5.15 are the
average of similar mixtures (CC averaged with LMC and VHES averaged with VHES-LMC). It is suspected that this
peak in surface resistivity at 3 day is the result of the rapid hydration taking place within the VHES and VHES-LMC
cylinders which increases the water requirements during early curing, resulting in a dehydrated medium when compared
to non-VHES concrete mixtures. As discussed in the literature, heat and low moisture content both inversely corelated to
surface resistivity. In a sense, the VHES containing concretes may be in a state of low moisture content (dehydrated)
during this time, and due to being stored in the moist curing room, over time the moisture content stabilizes, resulting in
the leveling off of the surface resistivity readings.
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Conventional Concrete (NO Latex)
1-CC 2-CC 1-CC-Standard 2-CC-Standard 1-CC-Epoxy 2-CC-Epoxy
1 2 3 4|1 2 3 411 2 3 4|1 2 3 411 2 3 411 2 3 4
1d ({32 33 32 33|32 33 33 36(25 30 29 32|24 35 30 29|36 37 34 31|35 37 33 37
3d |49 53 55 47|50 45 53 50(36 51 51 45(37 48 43 52|48 53 46 48|52 49 46 56
7d [6.1 64 66 59|63 60 62 62|44 56 55 56|45 55 53 55|63 63 59 58|64 64 65 6.2
14d|71 72 76 70|74 70 72 72|52 71 65 66|48 62 62 68|71 73 68 67|75 73 72 74
28d|85 87 91 86(91 85 90 89|62 80 80 81(58 75 78 80|85 85 84 81|89 81 80 86
56d|93 92 97 92(94 91 96 92|66 85 84 86(63 84 83 92|98 92 97 96|96 100 93 89
90d |11.7 114 11.8 11.5(11.4 11.3 114 11.4| 7.9 105 10.2 10.6( 7.7 9.9 9.9 102|114 119 115 10.9|11.6 11.3 11.6 11.4
1-CC 1-CC-Std. 1-CC-Epoxy
1 1
15 15 15 !
10, 10 10
N /\
4 2 4 2 4 </ 2
3 3 3
2-CC 2-CC-Std. 2-CC-Epoxy
1 1 1
15 15 15
10, 10
4 ’ 2 4 2 4 2
3 3 3
1 1 1
. Q . 4 2 a 2
3 3 3

Figure 5.14a: Data, radar plot,
and schematic of conventional
concrete with no rebar

Figure 5.14b: Data, radar plot,
and schematic of conventional
concrete with standard rebar

Figure 5.14c: Data, radar plot,
and schematic of conventional
concrete with epoxy-coated
rebar

5.14: Surface resistivity measurements of CC cylinders
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Figure 5.15: Average surface resistivity of cylinders over time

As shown in Figure 5.8a, the cover of the rebar varied based upon the position of the measurement on the
cylinder. In Figures 5.16 and Figures D.4 through D.6 in Appendix D, the resistivity measurements are plotted for 1.5 in.
(quadrant 1) and 3.75 in. (quadrant 3) of cover at each age, and a trendline connects the pair of measurements. In each
figure, the plot shown includes measurements for one concrete mixture and the bold black trendline with arrow endpoints
as well as the equation of the line shows the average of those trendlines. These trendlines are expected to demonstrate how
the surface resistivity measurement is influenced by variable of cover depth on uncoated reinforcing steel. Of note, the
dotted lines in these figures are of the later ages (14 days and older) and the solid lines are of early ages (7 days and
earlier). The magnitude of surface resistivity in the CC and LMC mixtures (Figure 5.16 and D.4) increases with age, while
the VHES and VHES-LMC mixtures (Figures D.5 and D.6) exhibit the increasing then decreasing resistivity described
previously. Additionally, the 56 and 90 day trendlines are virtually identical in the VHES and VHES-LMC mixtures.
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Figure 5.16: Surface resistivity vs. concrete cover at selected concrete ages for the CC cylinders

Table D.1 provides all of the trendline equations for Figures 5.16 and D.4 through D.6, where the x- variable
represents the concrete cover distance (in.) and the y variable represents surface resistivity (kQ-cm). These trendline
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equations can be used to estimate the degree of influence of cover on surface resistivity measurements. For example, in
regard to the CC mixture at 1 day (y = 0.22x + 2.1), the cover depth (x variable) can be estimated by entering the
measured surface resistivity value (measured on top of and parallel) into the y variable of the equation. So, if surface
resistivity is measured to be 2.5 kQ-cm at 1 day, the cover depth may be near 1.8 in., or if the surface resistivity was
measured to be 2.8 kQ-cm, the cover depth may be near 3.2 in. Or in regard to the VHES-LMC mixture at 56 day (y =
3.7x + 16), if the surface resistivity is measured to be 21 and 24 kQ-cm, the cover depths can be estimated to be 1.4 and
2.2 in. respectively. As the surface resistivity value increases when compared to another measurement when measured
directly on top of and parallel to the same steel reinforcement bar of the same condition, it is hypothesized that the cover
depth is increasing at the rate provided in Table D.1. The estimated change in surface resistivity per each 0.5 in. increment
of cover depth is arranged by mixture and age in Table 5.3.

These findings are specific to the concrete mixtures (materials and proportions) used for this study. However, a
similar simple set of experiments could be performed with other materials and mixture proportions to identify trendlines
and changes in surface resistivity for different cover depths. Similar to other resistivity tests, this approach assumes the
concrete is homogeneous with regard to material, moisture, and temperature. Also, it is helpful to knowing the average
surface resistivity of an unreinforced cylinder of the concrete being evaluated (per the standard AASHTO T358 test
protocol) to indicate that the measured resistivity is within reason, and not an outlier. This research was also conducted on
cover depths between 1.5 in. and 3.75 in., so cover depths beyond this range may not be supported by this work.

Table 5.3: Change in surface resistivity (kQ-cm) per change in cover depth (increments of 0.5 in.)

Age CcC LMC VHES VHES-LMC
1 hour 0.2 0.2
2 hour 0.2 0.5
4 hour 0.4 1.0
1 day 0.1 0.1 0.2 3.1
3 day 0.2 0.3 2.0 4.1
7 day 0.2 0.5 2.2 3.2
14 day 0.3 0.5 1.9 3.7
28 day 0.4 0.6 1.2 2.7
56 day 0.4 0.9 0.8 1.9
90 day 0.5 0.9 0.9 1.8

Figure 5.17 compares the bold black lines from the previous plots of surface resistivity vs. concrete cover (CC,
LMC, VHES, and VHES-LMC) and similarly, the bold black trendline with arrow endpoints and equation of the line is
the average of each mixture. As a confirmation of the accuracy of the trendlines, the 2.9 in. cover depth was introduced by
averaging the surface resistivity measurements of all ages of quadrant 2 and 4. The average surface resistivity
measurement of the 2.9 in. (quadrant 2 and 4) cover is plotted on Figure 5.14 for each concrete mixture. Of note, the 2.9
in. cover plots very closely to each respective trendline, with the closest one being the average (bold black trendline). This
infers that due to the circular distribution of the surface resistivity meter’s field, objects are detectable to the same degree
whether they are centrically or eccentrically located below the measuring point.
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Figure 5.17: Average surface resistivity of each mixture vs. concrete cover for each mixture, with specific value of 2.9”
cover shown

5.3.2 Miniature Slab Specimens

In Figures 5.18a through 5.18c, the results of surface resistivity testing of the VHES miniature slab at 7 days are
shown in the following reinforcement conditions, without reinforcement (Figure 5.15a), with uncoated steel reinforcement
(Figure 5.15b), and with epoxy-coated reinforcement (Figure 5.15c). The blue highlight in Figures 5.18b and 5.18¢ show
the location of rebar. It was found that the resistivity readings of the remaining ages of the VHES miniature slabs as well
as all the miniature slabs cast using other concrete mixtures have a similar distribution in the change in resistivity. All
miniature slab measurement results are provided in Appendix D, Figures D.7 through D.15. The groups of cells where
each number is repeated 4-5 times represents one resistivity measurement along that group of cells.

Surface resistivity readings taken around the perimeter of each box were found to have the highest magnitude at
each testing age. Areas near the center of the box and on top of the rebar positioned in the y-axis direction tended to have
the lowest resistivity measurements at each testing age. The rebars in the y-axis direction are closer to the testing surface
than the rebars in the x-axis direction, which may explain some of the changes in magnitude in the readings in
perpendicular directions. The lower resistivity observed when measurements were made on top of the rebar closer to the
surface (in the y-axis direction) correlates to the findings from the preliminary reinforced concrete cylinder tests. Surface
resistivity test results for the miniature slabs clearly indicated the potential for edge effects to notably increase resistivity
measurements. Also, they provided an early indication of the influence of the reinforcement mat, identified by a decrease
in measured resistivity.
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Figure 5.18a: VHES miniature slab | Figure 5.18b: VHES miniature slab 7- | Figure 5.18c: VHES miniature slab 7-
7-day surface resistivity — no day surface resistivity — standard day surface resistivity — epoxy-coated
reinforcement reinforcement reinforcement
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5.3.3 Bridge Deck Mockups

For the larger slab mockups, surface resistivity measurements were compiled on an Excel table with color
conditioning formatting ranging from green (high) to red (low) to help better visualize areas of different surface resistivity
magnitudes. The three orientations were averaged at each age per cell and the standard deviation was calculated. The
standard deviation aspect of the data analysis was computed at each point to reveal where the different orientations per
cell will differentiate between one another.

Due to the 3-dimensional nature of the current field induced by the resistivity meter during measurement,
consideration should be given to the fact that the meter’s current field can be influenced by the edge of a homogeneous
material such as concrete (‘the edge effect’). The literature mentions this phenomenon and general reasoning, yet it has
not been found to be quantified with respect to the orientation of the meter with respect to the edge in question. In Gowers
and Milliard (1999), it is stated that the user shall keep a distance of at least twice the probe spacing from the specimen’s
edge to eliminate edge effects. The Resipod used in this study has a probe spacing of 1.5 in., requiring a 3 in. setback
form the edge using the recommendations of Gowers and Millard (1999).

An experiment to better quantify this influence was performed on the control mockup at 90 days within the zone
of the mockup not containing reinforcing steel. This experiment, detailed in Dillworth (2021) included measurement of
resistivity at locations near the edge of the unreinforced control slab (no overlay), with the orientations of the meter shown
in Figure 5.19. The current field for each orientation is illustrated, with the four linear dots representing the electrodes
and the ovals representing the lines of current flow. The experiments revealed that use of the meter in the horizontal
orientation (parallel to the edge) in Figure 5.19 displays the most obvious influence of edge effects. It is hypothesized that
when the meter is positioned in this manner, more of the current field comes into contact with the edge, resulting in an
increase in resistivity. In the diagonal orientation, less of the current field contacts the edge, resulting in less of a
prominent influence. Lastly, the vertical orientation, where the current field is perpendicular to the edge, even less of an
influence is observed. The results of this experiment are shown in Figure 5.20, indicating that to avoid these effects in the
field, it may be recommended to stay at least 5 in. away from the edge when the parallel or diagonal orientation is used
and at least 4 in. away when the perpendicular (vertical) orientation is being used to avoid edge effects.

Figure 5.19: Theoretical effects of edge of slab on surface resistivity meter current field

The effects of slab edges were also evident in the time-series resistivity measurements made on each mockup slab
over the first 90 days after casting. A sample of the data, clearly showing the edge effects on the resistivity readings of
the LMC overlay mockup is shown in Figure 5.21. Note the relatively greener measurements around the perimeter of the
slabs. In some of the analysis, further detailed in Dillworth (2021), rows 1 and 13 and columns 1 and 13 were removed in
order to eliminate the edge effects from evaluation of the data.
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Figure 5.20: Graphical representation of edge effects on measured surface resistivity
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3 DAY
Friday July 24th
Diagonal Average
Rebar No Rebar Rebar No Rebar
Reading#| 1| 2| 3| 4| 5|6|7|8|9|10|11|12|13 Reading#| 1| 2| 3|4 |5|6|7|8|9|10|11|12|13
1 4.8/4.8|4.7|14.8/45/3.8(4.8(4.3|43| 4 |4.1|4.4|46 1 4.8/4.6/4.8|4.7|4.4|13.8(4.4(4.2{4.2| 4 |14.1|43|4.8
2 4944145 4 |142| 4| 4 (39| 4 |4.2]| 4 |4.2|4.7 2 4.8|4.5/4.414.2|143|4.1| 4 | 4 [4.1]|4.2|14.1|14.4|4.7
3 5144|4.4(4.4(4.1(39(39|3.6/4.3| 4 |4.1|4.2|4.9 3 48(4.4|143|14.2|14.1| 4 |4.1| 4 |41(4.1|4.1|143|49
4 4.7|45|4.2|14.1|14.1|4.1(4.1(4.1|3.9|4.1|14.1|4.7|4.3 4 4.8/45|4.2|14.2|142|4.1(41| 4| 4 |4.2|4.2|4.4|46
5 44142 4 |41 4| 4 [4.2|141| 4 |3.8(3.9|4.1|4.6 5 46(43|14.2|143| 4 | 4 |4.1(4.1|39|39| 4 |43]|49
6 4.7|4.414.2|13.9|3.9/4.2(3.9(/3.8/3.7/3.8/3.9|4.2|4.9 6 4.8\4.4|143|4.1|14.1| 4 | 4| 4[3.8|3.8]| 4 |42| 5
7 4.5|4.4143|3.8/3.9/3.9(3.9(4.1/3.9/3.8| 4| 4 |51 7 4.6(43|42| 4 |41| 4| 4| 4[3.9|39]| 4 |42|53
8 45|4514.1|14.2(43|3.9|3.9|3.6/3.7|3.7|3.8/3.9(4.5 8 47|4414.2|14.2(4.213.8/4.2|13.9/3.9|3.8|3.8(3.9|4.6
9 5.1(43(4.1| 4 |13.9/3.9/3.8/4.1{3.5(3.9(3.9| 4| 4 9 5.1(4.4(4.2(4.1|4.1| 4 |3.8| 4 |3.7|/3.9/3.9/4.1|4.3
10 4.9|4.1| 4 13.9|39|39(4.1{3.7/3.6/3.9|4.1|4.1|44 10 5.1(4.2(4.1{3.9/3.8| 4 |4.1|3.8/3.7(3.9/4.1|4.1|4.3
11 5 14.4|4.1| 4 [3.7/3.9(3.9/3.7|3.8/3.9|4.2|4.5|4.7 11 5.1(4.4{4.1| 4 |3.8/3.9| 4 |3.9|3.8| 4 [4.2|45|4.6
12 4.9|43|43|4.3|4.2|14.1(4.2(4.1|3.9|4.3|4.3|4.4| 5 12 5 (45|43|4.2|14.2|42(4.7(4.4(4.1|143|4.4|45| 5
13 5.7/49(4.6(4.5/4.4143|49|43(45[(45[(4.6| 5 |5.8 13 5.5(49(4.7(4.6/4.4|14.4|149|4.4|4.4(45(4.6/4.9|5.4
Horizontal Standard Deviation
No Rebar Rebar No Rebar
Reading#| 1| 2 (3|4 | 5| 6|7|8|9|10(11|12]|13 Reading#| 1| 2 (3|4 | 5| 6|7|8|9|10(11|12]|13
1 4.6/4.4149|45|4.1|13.8(4.1(4.1| 4 |41]| 4 |43|49 1 0.2(0.2(0.1{0.2/0.2/0.1/0.4/ 0.1/ 0.2(0.1{0.1/0.1]| 0.2
2 5 (45|45|43|143|4.2| 4 | 4 |43(4.4|14.1(45|4.7 2 0.3(0.1/0.1(0.2|/0.1{0.1|0.1{0.2|/0.2|0.2|/0.1/0.2| 0.1
3 4.9|4.4143|14.2|143|4.2(4.2(4.1|3.9| 4 |4.2|43| 5 3 0.2(0.1/0.1/0.2|/0.2/0.2|/0.2|/0.4/0.2(0.1{0.1/0.1]| 0.1
4 5146/4.1|142|4.1|4.1| 4 [3.9/3.9|/4.1|14.2|4.4|4.8 4 0.2(0.1{0.1{0.1/0.1} 0 |0.1/0.1/0.2(0.1{0.1/0.3|0.3
5 48(4.4|143|14.4| 4 |4.1|4.1(4.1({3.8(/3.9| 4 |45|5.3 5 0.2/0.1/0.2/0.2{0.2/0.2(0.1) 0 |0.1/0.1/0.2|0.2|0.4
6 4.9|43|43|45|43| 4 [4.1[4.113.7|3.9| 4 |4.2|53 6 0.1 0 [0.2/0.3/0.2/0.2/0.1/0.2/0.1{0.1{0.1/0.1]| 0.2
7 4943|4138 4| 4| 4| 4|38 4|42/44]| 6 7 0.2/0.1{0.2{0.3/0.2/0.1/0.1/0.1/0.1{0.1{0.3/0.2|0.6
8 4.7(43|4.1|139| 4 |3.7|3.8(4.1{4.1(3.9/3.8/3.8| 5 8 0.2/0.1/0.1/0.3/0.2|/0.1{0.6/0.3|10.2|/0.1/0.1/0.1|0.4
9 5.1(43(4.1{4.2|14.2|14.2|3.8/3.9(/3.6/3.8[3.9/4.1|4.5 9 0{0.1/0.2/0.1/0.2/0.2(0.1{0.1{0.2|0.1/0.1| 0.1/ 0.3
10 5.2(4.1| 4 |39|3.7| 4| 4| 4 |3.7|39| 4 |41| 4 10 0.2(0.2({0.1} 0 |0.1/0.1{0.1/0.2|0.2(0.1{0.1} 0 | 0.3
11 53(4.4| 4 [4.1] 4 13.9|3.9|3.9(3.8(4.1{4.2|4.5|4.6 11 0.2(0.1/0.1{0.1/0.2/0.1/0.1| 0.2} 0 |0.1{0.1] O |0.1
12 53(4.6(4.1{43|43|4.4|/53|5.1(4.2(43[4.6/4.4| 5 12 0.2(0.2(0.2/0.1/0.2/0.2|0.6/0.6/0.2| 0 |0.2/0.2|0.1
13 55(4.7|149|4.6|4.4(4.2|14.7(4.4|14.2|45|4.7|46| 5 13 0.2(0.3|0.2/0.1/0.1{0.2|0.2{0.1/0.2|0.1/0.2|0.2| 0.4
Vertical
Rebar No Rebar
Reading#| 1 [ 23| 4|5|6|7|8|9(10[11]12]13
1 4.9|4.5|4.7|14.8/4.5/39(4.4(4.1|4.3]| 4 |14.1|143|4.8
2 45(45|43|43|44| 4 |4.1(4.2(41(4.1|4.2|4.4|4.6
3 4.6/45/43|4.1|139|39(4.1(4.4| 4 |42|4.1|43|4.8
4 4.8|4.4(4.2142(4314.1(4.2|14.1|43|4.3(4.2|4.2|4.7
5 4.6/4.4|14.2|145|4.1| 4 | 4 [4.113.9|13.9/4.2|4.3|4.9
6 4.7|4.4145| 4 |41|39( 4 [4.1]|3.9/3.8| 4 |4.1|49
7 45|43|144|14.4(43| 4 | 4 |3.9| 4 |39|3.7|4.2(4.8
8 4.8/4.5|43|4.4|14.2|139(4.8| 4 |3.9|3.9|3.7| 4 |43
9 5.1(45(4.4(4.1|4.1| 4 |39|39(39| 4| 4 |42]|44
10 5.1(4.4{4.213.9|3.8| 4 |41|3.7|3.9(3.8/4.1|4.1|4.5
11 4.9|45|4.1| 4 |3.7|3.8(4.1| 4 |3.8/3.9/4.1|45|45
12 4.9|4.7|14.4|14.1| 4 |4.1(45(3.9/4.1|14.3|4.4|14.7|4.9
13 53|5.2|4.7|4.6(43|46| 5 |45|46|4.6|4.4| 5 |55

Figure 5.21: 3-day surface resistivity readings of the LMC overlay mockup, showing edge effects on resistivity readings

The surface resistivity meter was useful in evaluating the thickness of the overlay. This is shown in Figure 5.22,
where tapering thickness of the VHES-LMC overlay slab from one side of the slab to the other (from row 13 readings to
row 1 readings) can clearly be observed in the 3-day surface resistivity measurements. Note that the outer row of readings
has been eliminated due to the edge effects in this dataset. An analysis of the surface resistivity vs. overlay thickness at
different ages is presented in Dillworth (2021). In this analysis, Dillworth (2021) calculated rate of change (ROC)
correction factors that could be used to estimate the surface resistivity of each overlay material at each age as the overlay
thickness changes in 1 inch increments. A summary of these findings is provided in Table 5.4. For example, at 7 days
and 28 days, as the LMC overlay thickness increased by 1 in., the surface resistivity can be expected to increase by 0.2

and 0.4 kQ-cm respectively. It is noted that this is a fairly small change.
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Saturday July 25
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Figure 5.22: 3-day surface resistivity readings on the VHES-LMC overlay mockup, showing the impact of the tapering
overlay slab thickness on resistivity readings
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Table 5.4: Rate of change (ROC) correction factors that could be used to estimate the surface resistivity of each overlay
material at different ages per 1 inch increment in thickness change

LMC Overlay VHES Overlay VHES-LMC Overlay

Age Line slope equation ROC Line slope equation ROC Line slope equation ROC
1 hour y =-0.15x + 1.74 -0.2 y =-0.28x + 3.31 -0.3
4 hour y=-0.1x+2.0 -0.1 y =-0.37x + 4.75 -0.4
1 day y =0.03x + 2.00 0.0 y =-1.75x + 12.25 -1.8 y =-2.54x + 15.61 -2.5
3 day y =0.09x + 4.02 0.1 y =-1.99x + 13.53 -2.0 y =-3.41x + 20.36 -3.4
7 day y =0.24x +5.18 0.2 y =-1.62x +12.80 -1.6 y =-3.81x + 22.77 -3.8
14 day y =0.16x + 7.78 0.2 y =-1.06x + 11.70 -1.1 y =-3.97x + 26.64 -4.0
28 day y =0.35x + 9.69 0.4 y =-0.60x + 9.86 -0.6 y =-217x + 24.84 -2.2
56 day y =0.29x + 12.36 0.3 y=-0.70x + 12.44 -0.7 y =-0.16x + 24.44 -0.2
90 day y = 0.31x + 13.41 0.3 y =-1.51x + 15.92 -15 y=0.07x + 27.74 -0.1

Detailed analysis of the surface resistivity measurements of each mockup slab at a range of ages is presented in
Dillworth (2021), and key measurements are included in Appendix D of this report, Figures D.17 through D.45. Results
for the control slab are shown in Figures D.17 through D.21, results for the LMC mockup are shown in D.22 through
D.29, results for the VHES mockup are shown in Figures D.22 through D.37, and results for the VHES-LMC mockup are
shown in Figures D.38 through D. 45. Analysis was performed using a range of approaches to average rows and columns,
eliminating points with foam inclusions and rebar as necessary to help isolate variables and discern trends.

Of note, the surface resistivity meter was not particularly effective at identifying the foam inclusions embedded in
the overlays to simulate voids. This is shown in Figure 5.23, where the triangles representing the voids in the LMC
mockup are overlaid on the average (3-orientation) 7-day surface resistivity measurements. No discernable change in
readings can be observed in the vicinity of the voids. A few of the placed foam inclusions could be identified by the
readings, but this was not typical.

Average
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1|2]3|a]s|6|7]|8]9]|10]11]12]13
1 [6.7]6.4 ‘nL;A 6.1/5.4|p3/5.9] 6 |5.7/5.5/6.1]6.3
2 [6.9/6.3 b % |5.9/5.5F.]/5.8/5.6/5.7|5.7|5.9] 6.1
3 [6.6/6.4/5.9/5.8/5.6/5.5/5:55.1/5.6/5.7| 5.8/ 5.8/ 6.7
4|6 |6.1]57|56/%8y5.6/5.6/5.7/5.5/5.9/5.9/5.9|6.3
5 [6.5/6.1] 6 [5.7/5¥]5.8/5.7]5.7[5.5/5.5]5.8] 6 |6.3
6 | 6 |5.7/5.8]5.6/5.5/5.7/5.6] 5.6ml5.4] 5. 6.9
7 |6.1]5.9/5.9]5.6/5.4|5.4|5.4| #8153 5.4| 5.6 % 24
8 |6.6/5.9/5.9]5.6/5.4|5.3|5.4]5.4]5.1|5.3|5.2]5.6| 6
9 |6.8] 6 |5.6/5.5/5.4|5.4]5.3]5.4]5.2|5.3|5.4[57| 6
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11|6.8/6.1/5.5/5.3/5.2]5.3| 5.4 5 |5.25.4|5.8/56] 6
12|6.8| 6 [5.7/5.7|5.6/5.7| £ 5.7|5.3]5.7|5.9| 5.8| 6.5
13|7.2|6.3]6.3]6.2] 6 5.9 5.9/5.9]6.1]5.9/6.57.4

Figure 5.23: Foam inclusions (“voids”) superimposed on 7-day surface resistivity readings of LMC mockup

An analysis of time-series surface resistivity data grouped by eliminating specific variables was also performed to
aid in assessing the influence of rebar oriented vertically (longitudinally), horizontally (transverse), and foam “voids” on
the measurements. Plots were created similar to that shown in Figure 5.24 for all four mockups, using each of the three
surface resistivity meter measurement orientations, plus the average of the three orientations (as shown in Figure 5.24).

72



Although there were some variations in the results, typically the average measurements taken over the vertical
(longitudinal) reinforcing steel were lowest at a given age, with the measurements not taken over reinforcing steel or voids
being highest. Plots for the LMC, VHES, and VHES-LMC mockup are shown in Figures D.46 to D.49, Figures D.50 to
D.53 and Figures D.54 to D.57, respectively.
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Figure 5:24: Awverage surface resistivity of VHES mockup over time, with measurement points screened and grouped

5.4 Summary of Findings

Findings From Reinforced Concrete Cylinder Tests

Concrete mixtures with latex admixtures tend to produce slightly higher, yet similar surface resistivity
measurements than that of concrete mixtures without the latex admixture at each of the test ages.

The two concrete mixtures with very high early strength cement, VHES-LMC and VHES, produce very high and
rapid surface resistivity gain within the first three days, where they reach a peak of approximately 85 kQ-cm and
40 kQ-cm respectively, compared to approximately 10 kQ-cm 3 day measurement for the LMC and CC mixtures.
The LMC and CC mixtures do not exhibit this peak at 3 days, rather the expected gradual surface resistivity gain.
It is theorized that this peak in surface resistivity at 3 day is the result of the rapid hydration taking place within
the VHES and VHES-LMC cylinders which increases the water demand during early curing, resulting in a
relatively low humidity concrete at this time, when compared to non-VHES concrete mixtures. As discussed in
the literature, temperature and moisture content are both inversely corelated to surface resistivity.

As expected, the non-coated steel reinforcement significantly influences the surface resistivity measurement as
depicted in the radar graphs. Table 5.3 shows the expected surface resistivity change for each mixture as the cover
depth changes in 0.5 in increments. As an example, with regard to the VHES mixture at day 3, it is estimated that
surface resistivity will be about 2.0 kQ-cm higher when measured over steel reinforcement with 1.5 in. of cover
versus 1 in. of cover (0.5 in. difference). It is noted that the anticipated changes in surface resistivity for cover
depth are specific to these mixtures. However, a similar approach could identify these trends for other mixtures
with different materials and proportions. The stark difference between the different types of mixtures, however,
illustrates that significantly different behavior can be expected for different cover depths for different mixtures.
Surface resistivity was not influenced by the epoxy-coated steel embedded into selected cylinders, as the radar
graphs of these cylinders closely resemble graphs of cylinders with no steel reinforcement.

Findings from Miniature Slab Tests

Surface resistivity values were always lower in the center of the miniature slabs (surrounded by the reinforcement
mat), compared to the perimeter, for all mixtures at each age of testing. This is likely due to edge effects and the
influence of the reinforcement mat density, which was analyzed in previous sections.

Similar to the preliminary cylinders, the miniature slabs containing very high early strength cement and or latex
admixtures were higher than that of the conventional concrete mixture at each of the test ages.
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Findings from Tests of the Bridge Deck Mockups
The following is a summary of the findings resulting from this research in order of greatest to least significant:

e The overlay thickness change was found to be very detectable in the heatmaps of surface resistivity measurements
made in each orientation and in analysis of row averages (presented in Dillworth 2021). Furthermore, it was
apparent in the row average analysis of many of the mockups and correction factors were developed for each
mixture in Table 5.4. These correction factors are specific to only these mixtures/materials/proportions. However,
additional work could be done to explore the role of materials and proportions for each type of mixture on those
correction factors.

e The edge effect analysis demonstrated that surface resistivity is influenced by the edge of a concrete member and
to a differing degree depending on the orientation of the meter with respect to the edge. The rank of orientation
influence of edge effects on surface resistivity is horizontal, diagonal, then vertical, with horizontal being the most
influential. As a general rule of thumb, it is recommended to stay at least 5 in. away from the edge when the
parallel or diagonal orientation is used and at least 4 in. away when the perpendicular orientation is being used to
avoid edge effects. The non-coated steel reinforcement influenced surface resistivity at depths of 2.5 in. rather
than the maximum depth of 1.18 in. as published by (Proceq 2017). Although, this finding was not observed in the
heat maps as expected, the graphical trendlines of characteristic inclusion/exclusions was necessary to support this
finding (presented in Dillworth 2021).

o A few of the placed voids in some of the mockups were confirmed using surface resistivity. Although this finding
was not strongly observed in the heat maps, review of the graphical trendlines of void inclusion/exclusions
provided the ability to show these voids, supporting this finding.

e Overall, it was hoped that the surface resistivity meter could be found useful to identify intentionally placed voids
in the slabs. There is a chance that the material utilized to produce the artificial voids was influenced by the mix
water, prewetting water, or other moisture, influencing the readings. The 6 inch spacing of the reinforcing grid
may have also influenced the surface resistivity readings to the extent that voids were not discernable. Future
work could attempt to utilize another type of material, or different sizes/shapes of voids, to further explore the
potential of the surface resistivity meter to locate the voids.

5.5 Field Evaluation Procedure

A field evaluation procedure was also prepared to support evaluation of bridge deck overlays with the surface resistivity
meter. This draft field evaluation procedure is presented in Appendix E.

74



6.0 TECHNOLOGY TRANSFER AND TRAINING TO SUPPORT PEM

Movement towards performance specifications is a significant undertaking and will require the support of a
variety of stakeholders. All parties involved in design, construction, and testing of NCDOT’s concrete infrastructure
could benefit from technology transfer and training to support PEM. As part of RP 2019-14, simplified test procedures
compatible with NCDOT’s Concrete Field Technician Study Guide were produced and published in the project final
report (Cavalline et al. 2020b). Also part of RP 2019-14, a series of three PEM training videos was produced by UNC
Charlotte and provided to Mr. Brian Hunter, NCDOT State Laboratory Operations Manager, for dissemination to NCDOT
personnel and other stakeholders.

For this project, additional technology transfer tools were prepared, including spreadsheets to support data
collection for targeted testing technologies. The spreadsheets were transferred to Mr. Brian Hunter as well as partners at
the pilot project included in RP 2020-13 (described in Chapter 7). In addition to these materials, other resources and tools
could be used to help guide both NCDOT and contractor personnel in implementing the targeted PEM approaches. Some
of these resources are described below, and links are provided to most.

Performance Engineered Mixtures (PEM) resources at the National Concrete Pavement Technology Center website
https://cptechcenter.org/performance-engineered-mixtures-pem/

This website is a central location for PEM information, resources, tools, and updates. The website includes up to
date guidance on the Pooled Fund study supporting the PEM initiative, PEM test methods, information on PEM
implementation projects, and a list of PEM sponsors.

1. Optimized aggregate gradations
o Brief overview — www.tarantulacurve.com/publications.htmi
o Guidance to developing specifications and limits — www.tarantulacurve.com/tarantula-curve.html
o Spreadsheets to support use of Tarantula Curve for assessing/optimizing aggregate gradations for bridge decks are
available at www.tarantulacurve.com/tarantula-curve.html.

2. Surface resistivity

o Brief overview - https://intrans.iastate.edu/app/uploads/2020/08/PEM test resistivity sheet.pdf

o Resistivity testing: What do | need to know? How do | use it? Presentation by Dr. Jason Weiss (2022).
https://intrans.iastate.edu/app/uploads/sites/7/2022/04/PEM-Resistivity-Slides.pdf

o Spreadsheet to support resistivity/formation factor with temperature and geometry corrections, developed by
Oregon State university is available at: https://cptechcenter.org/performance-engineered-mixtures-pem/. The
specific link is not provided so that the user downloads the most recent version. There are also instructions for
using this spreadsheet posted at the link above.

o A spreadsheet for data collection and analysis per AASHTO T 358 developed by UNC Charlotte for use on the
pilot project was provided to Mr. Brian Hunter.

o Brief overview - https://intrans.iastate.edu/app/uploads/2020/08/PEM _test SAM_sheet.pdf

o Background information — www.superairmeter.com

o Series of videos providing test background, test procedure, equipment checks and maintenance, and use of
auxiliary equipment - https://www.superairmeter.com/videos

o Spreadsheet for data collection and analysis, including predicted response (“likely correct” report for test validity)
is available at: https://intrans.iastate.edu/app/uploads/sites/7/2019/09/SAM-Predicted-Response-V3-6-30-19.xIsx.

4. Volumetric Shrinkage
o “Guidance to Reduce Shrinkage and Restrained Shrinkage Cracking” — report sponsored by FHWA (Weiss
2022)-
https://intrans.iastate.edu/app/uploads/2022/08/guidance to_reduce_shrinkage and_restrained_shrinkage crackin
g_w_cvr.pdf
o A spreadsheet for data collection and analysis per AASHTO PP 84-20 and ASTM C157 developed by UNC
Charlotte for use on the pilot project was provided to Mr. Brian Hunter of NCDOT.
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5. Workability Tests
o Contractors interested in using PEM approaches to ensure workability can find resources on both the Box Test
and the Vibrating Kelly Ball (VKelly) Test at https://cptechcenter.org/performance-engineered-mixtures-pem/

6. Quality Control for Paving, including PEM approaches
o Quality Control for Concrete Paving: A Tool for Agency and Industry (Cavalline et al. 2021) — includes
information on integration of PEM tests into the mixture development, construction, and acceptance phases of
concrete pavement projects. Also includes guidance on using control charts and other QC tools to support PEM
and conventional tests. Available at: https://intrans.iastate.edu/app/uploads/2021/12/QC_for_concrete_paving.pdf
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7.0 PILOT PROJECT IMPLEMENTATION

Previous PEM research for NCDOT included a pilot project to evaluate several PEM tests and targets in a concrete
pavement project (Cavalline et al. 2020b, Cavalline et al. 2022). To continue to advance use of PEM approaches in field
applications, as well as to broaden the number and types of stakeholders experienced with PEM, a pilot project to evaluate
structural concrete was targeted. The 1-485 Widening project (1-5507 Design Build) was selected, since the project included
a number of types of structures including bridge decks, overlays, substructure components, superstructure components,
barrier walls, approach slabs, drilled pier and culverts. Concrete specimens cast from mixtures used for each of these types
of structural components, as well as some non-structural (Class A) mixtures, were tested. The three targeted PEM tests were
surface resistivity, SAM, and shrinkage.

Participants in the pilot project effort included the prime contractor, several testing firms, NCDOT personnel from
the central office and divisional office/laboratory, and a concrete supplier. A testing program was prepared, providing the
test method, sampling location, testing frequency/number of specimens, and data collection and reporting approach to be
used for each type of concrete. This table is provided in Appendix F, Table F.1. Although the testing program was not
followed exactly (due to resource limitations and the quantity of concrete being used at the site), the table provided
information needed to support deployment of the activities and could serve as a template for future PEM pilot studies.

7.1 Surface Resistivity

RP 2018-14 (Cavalline et al. 2020a) identified initial targets for surface resistivity for structural (Class AA) and
pavement concrete. To produce a preliminary specification for possible implementation by the NCDOT, field
performance verified RCPT targets from Virginia, a state with similarities to NC, were evaluated against the resistivity
test results from NC Concrete mixtures to identify potential resistivity targets. For Class AA mixtures, a surface
resistivity target of 15.0 kQ-cm or 16.0 kQ-cm (corresponding to RCPT values of 2,800 and 2,700 coulombs respectively)
is recommended. Both targets appeared to reasonably discern between mixtures with higher and lower durability
performance potential, with the target of 16.0 kQ-cm providing an aggressive, but realistically feasible performance target
for structural mixtures. In the existing coastal corrosive zones, a higher resistivity target could be warranted. Findings
from RP 2019-22, a study of NCDOT’s corrosive sites policy should help identify target values for these critical zones.
For pavement mixtures, a target surface resistivity value of 11.0 kQ-cm was identified, roughly corresponding to an RCPT
of approximately 3,300 coulombs. Targets were not established for Class A or drilled pier mixtures as part of that study.

Laboratory test results indicated that NCDOT concrete mixtures may not meet some of the more aggressive
RCPT and surface resistivity targets utilized by other states at early ages (28 days). At later ages, such as 56 days, some
other state specification targets are achievable by typical NC mixtures, particularly by fly ash mixtures. NCDOT regional
laboratories generally do not have the capacity to cure cylinders for durations longer than 28 days, and therefore it is
necessary to identify a 28-day surface resistivity target that shows a strong likelihood that the concrete will meet
resistivity targets at later ages (such as 56 days).

NCDOT Regional Laboratory personnel in Matthews, NC performed surface resistivity testing on a limited
number of cylinders retained for QA purposes. All surface resistivity data is provided in Appendix F, Table F.2, and
Figures 7.1, 7.2, and 7.3 show the surface resistivity measurements for Class A, Class AA, and drilled pier mixtures
respectively. A summary of all measurements made by the NCDOT personnel is provided in Figure 7.4. Class A mixtures
have a minimum 28-day compressive strength of 3,000 psi, while Class AA mixtures and drilled pier mixtures have a
minimum 28-day compressive strength of 4,500 psi.

Summary statistics for each type of mixture at selected ages are provided in Table 7.1. Note that limited (or no)
data was provided for certain ages, and in these cases statistics are not provided. Note that early age tests were made for
Class A and Class AA mixture specimens, but only 28-day data was obtained for drilled pier mixtures. Therefore, trend
lines could only be established for Class A and Class AA mixture data. Fairly strong correlations were obtained for Class
A and Class AA mixtures using a power curve. Many Class AA mixtures met the 16 kQ-cm resistivity target by 28 days,
with most others showing a good likelihood of meeting the target by 56 days.
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Figure 7.4: Surface resistivity of all QA specimens measured at NCDOT’s regional laboratory
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Table 7.1: Summary statistics for surface resistivity test results for QA cylinders for pilot project

Age/Statistic Class A Class AA Drilled Pier
A T e ol = el =
0 = = Ml =
28-day Stﬁ\lljgev 123T'36532 n=9 122..8899 n=12 23&13 n=35

Surface resistivity tests were also performed on selected mixtures batched and tested in the QC lab of the ready-
mixed concrete supplier that produced concrete for structures in the pilot project. A Class A mixture, a Class AA mixture,
and a drilled shaft mixture were tested. Mixture materials, proportions, and compressive strength test results for each of
these mixtures is provided in Appendix F, Figures F.1. through F.3. All resistivity data collected by the QC personnel is
provided in Table F.3. A plot of the QC test results is shown below in Figure 7.6. The Class AA mixture met the 16 kQ-
cm target by 28-days. The 3,000 psi Class A and drilled shaft mixtures almost met the 16 kQ-cm Class AA resistivity
target by 28 days (at 15.87 and 15.90 kQ-cm, respectively), and far exceeded it at 56 days. Per AASHTO T 358, the
chloride ion penetration of the Class A and drilled shaft mixtures is classified as “low,” while the chloride ion penetration
of the Class AA mixture is “very low.”
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Figure 7.6: Surface resistivity test results from QC laboratory for a Class A mixture, a Class AA mixture, and a drilled
shaft mixture

Space limitations at many NCDOT laboratories limits the ability to cure and test specimens at 56 days. Effort was
made to review historical data from the series of NCDOT research studies performed at UNC Charlotte to identify 28-day
resistivity targets that could provide strong probability that mixtures would meet the 11 kQ-cm pavement target and 15 or
16 kQ-cm target for Class AA mixtures at later ages. Data from across projects was combined, and although sample sizes
are relatively small a few trends were discerned, described below. It is noted that only the two control mixtures from the
internal curing study (RP 2016-06) to reduce any influence of lightweight aggregate on the analysis. Due to some later age
measurements being made at either 56 days or 90 days (but not both), some interpolation and extrapolation was
performed, as shown in Tables F.4 through F.9, where a summary of data used for the analysis is presented, and
resistivities of mixtures meeting targets are highlighted in green.

Low w/cm mixtures (0.37 or less) — Tables F.4 and F.5
Pavement mixtures (n=6, 2 with fly ash 4 without fly ash)
¢ No mixtures met the target by 28 days.
o All pavement mixtures met the target by 56 days, regardless of whether or not they contained fly ash.
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e Straight cement mixtures meeting the target at later ages typically had resistivities of 10 or greater at 28
days, while 20% fly ash had 28-day resistivities of 9 kQ-cm or greater and 30% fly ash mixtures had 28-day
resistivities of 8.4 kQ-cm or greater.

Structural mixtures (n=10, 5 with fly ash, 5 without fly ash)

e Two mixtures (one with fly ash, one without fly ash) met the target at 28 days.

o All fly ash mixtures met the targets of 15 kQ-cm and 16 kQ-cm by 56 days. Two straight cement mixtures
met the 15 kQ-cm target by 56 days, and three straight cement mixtures met the 15 kQ-cm target by 90
days. Only two of the straight cement mixtures met the 16 kQ-cm target by 90 days. These typically were
the higher cement contents mixtures.

e  Structural mixtures meeting the target at later ages typically had 28-day resistivity of 9 kQ-cm or greater.

Moderate w/cm mixtures (0.41 to 0.43) — Tables F.6 and F.7
Pavement mixtures (n=9, 3 without fly ash, 6 with fly ash)
¢ No mixtures met the target by 28 days.
e Seven pavement mixtures met the target by 56 days, 2 straight cement mixtures and 5 fly ash mixtures.
o All pavement mixtures met the target by 90 days, regardless of whether or not they contained fly ash.
e Straight cement mixtures meeting the target at later ages typically had resistivities of 10 kQ-cm or greater at
28 days, while 20% fly ash had 28-day resistivities of 6.6 kQ-cm or greater and 30% fly ash mixtures had
28-day resistivities of 6.1 kQ-cm or greater.
Structural mixtures (n=8, 4 with fly ash, 4 without fly ash)
e No mixtures met either the 15 kQ-cm or 16 kQ-cm target at 28 days.
Two fly ash mixtures met the target of 15 kQ-cm by 56 days, one of which met the 16 kQ-cm by 56 days.
Three fly ash mixtures met both the 15 kQ-cm and 16 kQ-cm targets at 90 days.
No straight cement mixtures met either of the target at any age.
Fly ash mixtures meeting the target at later ages typically had 28-day resistivity of 9 kQ-cm or greater.

High w/cm mixtures (0.47 or greater) — Tables F.8 and F.9
Pavement mixtures (n=27, 14 without fly ash, 13 with fly ash)

e Six mixtures met the target by 28 days, all containing fly ash.

e Ten mixtures met the target by 56 days, 1 straight cement mixture (600 pcy) and 9 fly ash mixtures.

e Fourteen mixtures met the target by 90 days, 1 straight cement mixture (600 pcy) and 13 fly ash mixtures.

e Straight cement mixtures with high water cement ratios typically did not meet the target, indicating the
ability of fly ash to offset the negative effects of a high w/cm ratio.

e Fly ash mixtures meeting the target typically had resistivities of 9 kQ-cm or greater at 28 days

Structural mixtures (n=8, 4 with fly ash, 4 without fly ash)

e No mixtures met either the 15 kQ-cm or 16 kQ-cm target at 28 days.

e One fly ash mixture met both the 15 kQ-cm and 16 kQ-cm targets by 56 days.

e Two fly ash mixtures and one straight cement mixture (700 pcy) appear to meet both the 15 kQ-cm and 16
kQ-cm targets at 90 days.

e The two fly ash mixtures meeting the target at later ages had 28-day resistivities of 6.6 and 10.6 kQ-cm at
28 days. The straight cement mixture meeting the target at later ages had a 28-day resistivity of 12.1 kQ-
cm. Therefore, a 28-day resistivity target for high w/cm structural mixtures is difficult to identify from this
limited dataset.

Although this exercise provided some insight into potential 28-day resistivity targets providing good odds of
meeting the 11 kQ-cm pavement target and 15 or 16 kQ-cm target for Class AA mixtures at later ages, the limited number
of mixtures supporting the analysis does not provide confidence in the findings. Therefore, it is recommended that
additional studies be performed, obtaining later age resistivities of targeted mixtures (possibly through another pilot study)
to gain more confidence in the 28-day early resistivity targets.
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7.2 SAM

As part of participation in the PEM Pooled Fund, NCDOT was eligible for an on-site SAM training session by the
device developer. UNC Charlotte worked with the developers of the SAM (Oklahoma State University) to arrange this
training session, which was held at the contractor’s site offices. A number of NCDOT and partnering consulting agency
and testing laboratory personnel attended the training. However, three technicians attending the training were targeted
users of the device on a regular basis, and each participated extensively in the training (Figure F.4). A fourth technician
also performed SAM tests over the course of the work. Senior Assistant Resident Engineer on the project compiled the
data and forwarded it to UNC Charlotte for analysis.

SAM data collected at the pavement PEM pilot project was quite variable (Cavalline et al. 2022), and a training
session held prior to this pilot project was part of this effort’s recommendations. The training session held prior to this
pilot project appears to have supported technicians in obtaining far more consistent data. Figure 7.7 shows a plot of the
air content (%) measurements obtained from the SAM and the Type B meter. All SAM data collected during this pilot
project is provided in Appendix F in Table F.10. Figure 7.8 shows the relationship between the SAM number and SAM
Air Content (%). It is noted that although there is not a strong correlation between SAM number and SAM air content, this
could be a function of the data representing many different mixtures at multiple structures over the past several months.

In general, SAM numbers for many mixtures fell below the preliminary target of 0.30 (discussed in Chapter 4), and very
high SAM number measurements indicating leaks or other errors were not recorded.
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Figure 7.7: Air content from Type B meter vs. SAM air | Figure 7.8: Air content from SAM meter vs. SAM number.
content The red line shows the proposed SAM target for NCDOT

Mixtures with total air contents greater than 5.5% (measured by SAM) tended to have a strong chance (72.7%) of
meeting the proposed SAM target of 0.30 (Figure 7.9). Mixtures with total air contents greater than 6.0% (measured by
SAM) had an even stronger chance (80.0%) of meeting the proposed SAM target of 0.30 (Figure 7.10). This may support
recommendations to require an entrained air content greater than 6.0% for NCDOT concrete mixtures where excellent
freeze-thaw durability is desired.
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Samples of concrete for pumped mixtures were obtained both before pumping and after pumping. It is noted that
typically only one SAM test was performed for each placement, and sets of “before and after pumping” on the same
mixture during the same placement were not made. However, test results for pumped mixtures (Figure 7.11) do show
several general trends. The total air content and SAM numbers measured before pumping tended to be higher, with the
SAM numbers showing more variability. When SAM tests were performed after pumping, the total air content tended to
be lower, and SAM numbers exhibited slightly less variability. A plot of SAM air content vs. SAM number was also
prepared in a manner that compared results for Class A and Class AA mixtures (Figure F.5 in Appendix F). Class A
mixtures exhibited a stronger correlation between air content and SAM number, but this appeared to be due to the broader
range of air contents accepted (some greater than 7.5%).

0.80
. A
070 A Tested before pumping
® Tested after pumping A
= 060 Linear (Tested before pumping) N
% 050 | eeeeeeees Linear (Tested after pumping) :. A
[<5]
€ 0.40 y =-0.0674x + 0.653 oo .
E R? = 0.1839 >0 @, 4 8 A
S 0.30 (tested before pumping) LA S S °
"..".-.;~__’
5 0.20 L LW i
- y = -0.0436x + 0.5126 A A %o
0.10 R2=0.2756 ° oo
‘ (tested after pumping) : A e A
A
0.00
0.00 1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00 9.00

SAM Air Content (%)

Figure 7.11: SAM test results performed before and after pumping

7.3 Shrinkage

Shrinkage testing was performed per ASTM C157 using mixtures batched by a ready-mix concrete producer. The
supplier initially raised concerns regarding variability in test results between local laboratories. Therefore, these tests
were performed on replicate specimens at NCDOT, UNC Charlotte, and a third-party testing laboratory. Shrinkage beams
for two project mixtures (Mixture 6012 — a structural AA mixture and Mixture 6013 — a drilled shaft mixture). Mixture
information, including materials, proportions, and compressive strength test results is presented in Appendix F, Figures
F.2 and F.3, and results are summarized in Figure 7.12. As can be observed in Figure 7.12, the results for UNC
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Charlotte’s laboratory and the third-party testing laboratory were very close in both magnitude of shrinkage measured for
each mixture and in variability. Values were reasonably close to those for similar structural mixtures included in previous
testing at UNC Charlotte (see Chapter 3). Data collected at the NCDOT laboratory indicated much greater shrinkage and a
greater range of variability. Discussions indicated that additional training and experience may be needed for NCDOT
personnel prior to deploying shrinkage tests in a more widespread use.
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Figure 7.12: Results of multi-laboratory shrinkage tests of a Class AA mixture and a drilled shaft mixture

7.4 Conclusions

Surface Resistivity

Surface resistivity tests on selected mixtures performed by the QC laboratory indicated that the Class A, Class
AA, and drilled shaft mixture used on this project exhibit low to very low permeability to chloride ions. The
proposed target of 16 kQcm was readily met by the Class AA mixture by 28 days, and was nearly met by the
other two mixtures at 28 days. All three mixtures well exceeded the target by 56 days. These mixtures included
approximately 20% fly ash by weight.

Surface resistivity tests performed by NCDOT as part of this work were taken up to ages of 28 days due to
limitations in curing storage. The 28-day resistivity measurements provide reasonable confidence that the 16
kQcm will be met by these mixtures used on pilot project components sometime after 28 days.

An analysis of historical data provides some insights into potential 28-day resistivity targets that provide a strong
probability that a mixture with a given w/cm ratio and fly ash content will meet the later age proposed pavement
and bridge targets. Due to the limited amount of data to support this analysis, additional study is needed to have
confidence in these suggested “early” 28-day resistivity targets.

SAM
e The quality of data obtained from the SAM improved as part of this pilot project, with lower variability observed
than during the previous pilot project. This improvement was likely the result of a training session provided by
the device developer, with focus on training the technicians responsible for testing. A limited number of
technicians also obtained the data.
e The proposed SAM target of 0.30 appears to have been reasonably met with mixtures with air contents greater
than 6%.
Shrinkage

ASTM C157 28-day shrinkage targets (less than 400 microstrain) appeared to be reasonably met by the two
structural mixtures, as tested by UNC Charlotte and a third-party laboratory.
Additional training may be needed to support deployment of this PEM test on a wider basis.
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8.0 SUMMARY AND CONCLUSIONS

This research project included four major areas of work. A detailed summary of findings for each of these areas of work
was presented at the end of the following chapters of this report:

Chapter 3 — Optimized Aggregate Gradation Mixtures

Chapter 4 — Performance Targets for Freeze-Thaw Durable Concrete

Chapter 5 — Use of Surface Resistivity Meter to Evaluate Bridge Deck Overlays
Chapter 7 — Pilot Project Implementation

Although the reader is referred to the appropriate chapters for a summary of findings, key conclusions from each of the
areas of work are provided below.

Optimized Aggregate Gradation Mixtures (Chapter 3)

For moderate (w/cm = 0.42) and low (w/cm = 0.37) mixtures, many optimized gradation mixtures produced
mechanical property test results that were similar to concrete mixtures that did not have a reduction in cementitious
material.

Compressive and flexural strengths were roughly equivalent between optimized and non-optimized mixtures,
indicating that current NCDOT specifications could reasonably be met by mixtures containing a 10% reduction in
cementitious materials and a 2-3% reduction in paste volume. This could offer both economic and sustainability
benefits.

Volumetric shrinkage of all optimized aggregate gradation mixtures met the AASHTO PP 84 suggested limit of 420
microstrain at 28-days.

Electrical tests indicated greater permeability in optimized aggregate gradation mixtures, but the influence of the
additional aggregate content, ITZ, and a 10% reduction in cementitious materials effectively changing the cement
paste structure may have influenced the results. Such indirect measurements may require adjustments to
performance targets for optimized mixtures. While this research provided test results where optimized aggregate
gradation mixtures with reduced cementitious materials demonstrated more permeable characteristics, it does not
mean that these mixtures are actually less durable.

The benefits of using fly ash in concrete mixtures were again verified by this study, in which significant later-age
reductions in permeability were observed.

Durability performance test results improved as the w/cm ratio decreased in both optimized and non-optimized
aggregate gradation mixtures, suggesting the NCDOT may want to further explore prescriptive specification
provisions to reduce the w/cm ratio of their mixtures. This prescriptive change could result in less permeable
concrete, lower shrinkage, potentially lower paste contents, and overall improved durability performance.
Optimized aggregate gradation mixtures with fly ash exhibited improved durability performance characteristics at
later ages when compared to companion optimized and non-optimized aggregate gradation mixtures, suggesting the
NCDOT may want to explore prescriptive specifications to encourage the use of SCMs at replacement rates up to
30 percent to improve durability performance.

The use of optimized aggregate mixtures may reduce costs and emissions of greenhouse gases via the reduction of
cement, and additionally may result in mixtures with improved durability characteristics, a longer service life, and
lower cracking through volumetric shrinkage.

Performance Targets for Freeze-Thaw Durable Concrete (Chapter 4)

NCDOT structural and pavement mixtures batched and tested as part of the series of research studies performed by
UNC Charlotte are very resistant to freeze-thaw stresses. After 300 cycles of ASTM C666 testing, only 6 of the 56
mixtures exhibited a DF below 80 and only 2 falling below ASTM C666’s performance threshold DF of 60.

The historically used spacing factor limit of 0.008 in (200 um) appears to be too conservative for use of NCDOT in
specification development. Many mixtures exhibiting good to excellent freeze-thaw durability performance in the
ASTM C666 test had spacing factors that exceeded this target. Since most concrete mixtures included in this study
exhibited DFs greater than 80, a proposed target spacing factor could not be identified.

Fresh air content exhibited a reasonable correlation to the spacing factor and DF found during testing.
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e The findings of this study were significantly limited by the range of air contents (5 to 6%) used in the mixtures. A
more comprehensive study should be performed using a wider range of air contents (such as 2% to 10%). Analysis
of field-produced concrete should also be paired with additional laboratory testing of to further explore the SAM
number, in hopes of expanding the types of materials and mixtures used to identify the performance target. Future
research projects to support NCDOT’s PEM initiatives could further explore the spacing factor, SAM number and
DF that correlates to adequate performance in both the field and laboratory.

Use of Surface Resistivity Meter to Evaluate Bridge Deck Overlays (Chapter 5)

e The surface resistivity meter could potentially be used as a tool to assist in evaluating bridge deck overlay quality.
A procedure to do so was developed and is presented in Appendix E.

o Surface resistivity readings were influenced by conventional steel reinforcement, and an approach to help correlate
changes in surface resistivity versus reinforcing steel bar distance was presented. The surface resistivity meter
measurements were not influenced by the epoxy coating on steel reinforcement.

e Concrete mixtures with latex admixtures tend to produce slightly higher, yet similar surface resistivity
measurements than that of concrete mixtures without the latex admixture at each of the test ages.

e Latex-modified and very high early strength latex modified mixture exhibit a trend of an early peak in surface
resistivity, and then a gradual decrease.

e Changes overlay thickness were to be detectable using the surface resistivity meter and the approach provided in
Appendix E.

o Edge effects were also evident and a minimum offset distance of 4 inches from an edge was found to be appropriate
using the approach described in Appendix E.

e The surface resistivity meter was not effective in detecting voids intentionally placed in the mockup slabs
constructed as par to this work. Future work could attempt to utilize another type of material, or different
sizes/shapes of voids, to further explore the potential of the surface resistivity meter to locate voids or other defects.
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9.0 VALUE OF RESEARCH FINDINGS and RECOMMENDATIONS

9.1 Value of Research Findings
Research products produced from this work included:

Test data on a broadened range of highway concrete mixtures, including Class AA, A, drilled shaft, conventional
overlay, latex-modified, and high-early strength mixtures to support movement towards performance
specifications.

Confirmation that performance criteria for the targeted technologies (surface resistivity, SAM, and shrinkage)
from previous studies appear reasonable for use in future PEM projects.

Indication that prescriptive specification measures such as w/cm ratio or cementitious materials content could be
adjusted in upcoming specification revisions. The benefits of limiting w/cm ratio were confirmed through
mechanical and durability performance tests. Benefits that could be achieved using reduced cementitious
materials contents and paste volumes through optimized aggregate gradations were also identified.

Additional confirmation of the benefits that could be achieved using fly ash and the importance of SCMs such as
fly ash to achieving the desired performance from NCDOT’s concrete infrastructure.

Spreadsheet tools and other resources that can be used by NCDOT personnel, Resident Engineers, contractors and
other stakeholders potentially involved in PEM.

NCDOT and contractor insight from implementation of PEM shadow specifications and PEM tests at a structural
concrete pilot project.

A protocol for use of the surface resistivity meter to evaluate the quality of bridge deck overlays.

The success of this project could be measured by document documenting an increased number of stakeholders

using PEM tests and improving QC processes. However, quantifying of true value of this research is challenging.
Benefits of implementing PEM will most likely include cost savings, improved specifications, and improved performance
of concrete bridge/pavement infrastructure. Specifically, benefits will be associated with:

Cost savings associated with longer service life and reduced maintenance costs for concrete pavements, bridges,
and other infrastructure

An enhanced focus on quality during construction, driven by performance-based requirements

Guidance on interpretation of laboratory testing results and the impact on performance

Improved QA and QC testing and acceptance, particularly use of new and emerging PEM tests from AASHTO PP
84 (now R 101)

Technology transfer tools and training sessions to aid NCDOT in implementation of PEM tests and specifications

As the North Carolina cement supply increasingly moves towards PLC (in lieu of traditional Type | and I/II

cements), increased use of SCMs and PLC should also allow for lower cementitious materials contents to achieve the same
durability performance. This would result in initial cost savings as well as cost savings over the life cycle of infrastructure
components, which should achieve longer service lives and will require reduced maintenance and rehabilitation actions.
Increased use of SCMs and PLC, along with lower cement contents will also result in a reduction in greenhouse gas
emissions, allowing NCDOT to demonstrate progress towards MAP-21 goals.

The true measure of the economic benefits of movement towards use of the proposed specification provisions, along

with increased use of sustainable materials such as PLC and SCMs will become evident only after infrastructure components
are constructed in this manner, and then the life cycle costs compared to similar components constructed without use of
PLCs, higher SCM contents and use of PEM technologies. As previously described in the report for the first phase of this
project (Cavallline et al. 2020a), several future methods for quantification of the value of this research could include:

A life cycle cost analysis (LCCA) on a roadway or structure constructed using the provisions recommended in this
report, comparing it to a previously constructed roadway or structure. An LCCA would provide a measure of the
economic (cost) savings associated with findings and recommendations presented herein. The cost savings could
be computed on a materials-alone basis (cost per cubic yard of as-constructed concrete), on an annual basis, or on
a percent cost savings per lane-mile basis. A history of maintenance actions (or a reliable estimate of anticipated
maintenance actions) and expected service life would be needed to complete this analysis. Ongoing work to identify
or predict these inputs to the LCCA is being performed by many researchers and could be supplemented by data
obtained from an increasing number of pilot project studies planned and ongoing.
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A life cycle assessment (LCA) on a roadway or structure constructed using the provisions recommended in this
report, comparing it to a previously constructed roadway or structure. FHWA’s recently published “Pavement Life-
Cycle Assessment Framework” should be used (Harvey et al. 2016). An LCA would provide a measure of the
sustainability benefits, including economic (cost) savings, reduced environmental impact, and reduced societal
impacts associated with findings and recommendations presented herein. Many inputs required for the LCA could
likely be reasonably assumed using previous research. However, limitations would still include information on
required maintenance actions and expected service life as described above.

9.2 Recommendations

Following are the recommendations pertaining to the findings of this study:

NCDOT should encourage the use of optimized aggregate gradation approaches to achieve the durability and
sustainability benefits associated with reduced cementitious materials and paste contents.

Increased use of SCMs such as fly ash at higher replacement rates would provide improved durability performance
and hence, long-term economic and environmental benefits. It is recommended that NCDOT encourage increased
use of SCMs such as fly ash on their concrete infrastructure projects.

Prescriptive specification provisions such as w/cm ratios and cementitious materials contents should be revisited.
The importance of controlling w/cm in achieving the desired mechanical properties and durability performance was
demonstrated by this study, as well as previous studies. NCDOT currently requires minimum cementitious contents
for many mixtures. Some states moving towards PEM are removing minimum cementitious contents or changing
to specifying maximum cementitious contents to achieve durability and sustainability benefits.

Surface resistivity is a promising technology for rapid evaluation of durability performance that is easy to perform,
uses specimen already cast for compressive strength tests, and has been reasonably linked to long-term performance
of existing infrastructure via the RCPT and field experience of other states currently utilizing resistivity in their
specifications. Surface resistivity testing should be promoted by NCDOT, and it is recommended that NCDOT
move towards adoption a resistivity specification to support more durable, sustainable concrete infrastructure.
Future research to study the permeability of optimized aggregate gradation mixtures using non-electrical
permeability tests such as the Germann Water Permeation Test (GWT) could be useful. The GWT is a non-electrical
test that measures the permeation of water into the surface under an applied pressure. By comparing concrete
mixtures with a varying volume of coarse aggregates electrical test results with a non-electrical test, more accurate
targets for surface resistivity test results could be developed.

To establish 28-day surface resistivity targets that provide a high likelihood of meeting resistivity targets at later
ages, additional longer-term (56 to 90 day) test results are needed for different types of mixtures. This effort may
temporarily require additional curing capabilities at a regional NCDOT laboratory, coordination with a testing firm,
or other provisions, but would support deployment of surface resistivity specifications without requiring storage for
longer term than currently used (28 days) at most NCDOT laboratories.

Specifying volumetric shrinkage testing would provide a means for NCDOT to promote construction of less
permeable infrastructure that is less prone to cracking. The shrinkage specification target presented in the prior
study and confirmed as part of this study could be used in pilot studies to explore the benefits of such specification
provisions in promoting enhanced performance.

Additional PEM pilot projects should be encouraged for both pavement and structural concrete. Information
obtained from the pilot projects should be used to evaluate the shadow specifications and performance targets
developed as part of RP 2018-14 and this study.

Gaining stakeholder buy-in is critical to success of the PEM initiative. Activities that support stakeholder education,
training, and use of the PEM technologies should be continued. Presentations on PEM at the North Carolina
Concrete Pavements Conference (as well as similar meetings) could help engage local/regional industry in the PEM
effort. Outreach to consulting companies that are hired by NCDOT for design, testing, project management, and
other activities should also increase at events for local/regional chapters of entities including the American Council
of Engineering Companies (ACEC), American Society of Civil Engineers (ASCE), American Concrete Institute
(ACI) National Society of Professional Engineers (NSPE) and others.

Efforts to grow and improve FHWA’s PEM initiative are ongoing in many areas, including research, pilot projects,
and development of technology transfer tools. NCDOT should continue to stay engaged in this initiative through
the Pooled Fund Studies, the National Concrete Consortium, and other avenues that may emerge.
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10.0 IMPLEMENTATION AND TECHNOLOGY TRANSFER PLAN

Key to success of the FHWA PEM initiative is technology transfer to stakeholders. This project directly
supported implementation efforts through training and use of PEM tests by agency and contractor personnel at the 1-485

PEM pilot project. In addition to the activities specifically performed as part of this project, technology transfer activities

supported by this work could also include dissemination of the results of PEM research and implementation at NCDOT

Construction conferences, training sessions for local NCDOT/industry personnel, and development of technology transfer

literature as part of the project. Additional, specific technology transfer actions for the products of this research project

are listed below.

Research Product 1

Digital database of test results from laboratory testing.

Suggested User

Materials & Tests Unit, Pavement Design & Collection Unit, Structures Management Unit

Recommended Use

Information contained in this database could serve as reference data for evaluation of
concrete mixtures and/or test methods in future work. Data could also be used to
supplement additional databases on maintained by the Materials and Tests Unit.

Recommended
Training

None recommended at this time.

Research Product 2

Laboratory test data indicating that use of optimized aggregate gradations could reduce
cementitious materials contents and paste contents, providing sustainability benefits.

Suggested User

Materials & Tests Unit, Pavement Design & Collection Unit, Structures Management Unit

Recommended Use

This information could be used to support design decisions and specification provisions
that encourage or support use of optimized aggregate gradation mixtures.

Recommended
Training

None recommended at this time.

Research Product 3

Laboratory test data providing performance targets for surface resistivity, SAM, and
shrinkage.

Suggested User

Materials & Tests Unit, Pavement Design & Collection Unit, Structures Management Unit

Recommended Use

This information could be utilized in PSPs or shadow specifications to promote movement
towards PEM.

Recommended
Training

None recommended at this time.

Research Product 4

Draft procedure for use of surface resistivity meter for evaluating bridge deck overlay
guality.

Suggested User

Construction Unit, Materials & Tests Unit, Structures Management Unit

Recommended Use

This procedure could be used to evaluate bridge deck overlay quality in lieu of conventional
methods.

Recommended
Training

The draft procedure is included in Appendix E of this report. UNC Charlotte personnel
could meet with Materials & Tests Unit personnel to assist in training, if requested.

Research Product 6

Testing program template and spreadsheets for use of PEM tests at pilot projects

Suggested User

Materials & Tests Unit, Pavement Design & Collection Unit, Structures Management Unit

Recommended Use

These tools could be used to support upcoming PEM pilot projects on other projects as
desired by NCDOT.

Recommended
Training

None recommended at this time.
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Research Product 7

Data from PEM pilot project for structural concrete.

Suggested User

Materials & Tests Unit, Structures Management Unit

Recommended Use

Information gathered as part of this pilot project can be used by NCDOT to support LCCA
or LCA of the structural components to evaluate the benefits of PEM

Recommended
Training

None recommended at this time.
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APPENDIX A - LITERATURE REVIEW AND REFERENCES
A.1 Introduction

The quality of a concrete mixture’s cementitious materials, aggregates, and the bond created between the materials
directly impacts the quality of the concrete (Wilson and Tennis 2021). Specifications from multiple agencies have been
written to help mitigate risks of choosing inadequate materials such as ASTM, AASHTO, and ACI. State agencies choose
from these specifications according to their needs for particular applications. Mixture proportioning is the process of
selecting the materials and appropriate proportions to be used in a concrete mixture to meet the requirements (air content,
workability, compressive strength, and other characteristics) established by the concrete design (Mehta and Monteiro 2014).
Concrete mixture design and proportioning is typically performed with the intent of simultaneously meeting several goals,
including strength, durability, economy, and sustainability, described in the following sections.

A.1.1 Strength

The strength of a material is defined as “the ability to resist stress without failure” (Mehta and Monteiro 2014).
Historically, concrete mixtures have been proportioned based upon a stakeholder’s previous experience, using available
materials that were subject to extensive variability (Dolen 2008). Development of mixture design protocols and material
guality control procedures have resulted in great improvements in concrete quality over the past century. In 1918, Duff
Abrams established a relationship between the water-cement ratio (w/cm) and compressive strength, a characteristic of
concrete mixtures that is still critical to the control of quality today (Abrams 1918). Current mixture designs are more
technical and practical than in the early 1900s and incorporate specifications to maximize the strength and durability of the
mixture. The most widely used mixture proportioning standard is ACI 211.1, “Standard Practice for Selecting Proportions
for Normal, Heavyweight, and Mass Concrete” (ACI 2002).

The quality of a concrete mixture has traditionally been evaluated through its compressive strength. It is imperative
that a concrete mixture used for a structure or pavement have adequate strength to meet the design criteria. However, it is
recognized that in aggressive environments, concrete strength is not as reliable an indicator of durability as permeability
and other durability performance characteristics (Armaghani et al. 1992). Most DOTs have specifications that require more
cementitious material than would be required to meet design strength. Excess cement quantities can result in adverse
durability effects (Taylor et al. 2019). Although responsible for strength gain, the cementitious content of a concrete mixture
is also responsible for other undesirable characteristics, including heat generation during curing and shrinkage. Additionally,
higher cement paste renders the concrete more permeable to water carrying aggressive agents such as chlorides and sulfates
(Mehta and Monteiro 2014).

To reduce the cementitious material required in concrete mixtures, some state agencies are moving towards using
optimized aggregate gradations that reduce the paste content of a mixture by improving the particle packing. These mixtures
have been shown to provide adequate strength, workability, and can, in some cases, improve the mixture’s durability
performance. There are many different computational mixture proportioning methods currently available, all aimed at
allowing the designer to determine the best combination of materials to maximize the particle packing density and reducing
the voids (Jones 2002). The most commonly used methods to optimize aggregate gradations in concrete mixtures will be
discussed subsequently in this literature review.

Water is required in concrete mixtures to hydrate the cement. A challenge facing optimized mixture designs is how
to reduce the cementitious material while holding the w/cm ratio constant without adversely impacting the workability of
the mixture. To be able to achieve the low w/cm ratios desired for strength and durability properties, the use of water
reducing admixtures (WRA) is often required. Control of the water content of concrete mixtures is critical to achieving
both the desired mechanical properties and durability performance (Taylor et al. 2019).

A.1.2 Durability

While concrete mixture designs must meet their prescriptive requirements for characteristics such as required
compressive strength, the concrete’s durability performance ultimately determines the potential life span of the concrete
structure or pavement. Durability is not a singular material characteristic of concrete, but rather “a series of properties
required for the particular environment to which concrete will be exposed to during its service life” (Taylor et al 2013). In
its circular, TRB’s Standing Committee on Concrete Durability indicated the primary concrete characteristics that define
durability are: 1) resistance to freeze thaw cycles, 2) compressive strength of at least 4,000 psi, 3) resistance to effects of
alkali-silica reaction (ASR) and/or sulfate attack, 4) resistance from damage by abrasion, and 5) resistance from damage
from steel corrosion (Taylor et al. 2013). These criteria are similar to the ones identified by the American Concrete Institute
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(ACI) in 201.2R-16 Guide to Durable Concrete, which identifies mass transport, freeze thaw cycles, alkali-aggregate
reaction, sulfate attack, chemical attack, corrosion of metals or materials embedded in the concrete, and abrasion as major
contributing factors that can limit a concrete’s lifespan by impacting it’s durability (ACI 2016). Many of these factors can
be attributed to the climate in which the concrete is in service, exposure conditions such as moisture and aggressive agents,
and how the environment will interact with the material.

ACI 318’s Chapter 19 is designated to address durability concerns for structural concrete, and how the risks can be
mitigated with required maximum w/cm ratios, compressive strength, and air content (ACI 2019). Similarly, AASHTO PP
84 focuses on concrete pavements, allowing for state highway departments to select criteria that they know from professional
experience to have an impact on the durability of concrete in their state. Although initially developed to support use in
concrete pavement application, the approach prescribed by AASHTO PP 84 and many provisions can be adapted to
structural concrete mixtures as well (Cavalline et al. 2020a).

Producing durable concrete that provides adequate performance in a given service environment requires
consideration of a variety of material and mixture characteristics to minimize the risk of chemical attacks by deleterious
substances in the materials used. Aggregates typically comprise up to 60-75 percent by volume of a concrete mixture and
must possess the qualities required to withstand the loading and environmental exposure the concrete mixture will face in
its service life (Wilson and Tennis 2021). Studies have shown that using an optimized aggregate gradation can allow for an
increase in aggregate content while reducing the paste content, minimizing chemical reactions, and increasing dimensional
stability (Taylor et al. 2013). Aggregates selected for a concrete mixture should be non-reactive, meaning they are resistant
to alkali-silica reaction (ASR). Typically, aggregates are prequalified for use, using testing standards to determine the
potential reactivity through ASTM and AASHTO standardized methods, such as ASTM C1293, “Standard Test Method for
Determination of Length Change of Concrete due to Alkali-Silica Reaction (Concrete Prism Test),” and ASTM C1260
(AASHTO T 303), “Potential Alkali-Reactivity of Aggregates (Mortar-Bar Method).” ASTM C1293 is a more accurate but
longer (one year) test, while ASTM C1260 is an accelerated (16 day test) but less accurate method (Wilson and Tennis
2021).

Since most aggregates used in concrete mixtures are dense and virtually impermeable, water and other liquids move
through the hardened concrete’s paste. The area within a concrete mixture where the aggregates and cementitious materials
form a bond is called the interfacial transition zone (ITZ). The ITZ is generally considered as the strength limiting factor in
the concrete and has the greatest influence on the elastic modulus of the concrete. It is a direct contributing cause to damage
due to permeability-related attacks because of the presence of microcracks within the ITZ’s structure (Mehta and Monteiro
2014). In addition to the type and amount of cementitious materials used in a mixture, several factors have an influence on
the ITZ’s properties. For example, the thickness of the ITZ increases with increasing w/c ratio and aggregate/cement ratio
(Crumbie 1994) and longer mixing times may create more a pronounced ITZ (Katz et al. 1998, Leeman et al., 2005).

It is well known and accepted fact that concrete mixtures with lower w/cm ratios are less permeable and more
durable than those with higher w/cm ratios. However, the cement type used affects concrete durability, as well as the type
and amount of supplementary cementitious (SCM) materials used. To improve a mixture’s durability, the cement type used
should be resistant to sulfate attack while also having an adequate strength to resist damage due to abrasion (Taylor et al.,
2013). SCMs such as fly ash, slag, metakaolin, or silica fume, may be used in a concrete mixture as a replacement for a
certain percentage of cement. Some SCMs are used to increase economy, but most SCMs can also enhance a concrete
mixture’s durability properties if proportioned with the other materials in the mixture. One drawback of some commonly
used SCMs, such as fly ash and slag, are that they may reduce the early strength of the concrete. Longer-term strength is
often similar to or improved over mixtures without SCMs, and these SCMs provide the benefits of lower heat of hydration,
a denser paste microstructure resistant to moisture and aggressive chemicals, and reduced shrinkage (Taylor et al., 2013).

Chemical admixtures, such as WRASs and air entraining admixtures (AEA), can also help to achieve desired
properties in fresh and hardened concrete (Wilson and Tennis 2021). AEAs are used to entrain a matrix of air bubbles in the
concrete mixture, helping to resist risks of damage due to freeze-thaw cycles. WRAs are used to reduce the w/cm ratio in a
concrete mixture while maintaining the workability. Additionally, they can help to influence the rates of cement hydration
and early strength development of concrete mixtures (Mehta and Monteiro, 2006). By reducing the w/cm ratio of a mixture
through the use of WRAS, there is typically an increase in compressive strength development, and a decrease in susceptibility
to chloride ion and sulfate penetration, although there is a possible increase in drying shrinkage (Wilson and Tennis 2021).
WRAs function by influencing the electrostatic and steric repulsive forces of the cement by giving the particles a slight
negative charge to repel one another and releasing the water reducing the viscosity of the concrete (Wilson and Tennis
2021).
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A.1.3 Economy

The American Society of Civil Engineering’s (ASCE) 2021 report on American infrastructure, reports that 7.5
percent of highway bridges were designated as structurally deficient, and the total percentage of bridge deck area that is
designated as structurally deficient is 5.5 percent (ASCE 2021). While these numbers are an improvement relative to
previous report cards, which designated 12.1 percent of highway bridges as structurally deficient in 2009 and 6.3 percent of
total percentage of bridge deck area as structurally deficient in 2016, the annual rate of reduction of structurally deficient
bridges has reduced to 0.1 percent with an increasing number of bridges moving from good-to-fair condition to “poor”
condition (ASCE 2021). Repair, rehabilitation, maintenance, and replacement of these bridges, as well as our highway
pavements, will require a significant investment in materials.

Our infrastructure is aging, and resources to repair, rehabilitate, and maintain its components are limited. A 2010
report to the Federal Highway Administration (FHWA), estimated that one 12-inch-thick lane-mile of concrete can require
about 4,800 tons of material with 10 — 14 percent by volume being cementitious materials (Tayabji et al. 2010). Economic
considerations have, and will continue to play, a role in development and use of concrete mixture designs for structures and
pavements.

Typically, aggregates are the lowest cost component of a concrete mixture. The cost of cement, cementitious
materials, and admixtures is often significantly higher. Using an estimate for cement and fly ash costs obtained from a
paving contractor performing work for NCDOT, an assumed concrete depth of 11 inches, lane width of 11 feet, and an
additional 15 percent for waste, reducing the cementitious materials in a concrete mixture by 10 percent would reduce the
cost per lane mile by $8,980 - $10,567 depending on quantities of cement and fly ash used. These savings are displayed in
Table A.1

Table A.1: Projected cost savings with 10% reduction in cementitious material

_ Reduced 10% Fly Ash . .
Oggr']?s:] E(TOT;)M Cement Content | Replacement Cos(;/Sg\\;l)ngs p?r)slfr?:ll\r}ﬁfe
(pcy) (%)
700 630 0 $ 4.66 $ 10,567
560 504 20 $ 4.19 $ 9,501
650 585 0 $ 4.32 $ 9,79
520 468 20 $ 3.89 $ 8821
600 540 0 $ 3.99 $ 9,048
480 432 20 $ 3.59 $ 8141
420 378 30 $ 3.96 $ 8980

Producing concrete that is economical is also sustainable, since using optimized concrete mixtures reduces the
amount of portland cement which reduces the amount of CO; released. On average, the cement industry produces 0.92 tons
of CO; for every ton of cement produced (Wilson and Tennis 2021). Using 0.92 pounds of CO, emitted per pound of cement
produced, an assumed concrete depth of 11 inches, lane width of 11 feet, and an additional 15 percent for waste, CO»
emissions associated with concrete mixtures could be reduced by 87,621 — 146,035 pounds per lane mile by reducing the
cement used by 10 percent, depending on the mixture characteristics, shown in Table A.2

Table A.
Table A.2: CO, emission reduction per lane mile

Original Cement Reduced 10% Fly Ash CO; Emi§sion CO; Emission
Content (pcy) Cement Content | Replacement | Reduction Reductl-on per
(pcy) (%) (Ibs/cy) Lane Mile (Ibs)

700 630 0 64.4 146,035

560 504 20 51.5 116,828

650 585 0 59.8 135,604

520 468 20 47.8 108,483

600 540 0 55.2 125,173

480 432 20 44.2 100,139

420 378 30 38.6 87,621




A.1.4 Sustainability

ASCE defines sustainability as “a set of economic, environmental, and social conditions in which all of society has
the capacity and opportunity to maintain and improve its quality of life without degrading the quantity, quality, or the
availability of economic, environmental, and social resources” (ASCE 2021). Concrete mixtures have a public perception
that they are major contributor to the amount of carbon dioxide in the atmosphere. It was estimated in 2007, 1.5% of carbon
dioxide (CO2) generated in the United States resulted from the manufacture of portland cement, and that portland cement is
responsible for 90 — 95 percent of CO, emission associated with concrete (Taylor and Van Dam 2009). However,
advancements in cement production have greatly decreased these impacts (Van Dam et al. 2012).

Using SCMs such as fly ash or silica fume while utilizing optimized aggregate gradations can reduce the
traditionally required amount of Portland cement in concrete mixtures, potentially improving fresh concrete performance
and improving durability characteristics. Additionally, these materials are industrial byproducts, and beneficially reusing
them in concrete saves landfill space and can provide other sustainability benefits associated with energy use, hauling, and
water quality (Van Dam et al. 2012). Use of optimized aggregate gradations can also improve the sustainability of a mixture.
Studies have shown the volume of paste in a concrete mixture is correlated with plastic shrinkage and cracking (Shaeles
and Hover 1988, Darwin et al. 2004). By implementing the use of high quality SCMs in optimized aggregate gradation
mixtures, the amount of portland cement used can be reduced, potentially improving permeability of the concrete while
reducing plastic shrinkage (Van Dam et al. 2012).

There are emerging technologies in the concrete industry aimed at improving the sustainability of concrete mixtures.
One of these technologies is the use of high-volume SCM/portland limestone cement paving mixtures to potentially reduce
the greenhouse gas emissions significantly (Van Dam et al. 2012). Portland limestone cement (PLC) is a cementitious
material that allows up to 15 percent limestone replacement of portland cement clinker per AASHTO M240 (AASHTO
2020). Using a PLC cement at that replacement level can reduce the CO2 emissions by roughly 10 percent (Van Dam et al.
2012). Photocatalytic cements can be used to degrade pollutants like nitrogen oxides by as much as 60 percent (Van Dam
et al. 2012). Low carbon and carbon sequestering cementitious systems, which sequester carbon dioxide as they harden,
lowering the carbon footprint (Van Dam et al. 2012). Photocatalytic cement and carbon sequestering cementitious systems
have promising results but require additional research to become viable options for large scale operations (Van Dam et al.
2012).

A.1.5 AASHTO PP 84 and R 101

AASHTO R101 (formerly AASHTO PP 84), “Developing Performance Engineered Concrete Pavement Mixtures”
is a guidance document that allows DOT’s and other state transportation agencies to adopt tests and quality control measures
described in the provision to best fit their needs. AASHTO PP 84 focuses on six primary characteristics that influence
concrete performance. These characteristics are strength, susceptibility to slab warping and shrinkage cracking, freeze-thaw
durability, transport properties, requirements for aggregate stability, and workability (AASHTO 2020). Depending on the
exposure conditions and climate the concrete is likely to be subjected to, AASHTO PP 84 has recommended tests and
performance targets for each characteristic that should be considered throughout the concrete’s lifespan, from mixture
qualification testing to acceptance testing during and after construction.

A.1.5.1 Overview

AASHTO PP 84-20 outlines existing, alternative, and emerging methods to evaluate concrete performance for
concrete pavement life in the range of 30 years, providing states DOTs with the ability to evaluate and choose which methods
will work best for their climates and uses (AASHTO 2020). The aim of the document is to assist state agencies in moving
from prescriptive specifications for concrete mixtures to performance specifications by implementing tests and quality
assurance control measures to better understand the quality of a mixture for the specific climate and/or failure mechanisms
it will be exposed to throughout its service life. Performance specification provisions should help ensure satisfactory
performance of concrete in the fresh and hardened state, and therefore support implementation of Performance Engineered
Mixtures (PEMs) (Cackler et al. 2017).

The movement towards PEMs does not mean that state highway departments will abandon the specification
provisions that they have been using. In fact, many of the requirements of performance engineered concrete outlined in
AASHTO PP 84 are similar to requirements already in place with the NCDOT and are outlined in (AASHTO 2020, NCDOT
2018). Table A.3 provides prescriptive testing requirement recommendations from AASHTO PP 84.
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Table A.3: AASHTO PP 84 prescriptive testing requirement suggestions

Test AASHTO PP 84 Suggestion NCDOT Requirement
Flexural Strength 600 psi at 28 days 650 psi at 28 days
Compressive Strength 4,000 psi at 28 days 4,500 psi at 28 days
Air Content 5-8% 5.0% + 1.5%

The goal of moving towards performance specifications is to support agencies in amending and/or revising their
specifications to help meet their design goals, as well as their durability and sustainability performance targets.

A.1.5.2 Strength Provisions

AASHTO PP 84 Section 6.3.1 recommends that concrete mixtures have a flexural design strength of 600 psi at 28
days using AASHTO T 97 “Standard Method of Test for Flexural Strength of Concrete” (AASHTO 2020). Section 6.3.2
States that concrete mixtures should achieve compressive strength of 4,000 psi at 28 days using AASHTO T 22 “Standard
Method of Test for Compressive Strength of Cylindrical Concrete Specimens” (AASHTO 2020). Both sections 6.3.1 and
6.3.2 state that agencies may consider flexural strength and compressive strength either alone or in combination and
acknowledges that it is not uncommon for agencies to have different target values at different ages (AASHTO 2020).

A.1.5.3 Durability Provisions

Section 6.4 of PP 84 “Susceptibility to Slab Warping and Shrinkage Cracking,” identifies the volume of paste in a
mixture, unrestrained length change, and cracking potential as factors to be controlled to prevent damage from shrinkage or
slab warping, recommending that only one be selected for project QC purposes (AASHTO 2020). One prescriptive approach
is recommended in section 6.4. Section 6.4.1 states that if slab warping or drying shrinkage cracking is a concern, a
maximum paste content of 25 percent should be allowed in a mixture. Alternatively, performance tests include measurement
of the unrestrained length change (AASHTO 2020). AASHTO T 160 (harmonized with ASTM C157) is the test standard
to be used for testing the unrestrained length change. In this test method, three 3-in x 3-in x 11-in specimens are tested and
averaged, with 420 microstrain at 28 days as a target (AASHTO 2020).

Section 6.4.2 provides performance specifications for shrinkage cracking caused by water-related volume change
if cracking is a concern (AASHTO 2020). Section 6.4.2.1 states that estimated cracking potential can be determined using
a Restrained Ring Test, and that cracking tendency of restrained concrete can be estimated using T 334, “Standard Method
of Test for Estimating the Cracking Tendency of Concrete,” or AASHTO T 363, “Standard Method of Test for Evaluating
Stress Development and Cracking Potential due to Restrained Volume Change Using a Dual Ring Test.” Section 6.4.2.1.1
states cracking tendency estimated using AASHTO T 334 is to be tested without cracking before 180 days (AASHTO 2020).
Section 6.4.2.1.2 states cracking tendency estimated using T 363 should have an average stress less than 60 percent of the
splitting tensile strength when tested in the dual ring at the standard relative humidity and temperature in T 363 for 7 days
(AASHTO 2020). Both methods are based on limits set for bridge decks and are considered conservative for pavement
applications (AASHTO 2020). Cracking potential may also be estimated using numerical models as detailed in section
6.4.2.2, which states that the unrestrained volume change (determined using T 160) at 91 days should result in a probability
of cracking of less than 5, 20, or 50 percent depending on the mixture design and application (AASHTO 2020).

The influence of freeze-thaw cycles on a concrete mixture’s durability is impacted by w/cm ratio, fresh air content,
entrained air void system characteristics, time and duration of critical saturation, and presence of deicing solutions in joints
(Li et al. 2012). Section 6.5.2 of AASHTO PP 84 provides recommended prescriptive specifications for w/cm ratio, air
content, and Super Air Meter (SAM) to qualify concrete mixtures as freeze-thaw resistant (AASHTO 2020). Section 6.5.1.1
states the w/cm ratio of a mixture should not exceed 0.45 (AASHTO 2020). Section 6.5.1.2 states the air content should be
within 5 to 8 percent, as determined using T 152 “Standard Method of Test for Air Content of Freshly Mixed Concrete by
the Pressure Method,” T 196, “Standard Method of Test for Air Content of Freshly Mixed Concrete by the Volumetric
Method,” or TP 118, “Standard Method of Test for Characterization of the Air-Void System of Freshly Mixed Concrete by
the Sequential Pressure Method,” (AASHTO 2020). Section 6.5.1.3 states air content that is 4 percent or greater as
determined in accordance with specifications listed in section 6.5.1.2, must have a SAM number less than or equal to 0.20
determined using TP 118 (AASHTO 2020). Section 7.1.2 provides construction acceptance requirements, stating a SAM
number of 0.25 or lower may be accepted, a SAM number between 0.25 and 0.30 will require the concrete mixture to be
modified, and a SAM number 0.30 and above will result in rejection (AASHTO 2020). Performance specifications for
freeze-thaw durability are found in section 6.5.2.1, detailing “the properties of a mixture required to reach a critical
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saturation at 30 years,” (AASHTO 2020). Section 6.5.3 details two prescriptive specifications for reducing joint damage
due to deicing chemicals when CaCl, or MgCl; is used; either using a SCM to replace the cement with a mass of at least 30
percent or applying a topical sealer in accordance with M 224, “Standard Specification for Use of Protective Sealers for
Portland Cement Concrete,” (AASHTO 2020).

Transport properties refer to the ability of ions and fluids to move through the material, potentially damaging the
concrete and/or steel embedded in it. AASHTO PP 84 recommends that the w/cm ratio, formation factor, and the penetration
of iconic species in concrete be used as key indicators of transport properties influencing a concrete mixtures durability
(AASHTO 2020). Prescriptive specifications for transport properties are in Section 6.6.1. Section 6.1.1 states that the w/cm
ratio shall be less than 0.50 if the concrete mixture is not subjected to freeze-thaw cycles or deicing applications, and less
than 0.45 if the concrete mixture is subjected to freeze-thaw cycles or deicing applications (AASHTO 2020). The
performance specification for a transport related property states that the formation factor will be determined and used in the
determination of a service life (AASHTO 2020). The formation factor is determined by dividing the resistivity at 91 days
according to TP 119-15, “Standard Method of Test for Electrical Resistivity of a Concrete Cylinder Tested in a Uniaxial
Resistance Test,” with conditioning option A by a pore solution resistivity of 0.127 k €. Section 6.6.1.2 states that the
formation factor (F factor) must be greater than 500 if the concrete mixture is not subjected to freeze-thaw cycles or deicing
applications and must be greater than 1000 if the concrete mixture is subjected to freeze-thaw cycles or deicing applications
(AASHTO 2020).

These specifications have been provided in Table A.2 and show both prescriptive and performance specifications
of AASHTO PP 84, with performance specifications highlighted in green.

Table A.2: AASHTO PP 84 prescriptive and performance requirements

AASHTO PP 84 - S
. Provision Specification
Section
6.3 Flexural Strength 600 psi at 28 days
' Compressive Strength 4,000 psi at 28 days

Volume of paste shall not exceed 25%

Unrestrained length change less than 420 microstrain at 28 days
Estimated cracking tendency estimated using T 334

Estimated cracking tendency estimated using T 363

Maximum w/cm ratio of 0.45

Air content between 5 - 8%

6.5 Freeze-Thaw Durability Air content greater than 4% and a SAM number less than 0.20
Model calculations that show a mixture will reach critical
saturation at 30 years

w/cm less than 0.50 if concrete is not subjected to freezing and
thawing or deicer application

w/cm less than 0.45 if concrete is not subjected to freezing and
Transport Properties (choose | thawing or deicer application

one) Formation Factor greater than 500 if concrete is not subjected
to freezing and thawing or deicer application

Formation Factor greater than 1000 if concrete is not subjected
to freezing and thawing or deicer application

Susceptibility to Slab
6.4 Warping and  Shrinkage
Cracking (choose one)

6.6

A.2 Optimized Aggregate Gradations (Material Supporting Chapter 3)

Historically, concrete mixtures consist of two aggregate gradation types: a fine aggregate and coarse aggregate.
Optimized aggregate gradations (also known as “optimized gradations”) generally require the presence of at least three or
more aggregate gradation types (often a fine aggregate, a mid-size aggregate, and a coarse aggregate) to maximize the
packing potential in the mixture. By maximizing the packing potential of aggregates in a mixture, the amount of cement
paste used can be minimized to the amount needed to meet workability requirements of the mixture (Lindquist et al. 2015).
Studies have shown that optimized aggregate gradation mixtures can have the same or improved workability and
finishability with reduced particle segregation during vibration (Cramer et al. 1995).

A.2.1 Particle Packing

Optimized aggregate gradations seek to maximize the particle packing of the aggregates, in turn reducing the
aggregate voids in a concrete mixture. To reduce voids, models have been developed in order attempt to maximize the
packing density, or the ratio of the solid volume of the aggregates in a concrete mixture to the volume of the concrete
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mixture itself (Mangulkar and Jamkar 2013). Packing density models assume that voids between larger aggregates will be
filled by smaller aggregates (Mangulkar and Jamkar 2013). There are different types of models that attempt to maximize
the packing density, but these models can generally be grouped into discrete and continuous models.

Discrete particle packing models examine two or more unique particle sizes, where the voids from the largest
particles are filled by smaller particles (Kumar and Santhanam 2003). Discrete models may be classified as binary, which
assumes the ideal packing of two particle sizes, ternary, which assumes the ideal particle packing of three particle sizes, or
multimodal. (Kumar and Santhanam 2003). Continuous models assume all possible sizes are in the particle distribution
system with no gaps between particle sizes (Kumar and Santhanam 2003).

Most particle packing models assume that the particles are spherical. However, studies have shown shape factor
and convexity of the aggregate are the most important geometric factors, while mean size, specific gravity, and the voids
ratio of the aggregate are the most important size parameters influencing the packing of the aggregate (Mangulkar and
Jamkar 2013). Historically, concrete mixtures have used two aggregate types (coarse and fine) in a blended mixture. This
combination has been shown to produce voids that are larger than necessary, which require more cementitious material to
fill than mixtures with less voids. Particle packing methods and other methods that seek to optimize aggregate gradations,
are an attempt to minimize the voids remaining in aggregate gradations, and to reduce the cementitious material by
introducing one or more intermediate size aggregates that will fill voids left by traditional aggregate combination gradations.

A.2.2 Aggregate Gradation Methods

The aggregate gradation(s) selected for use in a mixture depends on a variety of factors, including the element
thickness, reinforcing details, required workability, and available aggregate types and gradations. A wide range of aggregate
gradations have been used in different concrete applications. However, historically only one coarse and one fine aggregate,
have typically been used in a mixture design, with the gradation of each considered separately (not combined and evaluated
with the design process). Coarse aggregates consist of one aggregate type with particles predominantly larger than 0.2 in,
and fine aggregates consist of natural sand or crushed stone with particles smaller than 0.2 in. ASTM C 33 is a standard
written to ensure aggregates meet specified grading requirements, sourcing requirements, and limits on the amount of
deleterious substances allowable in both fine and coarse aggregate (ASTM 2018). An aggregate gradation can be determined
by performing a sieve analysis (ASTM C 136) on a representative sample. The results of the gradation analysis are used to
understand the sizes of aggregates contained in a certain supply of material. Results are expressed as a percent retained on
a sieve or percent passing a sieve, and then are compared to predetermined aggregate size numbers and their percentages
passing each sieve in ASTM C 33 (ASTM 2018, ASTM 2020).

Gradations can be considered to be uniformly graded, well graded, or gap-graded. Essentially, concrete mixtures
that historically use a single coarse aggregate and a single fine aggregate function as “gap-graded” combined aggregate
gradations. Gap-gradations contain a relatively small percent retained on the mid-size sieves, theoretically allowing larger
voids between the larger aggregates to be filled by the much smaller aggregates. Gap-graded mixtures could achieve desired
workability levels, however, would require more cementitious material to achieve the workability due to the larger surface
area of the smaller-sized aggregates. In addition, gap-graded combined aggregate gradations have proved to have problems
with edge slump, segregation during vibration, and wear resistance (Richardson 2005).

Well-graded, or dense aggregate gradations, are typically desirable for concrete mixtures because they reduce the
volume of voids between aggregates. Well-graded aggregate gradations aim at maximizing the density of the gradation by
maintaining a similar percentage of aggregates being retained on each sieve to minimize voids between aggregates. By
minimizing the voids between the aggregates in the concrete mixtures, there is also a decreased amount of paste (and
therefore total cementitious content) required to fill gaps between the aggregate within the concrete mixture (Obla et al.
2007). Dense aggregate gradations were originally developed by Fuller and Thompson in the early 1900’s. However, studies
suggested maximum aggregate methods may not always provide the maximum strength or density of a concrete mixture,
and that they produced mixtures that contained too little paste and were difficult to place (Wig et al. 1916, Talbot and Richart
1923, Richardson 2005).

Several approaches were developed to help optimize aggregate gradations and improve concrete performance. The
Power 0.45 Curve gradation approach (Figure A.1) aims to identify an aggregate gradation that will maximize the density
of the mixture by plotting the cumulative percent passing of sieve sizes to the 0.45 power (Kennedy et al. 1994). A gradation
that creates a straight line on the Power 0.45 Chart between the smallest particle size and the largest particle size will create
a gradation with the highest density and minimize the voids in a mixture. Although this method has provided success for
some, there have also been studies that show this is not possible for particles smaller than the #30 sieve, and this method
can create workability issues (Ley and Cook 2014).
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Figure A.1: Power 0.45 curve (Ley and Cook 2014)

The Coarseness factor chart (also known as the Shilstone Chart, the Workability Chart) was developed by James
Shilstone, and is an empirical approach on reducing segregation in mixtures (Shilstone 2002). This chart plots the
workability factor, indicative of the amount of sand and cementitious material in a mixture, on the x-axis versus the
coarseness factor, the ratio of large to intermediate aggregate, on the y-axis. The plot is segmented into 5 zones shown in
Figure A.2. The equations supporting the use of the Workability Factor chart are shown as Equations A.1 and A.2.
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Figure A.2: Coarseness factor chart

2.5 % (M — 564)

Workability factor = P + 94 Equation A.1
Coarseness factor = g* 100 Equation A.2

P = cululative percent passing the number 8 sieve Equation A.3
M = cementitious material content (}7b3) Equation A.4
R = cumulative percent retained on the % " sieve Equation A.5
S = culative percent retained on the number 8 sieve Equation A.6

Zone Il is the desirable area on the chart, indicating a well-graded design for a concrete mixture. Zone | indicates
aggregate blends that are gap-graded, and include little amounts of intermediate aggregate — these blends result in mixtures
that tend to segregate during placement. Zone |1l also indicates aggregate blends that are gap-graded but have very little
coarse aggregate. Zone 1V indicates aggregate blends that contain a large amount of sand and can be expected to have low
strength and segregate during vibration. Zone V is indicative of aggregate blends that are heavy in coarse aggregates and
can be considered “very rocky” (Shilstone 2002).

The 8-18 Band Gradation, an aggregate gradation recommendation that is typically credited to Holland, requires
the total percentage of fine and coarse aggregate retained on any sieve to be between 8 percent and 18 percent to prevent
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gap-gradations and prevent gradations from being too coarse or fine (Holland 1990). There are different variations of the 8-
18 Band Gradation published in literature. For example in a subsequent revision, ACI 302.1R-96 “Guide for Concrete Floor
and Slab Construction” section 5.4.3 recommended that smaller maximum size aggregate gradations (3/4 in or 1 in) have
8-22 percent retained on sieves ranging from the #100 — the maximum size aggregate (ACI 1996). In a subsequent revision,
ACI 302.1R-15 has modified this in section 8.5.4, recommending a band gradation without setting particular limits requiring
certain percentages to be retained on each sieve (ACI 2015).

A.2.3 Tarantula Curve

The Tarantula Curve was developed by researchers at Oklahoma State University, and is based on a modification
to the 8-18 band gradation chart (Cook et al. 2013). It was developed by using five different aggregate types from different
quarries in Oklahoma, designing mixtures with a constant w/cm ratio, and creating specific gradations to investigate the
impacts of varying amounts of aggregates retained on each sieve. Proportions were identified based on three points of the
Coarseness Factor chart (Shilstone Chart), one point in the middle of zone Il, one point on the border of zone Il and V in
between zones | and Il, and one point on the border of zone | and 11 in between zones 1V and V (Cook et al. 2013).

To determine the sieve limits required for coarse aggregates, the gradation of sand was held constant while varying
the amounts retained on each sieve and charting the amount of WRA required to pass the Box Test, which is indicative of
the workability of the mixture (Cook et al. 2013). It was determined that when intermediate or coarse aggregate retained on
a single or multiple sieves became excessive, the amounts of WRA required to achieve the desired workability increased
drastically, indicating the mixture had poor workability. Ultimately, it was determined that coarse and intermediate
aggregates should be limited to 20 percent retained for sieves #4 — 3/8 inch. Additionally, the gradation with the lowest
intermediate aggregate retained and highest coarse aggregate retained required the most WRA and had segregation and edge
slumping issues (Cook et al. 2013).

The impact of gap-gradation was investigated using mixtures with varying amounts of intermediate and coarse
aggregate, while maintaining a constant volume and gradation of sand (Cook et al 2013). A minor gap created on the 3/8
inch sieve and found to help the user achieve the desired workability with a typical amount of WRA. The gap moved from
the 3/8 inch sieve to the #4 sieve. A gap on the #4 sieve achieved the desired workability with no added WRA, but was
deemed to be on a borderline of acceptable due to the lack of required WRA. The aggregate size fractions were then
redistributed to the 3/8 inch and 1/2 inch sieves, reducing the aggregate retained on the intermediate sieve sizes, causing a
large increase in the required amount of WRA added to the mixture to achieve the desired workability (Cook et al. 2013).

Several aggregate gradations used in mixtures in the research study were designed to purposely contain low amounts
of aggregate retained, or “valleys” which are thought to reduce workability. These were included in the study to explore
their impact on a mixture’s workability (Cook et al. 2013). To understand the impact of valleys on the 3/8 inch sieve,
gradations were created by varying the amount of aggregate retained on the 3/8 inch sieve between 0 — 15 percent while
restricting the aggregate retained on all other sieves to less 20 percent, as previously discussed. The results of these mixtures
showed a single valley did not negatively affect the workability of a mixture and did not require an excessive amount of
WRA to attain the desired workability. Valleys were further studied by creating three aggregate gradations with troughs on
the #4 and 3/4 inch sieves, and a valley on the 3/8 inch sieve. The mixture with the largest amount of aggregate retained on
the #4 and 3/4 inch sieve and no aggregate retained on the 3/8 inch and 1/2 inch sieves required a jump in the required WRA
to achieve desired workability. The results of studying valley gradations demonstrated that mixtures perform satisfactorily
as long as a single sieve does not retain too much aggregate (Cook et al. 2013).

The impact of the maximum aggregate size on concrete workability was investigated by creating concrete using
three gradations with a maximum aggregate size of 1/2 inch, 3/4 inch, and 1 inch, where no sieve retained more than 20
percent and had a similar volume of sand in each mixture (Cook et al. 2013). The mixture with the largest maximum
aggregate size of 1 inch required the least amount of WRA to achieve desired workability. However, the difference in WRA
required of all mixtures was not large enough to deem that the maximum aggregate size led to an improvement in
workability. While the difference was not great enough to deem significant, it was noted that having a larger maximum
aggregate size allows for an easier optimization of aggregate gradation, since it allows for a larger number of sieves to be
used, effectively preventing any one sieve from retaining an excessive amount (Cook et al. 2013).

To determine the sieve limits for sand, coarse (#4 through #30 sieves) and fine (#30 through #200 sieves) sand were
investigated separately, using the same method as with the coarse aggregates. The WRA required for concrete mixtures
produced using different aggregate gradations to pass the Box Test were tracked (Cook et al. 2013). To investigate the sand
limits for each sieve for coarse sand, mixtures were designed to investigate the impacts of varying amounts of aggregate
retained on each sieve individually. Amounts of aggregate retained on the sieve being investigated varied between 0 percent
and 12 percent retained. All sieves smaller were held constant in their percent retained, and coarse aggregates held as
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constant as possible but requiring they be limited to the previously established maximum 20 percent retained per sieve.
Using this method, a recommendation was developed that at least 15 percent of the aggregate should be retained on the #8
through #30 sieves to maximize workability (Cook et al. 2013).

To investigate the influence that fine sand has on the workability of a mixture, mixtures were designed to investigate
the influence of varying amounts of aggregate retained on each individual sieve (Cook et al. 2013). Aggregate gradations
were designed by holding 1 inch through #16 sieves consistent and investigating each sieve size individually by altering the
percent retained on the sieve being investigated to determine how much WRA was required to produce a workable mixture.
The recommendation for percent retained for fine sand, or sieves #30 - #200, is 24-34 percent retained, and the
recommendation for percent retained for coarse sand, or sieves #8 - #30, is a minimum of 15 percent retained (Cook et al.
2013).

Ultimately, the research effort resulted in the development of a recommended framework for the combined
gradation of aggregates. The recommended framework also includes guidance on what issues may occur if the gradation
curve falls outside the framework. The Tarantula Curve does not provide a unique gradation aggregate gradation to optimize
a concrete mixture. However, it provides range with multiple possible gradations to allow users to develop an optimized
aggregate gradation. A figure of the framework (which resembles the shape of a Tarantula, spawning the name of the
approach) can be found in Figure A.3 (Cook et al. 2013).
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Figure A.3: Tarantula Curve (Cook et al. 2013)
A.3 Freeze-Thaw Durable Concrete (Material Supporting Chapter 4)

A.3.1 Freeze-Thaw Stresses

The durability of concrete to freeze-thaw stresses will largely depend on what conditions it is subjected to, and this
is no different for when it is being subjected to a freezing environment. Freezing environments can cause concrete to
deteriorate in several different ways, but the most common deterioration method is cracking and spalling from being
subjected multiple times to freezing conditions followed by a warm period that thaws the ice located within the concrete.
The other deterioration methods that a freezing environment can produce are surface scaling when concrete freezes in the
presence of deicing salts and D-cracking when the aggregates within the concrete crack, usually at edges and joints. These
other methods will also be discussed in this document, however, when discussing freeze-thaw stresses in this document it
will strictly be about cracking and spalling due to water freezing and thawing affecting the hardened paste of concrete
(Mehta and Montiero 2006).

The current specifications from NCDOT require an air content of 5% + 1.5% in freshly mixed concrete for all
concrete pavement and have an air content of 6% + 1.5% for all concrete that will be used for structures (NCDOT 2018).
This specification has supported the construction of many concrete structures across North Carolina that have exhibited
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adequate freeze-thaw performance for many years. However, the air content alone does not provide a strong correlation
with adequate frost resistance, since the individual air voids still need to be dispersed within the paste closely enough to
mitigate damage from water freezing within air voids contained within the paste. For a given total air content (volume %),
attaining adequately close spacing between voids requires that the volume of air be dispersed in a network of many small,
closely spaced air voids, rather than a network of larger, more distantly spaced air voids. For a given air content, a network
of fine air voids will protect far more paste than a network of large, coarse air voids. Figures A.4, A.5, and A.6 illustrate
the area of protection surrounding the air void as well as the differences between a well-developed air-void system and a
poorly developed system.

Figure A.4: 2D illustration of Figure A.5: 2D illustration showing | Figure A.6: 2D illustration showing a
protective zone (gray) surrounding an small evenly dispersed air voids lower quality air void system
air void (white)

Every concrete mixture includes air whether it was intentionally mixed into the concrete or was simply entrapped
by the mixing process. Void space also exists in the network of pores contained in the paste. However, to resist freeze-thaw
distress an appropriate air-void network requires the use of an air-entraining admixture to stabilize the smaller air voids and
ensure they are not forced out of the (hydrated) cement paste by the act of mixing or placing the concrete. Entrained air
voids are generally spherical and smaller than entrapped air voids which can be much larger and coarser (Hover 1993).
Figure A.7 shows an enlarged view of the boundary between an air void and the other components that comprise the
hardened cement paste system. These components are calcium silicate hydrate (CSH) gel, calcium hydroxide (CH), calcium
sulfoaluminate, and capillary pores.

Figure A.7: Concrete microstructure (Tanesi and Meininger 2006 originally from Powers and Helmuth 1953)

The damage to concrete in freezing conditions comes not from the temperature but from the water held in the voids
of the (hydrated) cement paste. This water contained within the cement paste will freeze within the air voids and exert
stresses on the surrounding cement paste. This mechanical damage to the concrete caused by freezing water does not
necessarily come from the water freezing within the concrete, but from the rate with which water is being expelled
overloading what the concrete can handle. This is influenced by the rate of cooling, permeability, and degree of saturation
of the concrete (Mehta and Montiero 2006). Out of these factors only the permeability can be influenced with the other
factors being influenced by the environment that the concrete will be placed into.

Permeability not only controls the hydraulic pressure that comes about from the movement caused by water freezing
within the concrete but also is the major factor affecting the critical saturation of the concrete (Mehta and Montiero, 2006).
When the environmental temperature surrounding hardened concrete is below the threshold for water to freeze, freeze-thaw
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damage to the concrete will not occur until the concrete hits the critical saturation level. This level is dependent on many
factors. However, in the critical saturation theory that was proposed by Powers, the critical saturation level of cement paste
is reached when the capillary pores of the cement paste are more than 91.7% full of water. This is based on the fact that
water expands approximately 9% when frozen (Tanesi and Meininger 2006). Once the critical saturation level has been
achieved the concrete will be damaged through the pressures developed by water freezing within the concrete.

The most accurate factor in determining the freeze-thaw resistance of a particular batch of concrete is the spacing
factor as determined by ASTM C457 (Pigeon and Pleau 1995), which will be discussed in a subsequent section.

A.3.2 Deicing Salts

In the 1960’s the United States started increasing the use of deicing salts to maintain clean roads after snowfall
(Lilek 2017). This rapidly increased the amount of deicing salts that were being applied to the roadways. Figure A.8 shows
graphically the increase in deicing salts used from 1940 to 2014 (Lilek 2017). This increase in roadway deicing is a cause
of deterioration in the roadway due to the interaction between the concrete and the deicing salts within a freezing climate.
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Figure A.8: Salt Consumption (US) (Lilek 2017)
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A.3.3 Concrete Deterioration Due to Freeze-Thaw Stresses

The true mechanism behind freeze-thaw deterioration is not fully understood; however, there are several theories
which may partially explain the forces and could also allow separate theories to work together to better explain the
phenomenon (Pigeon and Pleau 1995).

A.3.3.1 Theories of Freeze-Thaw Stress Action

The first theory that will be discussed is Powers” hydraulic pressure theory. The next theory being discussed is the
osmotic pressure theory put forth by Powers and Helmuth and expanded upon by Litvan to include the physics involved
with supercooled water. The final theory this paper will go over is the ice lens growth. These three theories are perhaps the
most complete and widely used theories explaining the mechanisms of frost damage in concrete.

A.3.3.1.1 Hydraulic Pressure Theory

The hydraulic pressure theory was developed by Powers in 1945 and further modified in 1949. This theory used a
series of equations that related the air void spacing to properties of the cement paste and to the rate at which the temperature
is decreasing. All of these equations are based upon the simple mechanism of freezing water expanding and forcing all non-
frozen water out of the pore into the paste. Darcy’s law of water flow through porous bodies is used to calculate how much
pressure the expelled water will exert for the water to travel to the next open-air void.

n 1
Ah =-Q-—
k Q A
Equation A.7 Darcy’s Law (pressure gradient)
Equation A.7 shows Darcy’s Law as it is applied in Powers’ hydraulic pressure theory where, Ah is the pressure gradient,

n is the fluid viscosity, k is the permeability of the paste, Q is the flow rate, 1 is the length of the flow path, and A is the flow
area (Tanesi and Meininger 2006).
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It is this pressure exceeding the tensile strength of the paste that causes the internal cracking of the concrete. The
pressure involved with the hydraulic pressure theory is increased through the distance the expelled water must travel to
enter into the next air void and through an increase in the freezing rate (Pigeon and Pleau, 1995).

Powers would reconfigure Darcy’s Law based on the flow length to create an equation for the maximum theoretical
length of the flow path from one air void to another that would not cause the pressure gradient to be greater than the tensile
strength of the cement paste. This maximum spacing between the air voids is called the spacing factor and is shown in
Equation A.8 below (Tanesi and Meininger 2006).

l—AhkA
nQ

Equation A.8: Spacing factor

A.3.3.1.2 Osmotic Pressure Theory

The hydraulic pressure theory could not explain every phenomenon that occurred within a sample that was
undergoing freeze-thaw cycles such as the shrinkage that accompanies freezing concrete samples that have entrained air
and some responses the samples had to the change in the rate of cooling they were undergoing (Powers and Helmuth 1953).
While Powers and Helmuth saw evidence that the hydraulic pressure theory had a basis in reality, they also saw evidence
that it was not the only phenomena that was causing all of the changes they had observed in the samples that were being
tested. The theory they developed from their observations regarding the experimental results was that diffusion of water
was occurring towards the freezing sites instead of water flowing away from the freezing sites.

A theory supplied by Litvan to supplement the osmotic pressure theory is based on the differences between
supercooled water and ice particles. When adsorbed water (water that is held as a thin film on the outside of an internal
material) is brought to below its freezing point cannot freeze without redistribution. Adsorbed supercooled water also cannot
have freezing initiated by nucleation. These two properties cause the adsorbed water to remain as a liquid when the
temperature falls below the freezing point of water. This causes there to be liquid water in the gel pores and ice outside
which throws the system out of equilibrium because supercooled water has a higher vapor pressure than ice. Equilibrium is
restored to the system by water being expelled out of the gel pore system so that it can freeze in the larger capillaries in the
surrounding area. Further cooling of the concrete will cause more water to be expelled as the difference in vapor pressure
is increased with a decreasing temperature (Litvan 1973).

A.3.3.1.3 Ice-Lens Model Theory

The ice-lens model or segregation ice model is a known principle cause of frost heave within soils (Peppin and
Style 2013), however most of these models focus on a moving boundary and assume the matrix of the material to be
infinitely rigid (Setzer 2001). The micro-ice-lens model created by Setzer was based on a shift in the triple-phase condition,
a state where vapor, liquid, and solid water exist simultaneously in a stable condition, and a non-infinitely rigid system
(Setzer 2001).

During the freezing stage the pore water will generate a negative pressure following the triple-point shift and the
gel matrix will be compressed due to this negative pressure formed. This compression will cause the matrix to shrink in
volume and to account for this decrease in volume water will flow out and into the ice forming in the air voids and capillary
pores surrounding the gel matrix. If there is still space within the air voids surrounding the gel matrix then the degree of
saturation will increase, and the micro-ice-lenses will grow without expansion of the pore. However, if a critical degree of
saturation is reached the growth of the ice will cause damage to the pore further speeding up the transport of water to the
ice lens forming (Setzer 2001).

During the thawing stage the pressure difference between water and ice starts to decrease with an increase in the
temperature and the ice is transported back into water. This transformation back into water is a slower process than the
transportation of water to ice that took place by the gel matrix squeezing out its water during the freezing phase. While the
transportation of water from the micro-ice-lenses is not quick the gel matrix can be replenished by an external source if
water is available through the much faster process of viscous flow. While thawing the micro-ice-lenses stay frozen within
the pores keeping the saturation constant while the gel matrix increases in the degree of saturation if external water is
available (Setzer, 2001).
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A.3.4 Distress Mechanisms

There are two primary distress mechanisms that occur due to concrete freezing and thawing: internal cracking and
surface scaling. Internal cracking is the more serious of the two as it can weaken the concrete significantly while not showing
outward signs that the concrete is weakening. Surface scaling involves the surface layer of concrete flaking off which can
lead to the ingress of water and other deleterious materials into the concrete.

A.3.4.1 Internal Cracking

The air-void system within the hardened concrete is an important factor when discussing deterioration due to the
freeze-thaw cycle. The air-void system includes all of the air within the hardened concrete, this includes the microscopic
and evenly shaped air voids as well as the much larger irregularly shaped air voids (Hover 2006). A properly established
system of air voids within hardened concrete consists mainly of microscopic air voids that have been evenly dispersed
throughout the mortar fraction of the mixture. According to Hover, an air-void system that will effectively provide frost
resistance must have a total volume of empty air voids that is equal or exceeds the overflow volume of water or ice from
the capillary pore system. Another factor that is just as important for frost resistance is how well dispersed the air voids are
throughout the hardened cement paste. The exact requirements for volume, dispersion, and spacing of the air voids is
dependent upon the environment the concrete will be placed in as well as the properties of the concrete.

This air-void system will generally increase the workability, cohesion, and frost resistance of the finished concrete
product. However, this can influence the density and strength of the finished concrete by displacing some of the other
components within the concrete and by creating a more porous cement paste.

Spacing factor is very important for internal micro cracking. The 0.008 in spacing factor that is generally
accepted as durable is a conservative parameter and a spacing factor of up to 0.02 in could be considered durable with regard
to internal cracking due to freeze-thaw cycles (Pigeon and Pleau 1995). Figure A.9 shows a visualization of how the space
within real concrete is laid out along with a visualization of how a perfect air void spacing would look like. In the perfect
version the space from each void is spaced such that any water being expelled from the capillary void system will have an
empty air void to fill rather than increase the pressure exerted on the paste system (Hover 2006).

Spacing factor
% of the average distance of an average sized void uniformly

distributed in the paste Spacing factor of <0.008 in
linked to adequate F-T durability!
ACI 201.2R
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real concrete idealized concrete -
Figure A.9: Visualization of Spacing Factor (adapted from Ken Hover, Cornell)

A.3.4.2 Surface Scaling Due to Deicing Salts

Deicing salts affect the concrete in two ways: drawing water to the surface layer of the concrete surface and the
leaching of Ca(OH).. The suggested sequence of events for deicing salt damage is as follows. The deicing salt will melt the
snow or ice that it comes into contact with while the surrounding ice and snow keeps the water pooled in that area. The
melted ice and snow now have all of the deicing salts dissolved within it turning it into a salt solution which will lower the
freezing point of the solution. This solution now gets absorbed into the surface layers of the concrete slab increasing the
saturation level of the concrete. The ice surrounding the concrete slab will continue to melt diluting the salt solution within
the concrete slab. This dilution will raise the temperature at which the solution can freeze until the solution freezes. This
sequence of events can have as many or more freeze-thaw cycles when compared to a slab that has not been treated with
deicing salts. Along with the freeze-thaw cycles caused by deicing salts there is a thermal shock that can occur in the
subsurface concrete when the surface ice melts and extracts the latent heat of the concrete (Neville 2013).
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A lower spacing factor is necessary to aid in creating a concrete that can resist surface scaling, although it alone is
not sufficient to ensure that the concrete will be able to resist surface scaling (Pigeon and Pleau 1995). The lower spacing
factor with regards to surface scaling is mostly due to the decrease in permeability the paste will have with a much smaller
spacing factor.

A.3.5 Mitigation Strategies

The three most important factors concerning the prevention of frost damage are reducing freezable water, having a
robust entrained air-void system, and proper design protocols. This thesis will only discuss ways to reduce freezable water
and acquire a proper entrained air-void system as design protocols are not within the purview of this work. Reducing
freezable water can be achieved by reducing the w/cm which will likely have the added benefits of a higher strength and
lower permeability in the hardened concrete. In order to lower the w/cm and still maintain a proper workability
supplementary cementitious materials and admixtures can be added that will increase the workability of the concrete without
sacrificing the strength required (ACI 2016).

While reducing the amount of freezable water works to mitigate freeze-thaw damage the best way to mitigate
freezing damage is to have a proper air-void network in the hardened concrete. A proper air-void network not only
encompasses having enough air within the hardened paste to allow for any water within the concrete to flow to when in a
freezing environment but also the quality and spacing of air voids involved. To achieve an entrained air-void system an air
entraining admixture needs to be used to ensure that the air within the concrete is entrained and not entrapped air which
does not help the concrete resist freezing damages (ACI 2016).

A.3.5.1 Concrete Permeability

According to Mehta and Montiero “Permeability is defined as the property that governs the rate of flow of a fluid
into a porous solid.” The coefficient of permeability, simply called permeability in this paper, is governed by Darcy’s
expression in Equation A.9 below:

dqg ~AHA
dt  Lp

Equation A.9: Coefficient of permeability

Where dg/dt = rate of fluid flow
W = viscosity of the fluid
AH = pressure gradient
A = surface area
L = thickness of the solid

In hardened cement paste, permeability is controlled indirectly by the mixing water used for the mixture as this
determines the total space in the hardened cement paste once the mixing water has either hydrated the cement grains or
evaporated out during the curing process. As concrete is a composite material the materials that are bound within the
hardened cement paste will also affect the permeability of the concrete. Aggregates that are used in typical concrete mixtures
will have a porosity, percentage of total volume that consists of voids, of 3 to rarely exceeding 10 percent whereas cement
paste has a typical porosity of 30 to 40 percent. With such a difference in porosity it would be expected that the permeability
of the aggregates would be much lower than that of the hardened cement paste, however that is often not the case. The
reason for this is the size of the capillary pores in aggregates compared to the hardened cement paste, with the capillary
pores in aggregates being much larger than those typically found in hardened cement paste. Table A.5 shows the
permeability of some common types of rocks along with how that permeability compares to a matured cement paste (Mehta
and Montiero 2006).
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Table A.5: Comparison between the permeability of rocks and cement pastes (Mehta and Montiero 2006,
originally from Powers 1958)

Type of Rock Coeffi_c_ient of Water-cement ra;iq of mature past_e yvith the same
permeability (cm/s) coefficient of permeability
Dense trap 2.47 x 102 0.38
Quartz diorite 8.24 x 102 0.42
Marble 2.39x 10 0.48
Marble 5.77 x 100 0.66
Granite 5.35x 10° 0.70
Sandstone 1.23x10% 0.71
Granite 1.56 x 108 0.71

As concrete continues to cure and produce more CSH and other products the porosity of the concrete will decrease.
This decrease in porosity will also generally decrease the permeability with the capillary pores within the hardened paste
becoming more disconnected overtime until every mixture that has a w/cm of 0.70 and under will eventually have a
discontinuous pore structure. Table A.6 shows the time required for several w/cm to achieve a discontinuous pore structure
along with the hydration that is needed during the curing process to achieve a discontinuous pore structure in these times
(Hearn et al. 2006).

Table A.6: Time required to achieve a discontinuous pore structure (Powers et al. 1959)

w/cm ratio Time required Ar;]proxn_nate deg_ree of
ydration required
0.40 3 days 0.50
0.45 7 days 0.60
0.50 14 days 0.70
0.60 6 months 0.95
0.70 1 year 1.00
>0.70 Impossible >1.00

The freeze-thaw durability of a sample of concrete largely depends upon its level of saturation and whether its
current saturation level is above its critical degree of saturation. The critical degree of saturation is the point at which a
concrete sample will be damaged by the stresses generated by freezing. The degree of saturation can be seen expressed as
Equation A.10. At a degree of saturation below the critical level there will be little to no frost damage if concrete freezes
(Fagerlund 2004).

Vi
g = w
Vp

Equation A.10: Degree of saturation

where S = degree of saturation
Vw = volume of evaporable water
Vp = total pore volume

A.3.5.2 Air Entrainment

“Air is always present in concrete mixes. It is intentionally or unintentionally trapped in fresh concrete as a result
of mixing and placing. About the only way to avoid trapping some air would be to mix, transport, and place concrete in a
vacuum (Hover 1993).” As all concrete is not made in a vacuum the air that is mixed into a concrete mixture must be mixed
in with precision and care to the final product.

Air entrainment first began by accident in the 1930s when some mills had been using beef tallow as a grinding aid
when preparing cement. The cement used from these mills produced a less dense concrete that better survived the freezing
and thawing cycles that the concrete was placed into (ACI 2012). Most common air entraining agents (AEA) act as a

A-16



surfactant, molecules that reduce the surface tension of the water, this allows the bubbles formed by mixing to become
stabilized within the concrete (Neville 2013).

Air voids are put into two categories depending upon the size of the void with air voids larger than 0.04 in. (1 mm)
being considered entrapped air and all voids smaller than 0.04in. (1 mm) being classified as entrained air. The amount and
type of air voids is dependent upon many factors such as cement content and characteristics, coarse and fine aggregate size,
w/cm ratio, SCMs used, chemical admixtures, and the characteristics of the water itself (Wilson and Tennis 2021). Along
with those factors involved in the mixture design several production procedures and construction practices can also have a
drastic effect on the air void system. The production factors include how the concrete is batched, the mixing time, speed,
and capacity when compared to batched amount. The construction factors include transport and delivery, placement
methods, finishing methods, and the environment during placement (Wilson and Tennis 2021).

When the air content of a concrete sample increases it causes the percentage of air voids that are filled to decrease, thus
lowering the degree of saturation which will delay the sample from reaching a critical degree of saturation.

A.3.6 Tests to Evaluate Concrete Freeze-Thaw Durability

The current tests used to evaluate the freeze-thaw durability of a mixture have allowed for durable concrete to be
made. However, these tests either provide a very loose correlation to durability or are expensive and take a long time to get
results. The tests performed on fresh concrete currently only provide a total air amount and do not provide information about
how the air-void system is physically established, which would provide a better look at how the hardened concrete might
handle the stresses involved once it starts freezing and thawing in its environment. The tests run on hardened concrete
provide a better correlation to the mixture’s durability to the freeze-thaw cycle, however, these tests require hardened
samples and take much longer to run the tests then the tests done to fresh concrete

A.3.6.1 Total Air Content of Fresh Concrete

There are three current ASTM approved tests to determine the air content of concrete while it is fresh: ASTM C138
(gravimetric method), ASTM C173 (volumetric method), and ASTM C231 (pressure method) (Concrete.org 2021). Table
A.7 is based on earlier work done by Klieger which recommends an air content of 18 percent in the paste. These
recommendations are based on using a Vinsol resin air-entraining admixture. These air content recommendations consider
not only the exposure class that the concrete will be placed into but also the paste content of the concrete mixture and smaller
nominal aggregate size will result in more paste content within the concrete mixture (ACI 2016).

Table A.7: Recommended air contents (ACI 2016)

Nominal maximum Air content, percent
aggregate size, in. (mm) Exposure Class F1 Exposure Class F2 and F3

3/8 (9.5) 7 7.5

1/2 (12.5) 7 7

3/4 (19) 6.5 7
1(25) 6.5 6.5
1-1/2 (37.5) 6 6.5

2 (50) 6 6
3 (75) 5 5.5

Research done by Felice et al. (2014) has shown that these air contents might be excessive with current modern air-
entraining admixtures to achieve durable concrete mixtures. Concrete tested with modern AEAs were shown to be durable
with a minimum air content of 3.5 percent when tested using ASTM C666/C666M. Research done by Ley et al. (2017) on
mixtures that are identical except for one including a water reducer shows that the air content of fresh concrete does not line
up with the spacing factor of both concrete mixtures. The mixture with only AEA had a linear trend that it would be under
a spacing factor of 200 pum at around 4.5 percent air while the mixture with the water reducing admixture showed a linear
trend of being under 200 um at 7.5% air. Figure A.10 shows all of the data points used to acquire the linear trend and
determine the estimated fresh air percentage to obtain an adequate spacing factor. This same shift between the two mixtures
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was also observed when comparing the durability factor using the percentage of air within the fresh concrete (Ley et al.
2017).
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Figure A.10: Spacing factor vs. fresh air content (Ley et al. 2017)

A.3.6.2 Super Air Meter

While finding the air content in fresh concrete can provide a measure of understanding for how likely the concrete
mixture will withstand the environment it will be placed in it cannot provide a measure of the quality of the air-void system.
The Super Air Meter (SAM) uses a device similar to the ASTM C231 Type B pressure meter, however the Super Air Meter
has six clamps to contain the increased pressure required during the test and a digital pressure gauge. Previous studies done
by Ley and Tabb (2014), Ley et al. (2017), and Dabrowski et al. (2019) have found a correlation between the SAM number
and factors that have been shown to affect the durability of concrete.

The SAM test goes through three pressurization steps (14.5 psi, 30 psi, and 45 psi) before allowing the chambers to
depressurize and the pressurization steps are repeated to the same levels. This multi-step pressurization allows for the
equilibrium pressure to be found for each run of pressurizations. The SAM number is the difference between the first and
second pressurization’s equilibrium pressure (Ley and Tabb 2014). When the SAM number was used instead of the
percentage of air in the fresh concrete both mixtures used by Ley et al. had a better correlation between the SAM number
and the spacing factor as show in Figure A.11. The durability factor created a similar graph when compared to the SAM
number with both mixtures having a much closer trend line when compared to using the fresh air content (Ley et al. 2017).
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Figure A.11: Spacing factor vs. SAM number (Ley et al. 2017)

A correlation between the SAM number and spacing factor was then completed for 303 mixtures that came from
both laboratory settings as well as field data all from the state of Oklahoma. From this data a SAM number of 0.20 was
found to have the most data points fall at or below the spacing factor of 200 um that is recommended to have the best chance
of producing durable concrete in an environment that will undergo freezing and thawing. A SAM number of 0.20 was found
to have approximately 88 percent of data points fall at or below 200 pum which is shown visually in Figure A.12 (Ley et al
2017).
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Figure A.12: Correlation for spacing factor vs SAM number (Ley et al. 2017)

When creating a correlation between the durability factor and SAM number Ley et al. chose a SAM number of 0.32 as it
was accurate in the correlation for approximately 90 percent of the mixtures, and it was a more conservative choice over
0.35 which had nearly identical results (Ley et al. 2017). Figure A.13 details the durability factor of all of the chosen
mixtures and compares their durability factor to the SAM number of the mixture. After a SAM number of 0.35 the durability
factor of the chosen mixtures has a steep decline with almost none of the mixtures having a durability factor recommended
for durable concrete (Ley et al 2017).
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A.3.6.3 Freeze-Thaw Testing of Hardened Concrete

ASTM C666/C666M is currently and historically the definitive test used to determine the resistance to internal
damage of concrete going through freeze-thaw cycles. While ASTM C672/C672M is used to evaluate the surface scaling
resistance of a concrete mixture. ASTM C672/C672M relies on a visual inspection and numerical rating system and was
not used within this study. Several researchers have criticized these tests for not providing an accurate look into what the
actual conditions will be for the sample in its placed environment. This disconnects between field conditions and laboratory
conditions necessitates heightened caution when using the results from these tests to determine the possible resistance of a
particular concrete mixture to freeze-thaw damage (Hallet et al. 1991, ACI 2016).

A-19



A.3.6.4 Hardened Air Void System Analysis

Most of the generally accepted parameters to determine if a sample of concrete has an adequate air-void system
come from the hardened air void analysis determined by ASTM C457/C457M (ACI 2016). ASTM C457/C457M can be
used to determine the air content, paste content, void frequency, specific surface, spacing factor, and the paste-air ratio if
desired. However, most often it is used to determine the hardened air content, spacing factor, and the specific surface in a
concrete sample (ASTM 2016, ACI 2016).

There are several procedures that can be followed in ASTM C457/C457M to determine the parameters of the air-
void system with this paper using Procedure C which is the contrast enhanced method using a flatbed scanner. This
procedure was created by a team of researchers at Michigan Technological University as a way to automate determining the
size distribution and volume fraction of air voids, which already had automated methods, along with the volume fraction of
hardened cement paste (Peterson et al. 2001).

This procedure uses a number of hand-counted samples to provide a basis for the automated program to run off of
to determine each component of the concrete sample accurately. The results from these hand-counted samples are used to
create an optimization file for the software used. The software used for this study is called BubbleCounter which is based
off of an open-source National Institute of Health (NIH) software program called ImageJ. The software works on samples
that have been colored black and white to allow for easier contrast an example of which can be seen in Figure A.14. A black
and white balance card is used to determine the intensity of the sections colored black and white. This will then be used to
normalize the images so that the errors produced by slight variations in the scanning conditions can be reduced
(BubbleCounter 2021). Figure A.15 shows an example of a flatbed scanner that can be used to analyze samples using
Procedure C in ASTM C457. To protect the scanner from damage padded tape is placed on the scanning surface so that the
sample is not in direct contact with the surface as seen in Figure A.16. An example of a scanned sample can be seen in
Figure A.17.

igure A.14: Example of color Figure A.15: Flatbed Figure A.16: Example of a Figure A.17: Finished scan of
modified sample scanner used to scan color modified sample being a prepared sample
samples scanned

Once the image has been normalized a section is chosen to be analyzed and the software will remove strips of pixels
from the base image to comply with the point and length traversal requirements from ASTM C457. These strips taken from
the base image are used to create a composite image that will then be analyzed by the program. Each pixel within the
composite image is scanned and will be separated into either solid or air void depending upon values determined by
calibrating the program using the hand counted samples (BubbleCounter 2021).

The formula used to determine the spacing factor is based on whether the paste-air ratio is greater than or less than
or equal to 4.342. If greater than 4.342 the formula will be Equation A.11:

1

4.342] = %[1.4 (1 + %)5 —1

Equation A.11: Spacing factor for p/A > 4.342

where:
L = Spacing Factor
o = Specific Surface
p = Paste Content, in %
A = Air Content, in %
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The formula used to determine the spacing factor if p/A is less than 4.342 is shown in Equation A.12:

43421 = Ty
' " 4N

Equation A.12: Spacing factor for p/A < 4.342

where:
L = Spacing Factor
T, = traverse length through paste
N = total number of air voids intersected
All calculations and equations to determine the spacing factor have been laid out in ASTM C457 (ASTM, 2016).

A.3.7 Research Needs for Freeze-Thaw Durable Concrete in North Carolina

The durability of a concrete sample depends upon many different factors with the most important factor being the
guality of the air-void system within the paste of the concrete. Historically there have been two primary ways to determine
the likely durability of a concrete sample, ASTM C666 and ASTM C457. However, both of these tests are time consuming
and can only be performed on hardened concrete samples after the concrete has already been placed and cured on site.
Currently the only test performed on fresh concrete that is used to evaluate the possible durability of the concrete mixture
is determining the total air content (volume %) within the mixture. As evidence from Ley et al. (2017) shows that the
dispersion of this air is highly dependent upon the mixture itself. Only by evaluating the characteristics of this air void
system (dispersion, coarseness) will actually provide an indication if the air void system of high enough quality to withstand
the environment it will be placed in.

The Super Air Meter (and associated test method, AASHTO TP 118) have provided a reasonable means of testing
fresh concrete to evaluate the air void system characteristics. Research has shown correlation with both the air void spacing
factor and freeze-thaw durability tests via ASTM C666. However, the characteristics of an air void system and, ultimately,
the performance of hardened concrete under freeze-thaw cycles depends on materials and mixture proportions, which vary
across the country. Inan effort to develop specifications for freeze-thaw durable concrete, many states have been performing
work to determine the SAM number corresponding to adequate freeze-thaw performance via ASTM C666. North Carolina
has not yet performed this work, which is the subject of this project.

A.4 Surface Resistivity for Use in Overlay Evaluation (Material Supporting Chapter 5)

A.4.1 Introduction

Critical transportation infrastructure components such as highway pavements and bridges experience harsh
environmental and physical attack from freeze-thaw (F/T) cycles, deleterious chemicals, and vehicle traffic. Rather than
replacing bridges that exhibit moderate to severe deterioration of the road surface, rehabilitation using concrete overlays is
often the most economical approach to extend the useful life of a bridge. Concrete overlays are one strategy that can help
to reduce the costs associated with maintenance and repair that state agencies would otherwise have to fund. Some of the
rehabilitation objectives are to waterproof the road surface, repair cracks and spalled concrete, structural strengthening,
replace visibly deteriorated concrete, and provide protection for corroded reinforcement (Haber et al. 2017). When concrete
overlays are designed using an appropriate concrete mixture, installed properly, and proven curing methods are followed,
they can extend a bridge’s lifetime 30 years or more (Harrington and Fick 2014).

The Federal Highway Administration (FHWA) has estimated the cost of rehabilitating and replacing structurally
deficient highway bridges throughout the U.S. to be near $86 billion (FHWA 2019). The estimate includes bridges from the
National Highway System (NHS) and non-NHS bridges. Due to the higher level of exposure, 50-85% of all expenditures
for highway bridges go towards deck maintenance, repair, and replacement (Gucunski et al. 2010). That being said, the deck
is often the first component of the bridge to be compromised. Visual inspection, the chain drag method, and hammer
sounding have historically been the most commonly utilized non-destructive evaluation techniques utilized by state DOTs
to detect the occurrence of deterioration and defects within the local medium of concrete pavements and bridge decks.
Visual inspection and chain dragging are the initial inspection techniques to identify potential defects or delamination. Those
areas are marked for further investigation (Gucunski et al. 2011).
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A.4.2 Bridge Deck Overlays

Overlays can vary in thickness from 2-10 inches, or greater. There are two types of concrete overlays: bonded,
which range from 2-4 in. thick, and unbonded, normally ranging from 6-10 in. thick. Bonded concrete overlays attach to the
existing pavement or bridge deck and when in service act integrally as one monolithic slab, in the sense that the overlay
becomes a part of the section thickness (Harrington and Fick 2014). The existing deck and overlay must behave
monolithically in order to achieve the intended structural integrity. This will mitigate cracking due to the effects of loading
and not compromise the durability and service-life requirements of the bridge (Lemieux et al. 2005). For a proper bond to
be achieved, care must be given to surface preparation. These bonded overlays require that the existing surface be of sound
material, either in-situ or after surface preparation. Alternatively, unbonded concrete overlays do not require that the existing
pavement be free of deterioration, as the overlay does not rely on the existing material for to achieve the desired performance
and structural capacity (Harrington and Fick 2014). For this research, bonded concrete overlays will be investigated as they
are more suitable for bridge deck restoration projects.

NCDOT has completed an average of 25 overlays each year for the last five years using latex-modified concrete
(LMC) or very early high strength (VHES) LMC mixtures (NCDOT 2018). Thorough testing of bridge deck concrete
overlays must be further developed and employed to ensure that the quality at completion meets or exceeds specifications
and guarantee that the overlay will last for the predicted duration.

A.4.3 General Overview and Design Considerations

When a bridge deck experiences excessive wear, corrosion, or deterioration, the application of an overlay is often
used as the most cost-effective means to extend its useful life. Apart from a full replacement of the bridge deck, the unsound
wearing surface can be removed by hydrodemolition, milling, and other techniques that leave the underlying steel
reinforcement intact, and an overlay can be placed. These overlays are most commonly made of highly engineered mixtures
which contain polymer admixtures to increase durability. For a specific bridge deck restoration need, there are a variety of
bridge deck overlay solutions such as multi-layer polymer overlay, which restores skid value and seal cracks and concrete
overlays. Concrete overlays can be used to match new surface profiles, add structural value, and provide chloride/corrosion
protection (Beer 2018).

ElBatanouny (2012) explains that determining the optimum time for rehabilitating a bridge with one of these overlay
methods will conserve the limited department maintenance resources. Bridge deck sealers are often used 3 to 6 months after
construction but before any deicing salts have been applied. These sealers will generally provide an additional 5 years of
service to the bridge deck. Polymer overlays are utilized on bridge decks that are in good to moderate condition and at a
median age of 20 years. Polymer overlays provide additional cover for reinforcement and can increase the service life of a
bridge deck 25 years. Polymer overlays not only increase the service life of the deck but also improve the skid resistance,
appearance, and ride quality (EIBatanouny et al. 2017).

A.4.3.1 Materials

The selection of constituent materials and their proportions, along with mechanical and durability performance
measures, is vital for the production of quality concrete structures. Class AA Concrete is commonly specified for the cast-
in-place construction of each essential parts of a bridge (deck, beams, pile cap, barrier rails, end posts, etc.). The
requirements for this class of concrete as defined by NCDOT in their Standard Specifications (2018) are as follows:

e Min. 28 day compressive strength: 4,500 psi

e Cement content range: 639-715 pcy

o Max. w/cm: 0.426 (angular aggregate, air-entrained)

e Max. Slump: 3.51in.

The requirements for LMC mixtures as defined in the specification differ substantially, most notably the age requirement
for compressive strength and slump. Those requirements are listed below:

e Min. 7 day compressive strength: 3,000 psi

e Min. cement content: 658 pcy

e Max. w/cm: 0.40

e Max. Slump: 6 in.

The objective of rehabilitating bridges is not only to restore them to their original condition, but often to exceed the
standard specification at the time of former construction. The selection of proven concrete constituent materials intended to
extend the bridge’s useful life must be made with improved long-term durability performance in consideration. In addition
to the variety of durability performance parameters, workability, shrinkage resistance, curing characteristics, and strength
can be improved with informed material selection. Furthermore, overlay materials must be selected with thermal expansion
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in consideration. To prevent cracking resulting from expansion and contraction, the concrete mixture of the overlay shall
have an equal or lesser coefficient of thermal expansion than the existing concrete material (Harrington and Fick 2014).

A.4.3.1.1 Latex Admixtures

Performance concrete mixtures (PCM) containing polymer emulsion, or simply referred to as latex, offer improved
durability protection from the infiltration of deleterious materials that may otherwise find its way to corrosion-sensitive
reinforcement steel. Doty (2004) describes LMC as being composed of approximately 1 million-trillion tiny hydrophobic
polymer beads that attach to all nonaqueous surfaces and infiltrate the existing microstructure of the hydrodemolished bridge
deck. This phenomenon creates a waterproof coating once the overlay is fully hydrated. It is supposed that the water-resistant
effect is accomplished by the act of the latex film creating a protective barrier to microcracks and the capillary pore structure
within the concrete (Doty 2004).

By replacing part of the mixing water within an overlay mixture with a latex admixture, not only is workability
greatly improved, but more importantly, durability is achieved by way of a virtually impermeable bridge deck (Mehta and
Monteiro 2016). Mehta and Monteiro (2016) state that the LMC’s ability to bond to existing concrete as another impressive
characteristic which make it the essential admixture for bridge deck overlay rehabilitation projects, especially in corrosive
environments. As a durability related measure, NCDOT typically uses latex admixtures in concrete mixtures for bridge deck
overlays (NCDOT 2018).

LMC have been commercially available and utilized since the 50s, beginning with polyvinyl acetate (PVA) or
polyvinylidene chloride (PVDC). However, those earlier products have widely been discontinued from concrete overlays
due to low wet strength with PVA mixtures, and the suspicion of PVDC as being a leading cause of steel reinforcement
corrosion (Mehta and Monteiro 2016). Therefore, styrene-butadiene rubber (SBR) is commonly preferred for LMC overlay
materials, suitable for deck rehabilitation and occasionally new deck construction.

Assaad (2018) found that SBR latex admixtures increase the cohesiveness of the mixture which results in a reduction
in flow velocity, passing ability, and reduction of bleeding and segregation. The findings determined that the compressive
strength was increased due to the improved bond at the reinforcing steel-concrete and mortar-aggregate interfacial transition
zone (ITZ). Further, the reduction of voids in the microstructure produced a concrete with a lower porosity than that of
concretes without SBR latex admixtures (Assaad and Issa 2018). LMC also has improved ductility, abrasion and impact
resistance, shear bond strength, tensile and flexural strength, and excellent freeze-thaw durability. Furthermore, some latexes
provide resistance to acids, alkalis and organic solvents (Wilson and Tennis 2021).

As recommended by ACI Committee 584 (1992) and also required by NCDOT (2006), LMC mixtures shall have a
minimum latex admixture content of 24.5 gal/cy and a maximum water content of 18.9 gal/cy. Also, it is imperative that
latex materials be stored at moderate temperatures between 40-85° F to avoid freezing or excessive heat.

A.4.3.1.2 Cementitious Materials

In many cases, Type /1l portland cement is specified for bridge deck construction. This is a general-purpose
hydraulic cement with moderate sulfate resistance due to its chemical composition. The selection of hydraulic cement has
a significant influence on concrete properties due to the changes in matter and energy resulting from the chemical reaction
that it has with the mixing water during hydration. In addition to cement selection, the proportional content of cement greatly
affects the hydration process which affects setting time, durability and strength (Mehta and Monteiro 2014).

Rehabilitation effort of bridges and pavements require early stiffening of the concrete and a faster return to service;
therefore, rapid hardening or Type I1I hydraulic cement is essential to producing VHES concrete which is often utilized for
bridge deck concrete overlays.

A.4.3.1.3 Aggregate

Due to the fact that aggregates occupy the largest amount of space within a volume of concrete, typically between
60-75% by volume (70-85% by mass) and have a substantial impact on concrete’s freshly mixed and hardened properties,
as well as mixture proportions, the selection of quality fine and coarse aggregates is critical (Wilson and Tennis 2021). And
since aggregates are relatively inexpensive, they are utilized as a filler material intended to minimize the volume of
cementitious materials, resulting in a more economical concrete with a decreased paste content (Mehta and Monteiro 2014).
Along with economy and improved long-term durability associated with a reduced paste content, constructability is also
improved by the selection of the right aggregate characteristics which include grading, absorption, and proportions.
No. 67 coarse aggregates (0.75 in. maximum size) have been widely used in conventional concrete for bridge decks. As
concrete overlays can be as thin as 1 in., a smaller aggregate, No.78 (0.5” maximum size), is more functional. The aggregate
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proportions in concrete overlay mixtures differ as well. NCDOT requires that the percent of fine aggregate as a percent of
total aggregate by weight between shall be between 50-55, assuming SSD condition (NCDOT 2018).

A.4.3.2 Construction Methods

The construction methods for installing a concrete overlay begins with the removal of unsound concrete, then the
surface, including exposed reinforcement must be cleaned and prepared, then the overlay is batched and placed, and finally
the overlay is cured. This general summary is detailed in the following sections.

A.4.3.2.1 Surface Demolition and Preparation Methods

Depending on the extent of deterioration, anticipated added service-life, and budget, there are two degrees of bridge
deck surface demolition preparation for overlay installation: 1) with removal of existing concrete cover; or 2) without
removal of existing concrete cover. The concrete cover can be completely removed to expose the reinforcement, and in
situations where the concrete surrounding the reinforcement is unsound, that concrete shall be undermined to allow the
reinforcement to be encased by the overlay concrete. If the reinforcement is found to be severely corroded and unsound,
replacement is required. Hydrodemolition is often the primary method for removal of the unsound or deteriorated concrete
cover when applying method 1 (Haber 2017). To secure the bond of the concrete overlay to exposed reinforcement, the
concrete surrounding the reinforcing steel must be removed to a minimum clearance of % inch (TDOT 2014). Method 2 is
followed when the removal of cover concrete is unnecessary. When this degree of surface demolition is selected, milling of
the existing deck is utilized to provide a rough bondable interface appropriate for the overlay. On a single bridge deck
overlay project, both methods can potentially be utilized on a case-by-case basis.

For both cases, hydrodemolition is preferred over milling or jackhammering because it leaves a clean, rough
application surface, as well as undamaged and rust-free reinforcement. Another benefit of hydrodemolition is that it does
not induce harmful microcracking of the remaining concrete (Lemieux et al. 2005). This demolition technique breaks down
the concrete into gravel-sized pieces for removal without damaging the reinforcement. High-pressure hydrodemolition
equipment can convey jets of water at 20-40 gal/min and with pressures of 10,000-35,000 psi. The precision of
hydrodemolition equipment allows for concrete removal at depths ranging from 1/8 — 3 inches per pass. Demolition trials
of sound and unsound concrete should be performed prior to starting the work to determine the necessary speed, pressure,
and overlapping passes required to complete the demolition sufficiently. Once those parameters are determined, the
equipment is calibrated, and the removal can begin (Bissonnette et al. 2012).

In construction environments where high chloride levels are present, epoxy-coated reinforcing bars will likely be

present. If these bars become nicked or damaged, they must be recoated or touched up with an approved epoxy coating
(McDonald 2011). Also, the rebar must be properly supported if dislodged.
The deck surface must remain wet with broomed mortar for the overlay placement but have no standing water or puddling.
During minor delays, wet burlap can be used to protect the interface from drying, but delays shall not exceed 30 minutes
(PennDOT 2019). Sprinkel (2000) explains that in order to achieve the highest possible bond strength and reach the expected
useful life of the overlay, more attention should be directed to surface preparation, proficient placement, and sufficient cure
time of the overlay.

A.4.3.2.2 Batching and Placement

The use of a mobile volumetric mixer is vital to producing these high-quality mix designs. Volumetric mixers allow
for the contractor to mix onsite, directly within reach of the bridge deck. CemenTech (2019) states that volumetric mixers
protect the integrity of the mix by reducing the age of the fresh concrete, reducing tempering water, and reducing segregation
of the concrete caused by excessive drum revolutions. The minimum thickness of a latex-modified concrete overlay is 1
inch, not including the surface texturing depth. Concrete overlays shall not span across existing deck expansion joints and
be sawcut, rather the overlay must have a discrete expansion joint constructed at the existing expansion joint (Beer 2018).

A.4.3.3 Challenges

Bridge decks sealed with epoxy resin or high molecular-weight methacrylate are sometimes overlaid with
microsilica-modified, latex-modified, or super-dense plasticized concretes for complete overlay or repair jobs. The sealers
are necessary for prevention of further chloride penetration into the deck, but when it is time for an overlay, the sealers
should be removed. Gillum (2001) has found that when a sealer is present at the deck-overlay interface, the expected
available bond strength is reduced more than 50%. The determination was made by the direct shear test, tension test, SHRP
interfacial bond test, and flexural beam test. Gillum says that the bond strength can be secured if proper surface preparation
techniques are implemented.
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In an investigated on the behavior of reinforced concrete slab-like elements which utilized ultra-high-performance
concrete (UHPC) overlays, lowa State University determined that by increasing the roughness of the application surface,
the bond strength at the interface will be increased. It was suggested that the minimum surface roughness be 0.08 in (2mm)
in order to achieve this (Aaleti et al. 2013). Additional to the preparation of the overlay application, proper curing technigques
must be followed such as the application of curing compounds and the placement of wet burlap and poly sheeting. The
overlay surface must not be excessively textured and must have a flat plane transition at deck joints to reduce vehicle impact
on those joints. Sufficient road surface drainage slopes should be planned to eliminate standing water and encourage
immediate runoff (Carter et al. 2002).

Cracks formed in overlays provide a pathway for deleterious materials to ingress into the matrix and harm the
longevity of the pavement. Cracking of overlays is a common problem but can be mitigated with the proper surface
preparation and curing practices suggested by the Texas Department of Transportation (TDOT) (Beer 2018). Cracking may
be caused by a cumulation of effects. Other cracking issues are due to the overlay thickness. In a study conducted by
Michigan State University which utilized a modified ring shrinkage test (AASHTO PP 34-99), it was found that cracking
of overlays can be caused by overlay thickness. For example, as the thickness of an overlay increases, interfacial shear
stresses increase and debonding tended to occur, while crack producing tension stresses within the overlay decrease. This
occurrence is largely due to shifts in the location of the neutral axis and is most prominent on overlays completed on bridge
decks greater than 10 in thick (Shann 2012). Shann (2012) recommends that overlays not be applied to bridge decks that
have an original thickness greater than 10 inches.

Very high early strength latex-modified concretes (VHES-LMC) are utilized in bridge deck overlays and pavement
repairs to improve construction production efficiency and provide a durable and lasting product. VHES-LMC overlays have
increased workability and provide early strength suitable to open for traffic after three hours of concrete placement. VHES-
LMC typically has little to no bleed water and reduced water- cement ratio, so plastic shrinkage is likely. In a study
performed by Yun and Choi (2014) it was determined that air temperature, relative humidity, concrete temperature, wind
speed, and evaporation rate all influence the lack of bleed water during cement hydration and results in map cracking. This
type of concrete is most commonly at risk of early age thermal cracking such as map cracking and transverse cracking. Map
cracking is caused when water evaporates from the surface of freshly placed concrete faster than it can be replaced by bleed
water. Other causes of map cracking are alkali-silica reaction (ASR), F/T reaction, and initial plastic shrinking which results
from improper curing methods or use of curing compound that was delayed until after skid-resistant surface texturing or
tinting (Yun and Choi 2014). The curing compound should be applied once between placement and surface texturing and
reapply after surface texturing to mitigate the issue. Other crack reducing techniques are decreasing the hydration
temperature, minimize cement paste volume, and reducing free shrinkage (Yun and Choi 2014).

Furthermore, low slump concrete mixtures are more likely to crack. The existing bridge deck acts as a confinement
for the overlay so when excessive volumetric changes occur in the overlay, cracking occurs. Transverse cracking is caused
by the combination of thermal stresses and drying shrinkage (Yun and Choi 2014).

Quality management in the field prevents poor overlay construction. The quality of the overlay placement work by
the constructors is directly correlated to the performance and life span of bridge deck overlays. Premature debonding of
high-density concrete overlays can be eliminated when proper care is given to the preparation of the existing deck-overlay
interface, especially in regard to rotomilling, sandblasting, and the application of debonding agents at the demolition phase
of the repair and providing a dry surface for the application. Haber et al. (2017) noted that corrosion of existing steel
reinforcement can be the cause of delamination below the overlay but within the existing concrete. Delamination can also
occur either within the overlay or at the overlay and substrate concrete interface, yet the former is highly unlikely. This is
often due to poor preparation of the substrate concrete or poor consolidation (Haber et al. 2017). Additional to the
preparation of the overlay application, proper curing techniques must be followed.

A.4.4 Quality Assurance and Quality Control Methods

When a bridge is identified for repair, appropriate specification provisions should be provided by agencies (or their
contracted designers) and followed by contractors to provide the best possible solution. Recipe specifications or prescriptive
specifications are established by state agencies to be strictly followed, which prevents the contractor from altering or
improving the process. This is disadvantageous because there is no opportunity for innovation in the changing environment
that exists on construction sites or variations in the material resource. Many of today’s QA specifications are a combination
of materials and methods specifications and QA requirements. The prescriptive measures of materials and methods
specifications include specifying the procedures to follow and the equipment and materials to use. QA specifies the desired
level of quality. Performance-related Specifications (PRS) specify the desired performance or serviceability level of the
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concrete mixture and final product. With PRS, the desired level of quality, and the long-term performance can be predicted
from acceptance tests (Taylor et al. 2013).

Highway agencies have an interest in ensuring that their pavements meet critical mixture performance requirements,
and a QA program provides the specifications for constructing highway components with satisfactory service life. The 28-
day strength benchmark used in the past is found to no longer determine quality of construction or durability, nor will it
predict length of service life (Cackler et al. 2017). It is necessary to implement a quality monitoring testing program that
can be performed during production and construction of concrete so that beneficial mix alterations can be made along the
way. Cackler (2017) states the 6 Critical Performance Engineering Mixture Properties adopted from AASHTO 84-17 which
includes aggregate stability, transport properties, paste durability, shrinkage, strength, and workability. Rather than agencies
prescribing specifications such as minimum or maximum cement content, the contractor is given authority to develop the
mixture design to meet the performance requirements of the Quality Control (QC) specifications. Cackler (2017) states that
since this approach authorizes the contractor to control the process, they are able to innovate and be more effective. One of
the tests proposed to be included into the PEM efforts for bridge deck rehabilitation is the surface resistivity test (Cackler
etal. 2017).

A.4.4.1 Non-destructive Evaluation (NDE) for Construction Quality Assurance and Control

NDE techniques are valuable QA and QC methods for use on structures because they provide information about
the quality of concrete components such as strength evolution, deterioration, cracks and other internal defects such as
honeycombing without causing significant harm to the strength and durability of the concrete. Furthermore, NDE techniques
are effective in assessing the durability of concrete, determining the position of reinforcement steel, determining the
uniformity of concrete, and monitoring long-term changes within the medium (Lorenzi et al. 2012). NDE technigues
typically also requires less effort than other approaches, which leads to a reduction of resources and expenditures. The
drawback to some NDE techniques include the cost of some NDE tools, the rigor of the analysis required to analyze the
data for some tools/techniques, and the level of training required of the technician performing the NDE tasks and data
analysis. For example, with regard to data analysis, it should not be assumed that NDE test results will consistently correlate
with traditional destructive testing techniques such as compressive strength without developing empirical correlation factors
(Taylor et al. 2013).

A.4.4.2 Introduction to NDE and Value to Construction

Nondestructive evaluation (NDE) of reinforced concrete is complex due to its composite material nature, and a
combination of preparation and placement variables such as mixture design, batching, mixing, and non-uniformity of
aggregate supplies. (Gucunski et al. 2011)

A number of research studies have been performed over the past several decades to identify and refine the utility of
different NDE tools and techniques for use in the field. For example, a research study by Gucunski et al. (2011) involved
the use of a variety of NDE methods to determine the condition of a bridge deck. The evaluation program was conducted at
a rate of about 2,500-3,000 square feet per workday. The following methods were utilized, listed in the order of their relative
speed of data collection: ground penetrating radar, electrical resistivity, half-cell potential, impact echo, and ultrasonic
surface waves. The NDE results were validated using drilled cores and by comparing to records from previous overlay
projects (Gucunski et al. 2011). Gucunski et al. (2013), concluded in their research that in order to determine all occurrences
of deterioration or defects, the use of more than a single NDE technology is required. Of the 10 NDE technologies utilized
in their research detecting the health of concrete bridge decks, ultrasonic surface wave testing was the only technology
found to provide information on vertical cracks. Surface wave testing was regarded as just a “fair” technology for that
purpose, with the authors stating, “ultrasonic surface wave testing was also the only technology validated as having good
potential in concrete deterioration detection and characterization”. Electrical resistivity was one of the four viable
technologies that had a fair-to-good potential for corrosion detection (Gucunski et al. 2013).

A.4.5 Surface Resistivity

Electrical resistivity is the ability for a material to resist the transfer of ions when subjected to an electrical field. It
is mainly influenced by the pore size and interconnectivity of the pore structure (Layssi et al. 2015). Electrical resistivity
testing is a method used to detect cracks or paths of moisture within a material’s microstructure (Growers and Millard 1999).
Additionally, electrical resistivity equipment with the potential to estimate the thickness of concrete pavement slabs is being
developed (Taylor et al. 2013).

Resistivity of reinforced concrete is directly associated with the likelihood of corrosion in reinforcing steel and
corrosion of the concrete due to chloride diffusion (Proceq 2017). Concrete is an ion conductor, meaning that the electrical
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conduction happens thought the interconnected pore structure. The permeability of the concrete is an indication of its ability
to resist chloride ion penetration (AASHTO 2017) and is the most important criteria for determining the long-term durability
of concrete (Kevern 2015, Taylor et al. 2013).

A surface resistivity meter (Figure A.18) is a hand-held, non-destructive evaluation testing tool which has the ability
to quickly determine the permeability or the connectivity of a concrete’s pore structure. For this research study, the 38 mm
(1.5”) probe spacing Proceq Resipod surface resistivity meter was used to determine the electrical resistivity of concrete
(Figure A.18). The Resipod uses a spring-loaded four pin array and applies an electrical current that is carried by ions in
pore liquid from the outer probes, and the potential difference is measured between the inner probes. Figure A.19 shows a
schematic of the surface resistivity meter with the probes engaged demonstrating the applied current and measurement of
potential difference. The measurement result is displayed in kilohm-centimeters (kQ2-cm) on the device (Proceq 2017).
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Figure A.18: Proceq Resipod surface resistivity meter Figure A.19: Proceq Resipod measurement schematic
(Proceq 2017) (Proceq 2017)

The Resipod has the ability to read the resistivity of a concrete specimen within the range of 1-1000 kQcm. Surface
resistivity is calculated with the following equation, p= 2maV/l [kQ-cm], where p = resistivity [Q2-m], a = electrode
separation [m], V = voltage [V], | = current [A]. Proceq, the manufacturer of the Resipod list the following application
examples, demonstrating its versatility:

e Estimation of the likelihood of corrosion
Indication of corrosion rate
Correlation to chloride permeability
On site assessment of curing efficiency
Determination of zonal requirements for cathodic protection systems
Identification of wet and dry areas in a concrete structure
Indication of variations in the water/cement ratios within a concrete structure
Identification of areas within a structure most susceptible to chloride penetration
Correlation to water permeability of rock
Since surface resistivity testing is a relatively simple and straightforward approach compared to many other NDE
tools/techniques, it has a fairly small margin of error between users. In a study done by Icenogle and Rupnow (2012), where
two tests were conducted by different laboratories on the same material, it was found that the surface resistivity readings
did not differ by more than 11% (Icenogle and Rupnow 2012).

The approach of surface resistivity testing with the Wenner Probe has provided a fairly easy and time efficient
method for determining important characteristics about the durability of hardened concrete. Today, the Wenner probe is a
well-accepted tool for determining the quality of composition, likelihood of corrosion based on chloride permeability,
degree of hydration, and characterization of transport properties as all of the above relate to electrical resistivity of concrete.
Compared to previous methods such as rapid chloride permeability test (RCPT) that require intensive specimen preparation
and may take days to perform, surface resistivity can be measured in minutes, and can be performed in the laboratory or on
the jobsite.
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The CNS Farnell Concrete Resistivity Meter was one of the early versions of the Wenner probe on the market for
testing the electrical resistance of a concrete’s pore structure and obtaining understanding of the risk of permeability and
corrosion risk of concrete members. The manufacturers state that field use of this device investigates whether or not the
embedded steel reinforcement is exhibiting corrosion, the internal structure is compromised, or the rate of chloride
penetration resistance of the concrete member is of acceptable levels (CNS Farnell n.d.). Furthermore, electrical resistivity
has been used to detect moisture, flaws, and pollution in porous media (Gucunski et al. 2011). Additionally, electrical
resistivity was found to detect the presence of cracking during curing and determine the connectivity of the concrete’s
microstructure (Rajabipour et al. 2004). Recently, other types of Wenner probe devices have become commercially available
for use in measuring surface resistivity. One of these devices is the Resipod manufactured by Proceq. As quoted by Proceq
(2017), “The Resipod is an evolution of the industry standard CNS Farnell RM MKII resistivity meter, operating on the
principle of the Wenner probe.”

Due to the field pattern of the electrical current flow of the Wenner probe, the geometry of the specimen affects the
surface resistivity measurement, so correction factors were implemented by Florida DOT (2004) to convert readings from
a cylindrical specimen to flat surfaces, such as a slab or bridge deck. However, differing values were reported by Kansas
Department of Transportation (Jenkins 2015). For example, Jenkins’s (2015) findings considered concrete to have a high
tendency for chloride penetration to have a surface resistivity measurement lower than 7.0 kQ-cm rather than 12.0 kQ-cm
fora 4 in. x 8 in. cylinder. Table A.8 shows the correlation of surface resistivity of various sample geometries when tested
with a Wenner probe with 1.5 in. spacing (Florida DOT 2004).

A.8: Surface resistivity geometry correction factor

Surface Resistivity (kQ-cm)
Chloride lon Permeability 4 in. x 8 in. Cylinder 6in. x 12 in. Cylinder Semi-Infinite Slab (Real)
High <120 <95 <6.7
Moderate 12.0-21 9.5-16.5 6.7-11.7
Low 21-37 16.5-29 11.7 - 20.6
Very Low 37 -254 29 - 199 20.6-141.1
Negligible > 254 >199 >141.1

The geometry correction factor (k) for 4 in. x 8 in. cylinders was established by Spragg et al. (2013) with the
utilization of Morris et al.’s (1996) simulations which resulted in the formula below (Equation 2.1). The formula should be
used only when the ratio of the diameter to the electrode spacing is less than or equal to 6 or if the ratio of the length to the
electrode spacing is less than or equal to 6 (d/a <6 or L/a <6, where d = diameter, L= length, and a = electrode spacing)
(Spragg et al. 2013):

0.730 7.34
d +W

k=110-

a
Equation A.13: Geometry correction factor for surface resistivity

According to Growers and Millard’s (1999) experimental findings, to mitigate misleading resistivity measurements,
the spacing of the electrode shall be less than 25% of any dimension of the specimen and half the contact area distance from
the specimen’s edge as there is a restriction of the current flow near the edge. Not following these parameters can result in
an overestimation of surface resistivity.

A.4.6 Use of Surface Resistivity in Field Settings

The primary objective of surface resistivity testing is to evaluate the potential of concrete to resist chloride ingress
or susceptibility of corrosion to initiate in steel reinforcement. When testing specimens in a laboratory setting or specimens
in the field, efforts are made to manipulate both settings to resemble one another in order to produce a one-to-one
relationship (Presuel-Moreno et al. 2010). Gucunski et al. (2013) determined that electrical resistivity was not a favorable
method for detecting the depth and width of vertical cracks but was somewhat favorable (1 out of 5 rating) for determining
characteristics pertaining to delamination of overlays and concrete degradation in bridge decks. In this study, by ranking
the overall value of several NDE technologies, it was determined that electrical resistivity was most valuable for evaluating
the potential for corrosion in bridge decks.
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A.4.6.1 Influences on Surface Resistivity

There are two groups of factors that influence electrical resistivity of concrete, intrinsic factors and factors that
affect the resistivity measurement. Intrinsic factors that influence electrical resistivity of concrete include water to
cementitious materials ratio (w/cm), characteristics of the pore structure, and aging. Factors that affect the resistivity
measurement include moisture content, temperature, specimen geometry, electrode spacing, and the existence of rebar.
Larger pores within the concrete and higher temperatures decrease the resistivity reading (Polder 2001).

The permeability of concrete, as well as a number of other properties, can be defined by its w/cm ratio. The higher
the w/cm ratio, the more porous the microstructure. This concludes with a lower electrical resistivity of concretes (that do
not contain supplementary cementitious materials such as slag) (Rupnow and Icenogle 2012). Chen et al. (2014) reported a
15-20% decrease in electrical resistivity when the w/cm ratio increased from 0.4 to 0.6.

Reinforcement steel embedded within the concrete conducts electrical current more efficiently than the surrounding
concrete. Due to that, the current field within reinforced concrete can become distorted, particularly when the cover depth
is less than 30 mm (1.18 in) (Proceq 2017). Weydert and Gehlen (1999) determined that when concrete is tested for surface
resistivity on top and in the parallel orientation of rebar embedded at 10 or 20 mm deep, errors by magnitude of two to six
times reduction of the actual resistivity could result. Even when one of the four probes are within 10-20 mm distance of the
rebar, the results will contain errors. The error involving rebar will produce resistivity measurements lower than typical or
expected. It was also found that the electrical current induced by a Wenner probe can travel through the concrete at a depth
approximate to the electrode spacing (Polder 2001).

Sengul and Gjerv (2009) studied the effects of probe spacing on wet-cured slabs with and without steel
reinforcement and found minimal differences when measured with varying probe spacings less than 30 mm. However, when
electrode spacing increased from 20 mm to 70 mm an approximate resistivity increase of 26% resulted in slabs without
embedded reinforcement. When tested on slabs with rebar, a 33% increase was found from testing perpendicular to the rebar
and 26% decrease when testing with the meter oriented parallel to the rebar (Sengul and Gjerv 2009).

For reinforcement spacing that is greater than the space between the outer probes (4.5”), the optimum orientation
of the meter to the bars is diagonal. When the reinforcement can’t be avoided, it is best to position the meter perpendicular
to the bars to minimize its influence. For each location, it is recommended to take 5 readings a few mm apart and then
reporting the median of those 5 values (Proceq 2017, Polder 2001). Salehi et al. (2016) performed a study of the effects of
different characteristics of concrete specimens containing rebar mesh being tested with the four-point Wenner probe and
found that when the densities of the reinforcement mesh increased, the resistivity decreased, and that the effects of rebar
diameter are negligible. It was also concluded that when the probe is setup on top of and perpendicular to the bottom rebar
and parallel to and between top reinforcement bars, the smallest error would result, as illustrated in Figure A.20 (Salehi et
al. 2016).

!

Reinforcement

Probe
location

 —

Figure A.20: Probe configuration to reduce surface resistivity error

Garzon et al.’s (2014) experimental study of the effects of rebar presence on cylindrical and rectangular prism
mortar specimen’s electrical resistivity using the four-point Wenner probe confirms those findings. When resistivity
measurements are taken directly above the rebar of a double layer mesh, an error will result due to polarization at the
concrete and steel interface which acts as a resistance capacitor (Garzon et al. 2014).

The influence that temperature has on the surface resistivity of concrete is significant. As the temperature of the
concrete increases by one degree, the resistivity measurement can decrease by 3% for saturated concrete and 5% for dry
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concrete (Proceq 2017), and if the ambient temperature is much higher than the specimen’s temperature, the surface
resistivity will be much lower than expected (Spragg et al. 2013). The effects of temperature on resistivity are due to the
fact that electrons move faster at higher temperatures, which causes a higher electrical conductivity, resulting in a decrease
in resistivity (Azarsa and Gupta 2017). Another contributing factor of temperature’s influence on resistivity is that higher
temperatures tend to decrease moisture content which indirectly affects resistivity (Poyet 2009). To help mitigate the
influence of temperature, the concrete’s temperature and ambient temperature should be monitored and recorded with the
resistivity measurements. Reference values of surface resistivity are typically quoted for 68°F (Proceq 2017). Millard et al.
(1991) and Gowers and Millard (1999) developed a correction factor of 0.33 KQ-cm/°C to compensate for temperature
variation. It is noted, however, that this study only included testing at a limited temperature range.

Due to an increase in ion mobility that is accompanied by increased electrical conductivity, concrete’s moisture
content has an inverse effect on the surface resistivity measurements (Liu and Presuel-Moreno 2014, Larsen et al. 2006).
Concrete specimens that were immersed in either water or lime water will likely have a different resistivity than those that
were cured in a high humidity setting (Larsen et al. 2006). Larsen et al.’s (2006) research concluded that concrete’s
resistivity nearly doubled when the degree of saturation decreased from 88% to 77% and the resistivity increased an average
of six times when the moisture degree decreased from 88% to 66%. Concrete in an air-dry state will have a higher than
expected resistivity reading and sometimes make it impossible to collect the reading (Rupnow and Icenogle 2013). Sengul
(2014) found a 50% increase in resistivity of concrete when air-dried versus concrete tested in a saturated condition. Due to
less restricted electrical flow of a saturated pore solution, increasing the water content of concrete results in a lower
resistivity. For example, fully saturated concrete has a resistivity on the order of 100-1000 chm-m, while the resistivity of
oven-dried concrete can be as high as 10 ohm-m. Care should also be given to surface saturation, as static ponding and the
application of pressurized water can lead to inaccurate resistivity measurements of over 30% compared to full laboratory
saturation (Marquez 2015).

Gjerv etal. (1977) found that w/cm ratio has an inverse relationship on the electrical resistivity of concrete and later
Gucunski et al. (2011) confirmed that finding. This was true of substantially cured concrete and freshly made concrete
(Gucunski et al. 2011). In a study performed by Icenogle and Rupnow (2012) where five mixtures at three different w/cm
ratios (0.35, 0.50, and 0.65) were tested for surface resistivity, it was found that the resistivity meter (Resipod) successfully
identified differences in concrete with different w/cm ratios.

The size of aggregate in the concrete mixture is known to have an impact on surface resistivity. Normal weight
aggregates will generally be more dense and less porous than the hardened cement paste, thus having a higher resistivity. In
a study performed by Sengul (2014) where the effects of two different aggregates sizes were compared, it was found that
increasing the aggregate nominal size and content results in a higher resistivity measurement. Morris et al. (1996) reports
that concrete with a larger maximum aggregate size will result in a variability of resistivity readings within one specimen.
This is likely caused by the size and shape of the interconnected pores, or tortuosity effect, and the amount of interfacial
transition zones (ITZ). Aggerates with a higher percentage of smaller particle sizes will develops more ITZ occurrences
within the concrete. This is also true of aggregates that have a rough surface texture or irregular particle shape. The ITZ has
a greater porosity when compared to the hardened cement paste, which leads to a lower resistivity (Morris et al. 1996).
When the nominal aggregate size within the concrete mixture is larger than the resistivity meter’s probe spacing, the
resistivity reading will likely be impacted (Proceq 2017). In a study performed by Growers and Millard (1999) where
specimens of a constant maximum aggregate size were measured for resistivity at changing probe spacings, a 10% increase
in the standard deviation was observed as the probe spacing decreased approaching the maximum aggregate size. Figure
A.21 is a graph developed by Growers and Milliard 1999 showing the rate in which the standard deviation percentage
increases as the ratio of the contact spacing to maximum aggregate size decreases. To reduce the variance in measurement
with the resistivity meter, Growers and Millard (1999) recommends using a device with a probe spacing 1.5 times greater
than the maximum nominal aggregate size.
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Figure A.21: Effect of contact spacing on resistivity measurement

Resistivity of concrete is also affected by the curing conditions. The curing and/or storage conditions of concrete
specimens have a great influence on degree of saturation, degree of hydration, and the pore solution and structure through
leaching (Spragg et al. 2013). Weiss et al. (2013) performed a study to determine the curing effects on resistivity. Mortar
specimens of the same mixture were subject to three curing conditions: (1) sealed during curing and testing, (2) sealed
during curing and saturated during testing, and (3) saturated during curing and testing. Specimens that were sealed both
during curing and testing had the highest resistivity. In contrast, specimens that were sealed during curing but saturated
during testing had the lowest resistivity. Curing a specimen under water will likely cause a completely different degree of
hydration than what would occur in concrete from a field structure (Weiss et al. 2013). Azarsa and Gupta (2017)
recommends wetting the specimen prior to performing the resistivity testing.

Resistivity testing is contingent on the initial assumption that concrete is isotropic and homogeneous with semi-
finite geometry. When cracks are present within the reach of the imposed current, the electrical resistivity measurement
may vary (Azarsa and Gupta 2017). Lataste et al. (2003) performed a study in an effort to locate and identify crack
characteristics such as the opening of the crack and bridging degree between the opening and depth of the crack.

The experiment was performed on two reinforced concrete members, a slab in a field setting and beams in a
laboratory setting. Rather than a linear electrode orientation of a Wenner probe, an instrument was built where the four
electrodes are positioned at the four corners of a square. This instrument is shown in Figure A.22. The built instrument
allows for measuring the resistivity in two orthogonal directions without requiring to rotate the probe ninety degrees between
measurements. It was found that when the imposed electrical current was taken orthogonal to the visible water filled cracks,
known as conductive cracks, there was no impact on the reading but when tested parallel to the crack a reduction in resistivity
was observed. When tested on an insulated crack (air-filled cracks without bridging), an overestimation of resistivity was
observed when the imposed current was in the orthogonal orientation, and an underestimation was observed when measured
parallel with respect to the crack. In addition, it was also concluded that as the depth of a crack increased, the resistivity
measurement also increased.
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Figure A.22: Four-probe square array principal (Lataste et al. 2003)
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Lataste et al.’s (2003) research was based on the assumption that the rebar’s influence on the resistivity reading was
independent of the presence of cracks. Also, it is possible that the small scale of the concrete specimen could exaggerate the
crack’s impact on the resistivity reading, and lastly the four corner setup of the probe utilized in the study could possibly
produce other measurement errors when compared to the commonly accepted linear Wenner probe configuration (Azarsa
and Gupta 2017). Shah and Ribakov’s (2008) research on crack assessment and defect detection of concrete structures found
that resistivity measurements in the vicinity of insulated cracks produced higher values than that of conductive cracks. Salehi
et al. (2015) determined that the depth of cracks did not significantly impact the resistivity measurement on conductive
cracks. Furthermore, when the two inner electrodes spanned an insulated crack, the maximum error occurred. The electrical
resistivity in this orientation led to about 200% higher results than what was expected of the concrete’s resistivity.
Microcracking did not significantly affect the resistivity measurement (Morales 2015). Other characteristics that influence
the resistivity of concrete are fluid salinity, cement chemistry, admixtures, and defects within the concrete (Gucunski et al.
2011).

4.6.2 Use of surface resistivity on bridge deck overlays

The Louisiana Department of Transportation has recently accepted surface resistivity as a viable quality assurance
tool for new and existing concrete and has predicted a savings of over $1.5 million each year by replacing RCPT with
surface resistivity (Rupnow and Icenogle 2011; Rupnow and Icenogle 2012). Although this seminal study was primarily
performed in the laboratory, other studies have focused on use of surface resistivity as a field tool, particularly to replace
the more intensive and costly RCPT (ASTM 2009). RCPT testing requires that the technicians have significant training
and sample preparation is very time consuming (Kevern 2015). Additionally, if evaluating field concrete, cores must be
taken, which is a time-consuming, destructive process that can require traffic control, and certainly requires repair of the
structure where the cores were removed. Surface resistivity is showing promise in field applications. For example, Kevern
(2016) attempted to use the resistivity meter in field applications and was able to detect the presence of silane and lithium
silicate sealers on bridge decks with surface resistivity.

Gucunski et al. (2011) explains that manual surface resistivity testing along a grid on large-scale surfaces areas such
as bridge decks can get tedious and that there are no automated measurement systems on the market at the time of the
research to provide a solution. Furthermore, electrodes need galvanic coupling to the surface of the concrete. To provide
galvanic coupling, pre-wetting is necessary but over-wetting is a concern. Over-wetting may adversely affect the
measurement because the device can possibly be detecting probe-to-probe current flow along the surface of the concrete
and not within. To mitigate some of this current leakage from probe to probe, the surface should have a light coating of
water and never puddling (Gucunski et al. 2011).

A.4.7 Research Needs

As overlays are often placed quickly with the intention of avoiding traffic delays, and the accompanying fact that
overlay concrete mixtures often contain VHES which have a tendency to lose workability and consistency before
anticipated, if the overlay gets away from the workers then construction errors are likely to occur. These construction errors
can result in unwanted voids or an overlay thickness that does not provide sufficient reinforcement cover. As discussed in
previous sections, surface resistivity testing of concrete has many benefits including cost, ease of use, and measurements
are displayed immediately. Further research is necessary to investigate the potential of surface resistivity testing as QA
inspection and testing protocol for concrete overlays. Surface resistivity testing of overlays could possibly be utilized to
determine the quality of placement and act as verification or acceptance measure for newly placed bridge deck concrete
overlays. Currently, no guidance or standard method exists to support use of the surface resistivity meter to evaluate the
consistency and integrity of a bridge deck overlay and/or determine its thickness. Additionally, there is only limited
information on the effects of different types of reinforcing steel, edges, interfaces between two materials that occur at
different depths, and voids on surface resistivity readings. Guidance on corrections to surface resistivity readings due to
these embedded items and voids, as well as edges and discontinuities, would be useful to practitioners hoping to use the
surface resistivity meter as a QA device for these types of projects.
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APPENDIX B — SUPPORTING MATERIAL FOR LABORATORY TESTING PROGRAM AND RESULTS
(Chapter 3)

Material Certification Report
Material: Forland Cement Test Period: 18-Zep-2019to 18-Z=p-2010

Type: I-11 {RH} Date Issued: 14-0ct-2018
Certification
This cement meets the specifications of ASTM C150 and AASHTO MA5 for Type |-l (MH) cement
General Information

t\H

olcim

Supplier: Holeim (US) Inc. difa LafargeHolcim US Source Location: Holly Hill Plant  Silo- 13
Address: E700 West Bryn Mawr Ave 2173 Gardner Bhad

Chicage, IL &0631 Holly Hill, C 28059
Contact Contact: Seott Poaps [ (B03) 498-2885

The following is based on average test data during the test period. The data is typical of product shipped from this source; individual shipments may vary.
Test Data on ASTM Standard Requirements

Chemical Physical
Limit * Result Item Limit * Result
- 201 Air Content {3t 12 max T
6.0 max 48 Blaine Fineness (m3kg) 260430 404
6.0 max a5
. B3.6 Autodave Expansion {3} (C151) 0.80 max -0.04
6.0 max 14 Compressive Strength MPa (psi)
3.0 max iz / 10.0 (1450) min 31.0 (2500)

Loss on Ignition {3%) " 3.5 max 19 ¥ 17.0 (2470) min 38.4 (55T
Insohuble Residue (%) 1.50 max 0.35 28 day (previous month's data) - 46,2 (6B0D)
COa (%% - 1.0
CaCidain Limestone |3) 70 min a8 Initial Wicat (minutes) 45-375 125
Potential Phase Compositions ™
Ca3 (%) 58 Mortar Bar Expansion (3] {C1038] 0,020 max
CaS (%) - 15
Tk | Bmax 7
CoAF (%) - 11
Ca8 = 4.7EC.A (% 100 max a8
Test Data on ASTM Optional Requirements
Chemical Physical
Item Limit * Result Item Limit * Result
Equivalent Alkalies (%) - 0.43 eat of Hydration kl'kg (cal'g - 267 (B4)
(ASTM C1702) 3 Days *
Hotes (*1-3)
1 - Dashes in the Limit / Result columns mean Mot Applicable
2 - Itis permissible to exceed the specification limit provided that ASTM C1038 Mortar Bar Expansion does not excesd 3.020% at 14 days.
3 - Adjusted per Annex A1 68 of ASTM C150 and AASHTO Mas
4 - Test results represent the most recent value and is provided for information only
5 - Limit = 3.0 when limestone is not an ingredient in the final cement product
9182019
Grind 261
Additional Data
Limestone Inorganic Processing Addition Base Cement Phase Composition Result
28 0.7 Ca5 (% 58
27 el 15
07 11.0 7
oe 0.7 11
50.1 414
0 20
Primted: 10/14/2018 3:10:27 | i ) Scott Poaps,
FM A };\ /4 o Quality Manager
Version: 160412 Ve, ¥ i3

Figure B.1: Mill report for OPC
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TEC SERVICES

. Testing = Engineering » Congulting

June 4, 2020

Msz. Tara Cavalline

UNC Charlotte Phone: 704-687-2303

9201 University City Blwd. Fax: T04-687-6653
Charlotte, NC 282230001 Email: teavalline@unee edu
Subject: Report of Results for Product Testing

Product Name: Roxboro DS 11723-12/11 (2015)
TEC Services Project # 20-1612
TEC Laboratory #: 20-461

Dear Ms. Cavalline:

SGS TEC Services is an AASTHO RI18, ANSISOIEC 17025:2005 and Army Corp of Engineers
accredited laboratory. SGS TEC Services is pleased to present this report of our test results on the submutted
material designated as “Foxboro DS 11/23-12/11 (2015)°. Cur services were performed in accordance
with the terms and conditions of owr Service Agreement TEC-PRO-20-1612. The test results presented
only pertain to the samples tested.

The Boxbore material was delivered to our Lawrenceville, GA facility on April 14, 2020. At the request
of UNC Charlotte, testing was performed on the material per ASTM C618-19 Standard Specification for
Coal Fly Ash and Raw or Calcined Natural Pozzolan for Use in Concrete. The chemical analysis test results
are reported in attached Table 1.

SGS TEC Services appreciates the opportunity to provide our professional services for this important
project. If you have any questions regarding this report, or if we can be of further assistance please contact
us at 770-995-8000.

Sincerely,
SGS TEC SERVICES
T o~
/f;._gﬂd g 7._. L _(ﬁ_/Z/f{f ‘:z_._.__.-; '
Dean T. Roosa Shavwn P. MeCormuck
Project Manager Laboratory Principal
SGS TEC SERVICES
IS0 17025 235 Buford Drive | Lawrenceville GA 30046 HH[P'
ACCIEONTED (WBCHATCRT 8 At Corsa 770-985-8000 | www.tecservices.com il
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Report of Results for Product Testing June 4, 2020
Product Name: Rexbore D5 11/23-12/11 {2013)

TEC Services Project £: 20-1612

TEC Laboratory #: 20-461

Table 1 — Results of the Chemical Analysis

Oxides Results Weight (%0)

Silicon Dioxide (S104) 517
Aluminum Oxide (AlOs) 26.7
Iron Oxide (Fe:Os) 11.12

Sum {510z + ALO; + FeaOs) 90.5
Calemum O=xide (Ca0) 11
Magnesmum Creide (Mz0) 1.1
Sodinm Oxide (Na)O) 0.34
Potassimm Oxide (Ka.0) 224

Equivalent Alkalies (Na0+0.658 K.0) 1.51
Titanium Dioxide (Ti0x) 142
Manganic Craide (MmOs) 0.026
Phosphorus Pentoxide (F205) 0.21
Sulfir Trioxide (S03) 0.75
Loss on [gmition 1.9
Moisture Content 0.38

Figure B.2: Chemical analysis of fly ash
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Figure B.3: Particle size analysis of aggregates used in RP 2018-14 and RP 2020-13



50%
45%
40%
35%
30%
25%
20%
15%
10%
5%
— - 0%
#200#100 #50 #30 #16 #8 #4 3/8" 1/2" 3/4" 1" 1.5"
Sieve

Percent Retained

— 107 #389M Fine

Figure B.4: Particle size analysis of aggregates used in RP 2020-13: No. 67, No. 89M, and fine aggregate

Table B.1: Fresh concrete test results (average of two batches comprising a single mixture) for RP 2018-14 (non-
optimized gradation mixtures) and RP 2020-13 (optimized gradation mixtures)

Slump (in.) Air Content (%) Unit Weight (pcf)
Mixture 1D Non- - Non- - Non- -
Optimized Optimized Optimized Optimized Optimized Optimized
H-700-0 8.0 5.0 5.2% 5.8% 137.1 144.5
H-560-140 8.0 3.5 5.2% 5.0% 136.4 142.3
H-650-0 6.5 5.0 6.0% 6.0% 141.4 140.9
H-520-130 7.0 2.3 5.5% 5.2% 138.0 143.1
H-600-0 25 0.0 5.8% 6.0% 138.7 144.3
H-480-120 3.0 3.3 6.0% 5.9% 139.4 142.9
H-420-180 3.8 1.9 6.0% 5.0% 136.1 142.9
M-700-0 5.0 3.8 5.5% 5.5% 141.6 142.9
M-560-140 4.3 6.0 6.0% 5.0% 136.6 142.1
M-650-0 25 25 5.7% 6.0% 142.4 144.2
M-520-130 3.0 1.8 5.5% 5.0% 139.7 145.8
M-600-0 1.0 0.8 6.0% 5.7% 140.5 143.0
M-480-120 1.5 0.9 5.0% 5.7% 139.6 144.9
M-420-180 2.0 0.8 6.0% 5.1% 138.1 144.3
L-700-0 2.3 1.5 6.0% 5.9% 143.9 144.5
L-560-140 1.8 0.5 5.0% 5.7% 140.3 142.9
L-650-0 1.0 1.0 6.0% 6.0% 141.8 144.2
L-520-130 1.0 0.5 5.0% 5.3% 141.6 144.1
L-600-0 1.0 0.0 5.5% 5.7% 142.6 144.3
L-480-120 0.8 0.0 5.5% 5.6% 142.0 144.0
L.-420-180 1.0 0.0 5.2% 5.5% 142.0 144.0




Table B.2: SAM test results for optimized aggregate gradation mixtures

Mixture ID Batch 1 Batch 2
H-700*-0 0.29 -
H-560*-140 0.40 -
H-650*-0 0.13 -
H-520*-130 0.30 -
H-600*-0 0.24 Error
H-480*-120 Error 0.18
H-420*-180 0.08 0.24
M-700*-0 0.62 -
M-560*-140 0.74 -
M-650*-0 0.43 -
M-520*-130 0.41 -
M-600*-0 Error Error
M-480*-120 0.21 0.53
M-420*-180 Error Error
L-700*-0 0.20 -
L-560*-140 0.39 -
L-650*-0 0.42 -
L-520*-130 0.27 -
L-600*-0 0.77 Error
L-480*-120 Error 0.51
L-420*-180 0.47 Error

Table B.3: 28-day compressive strength results

Compressive Strength (psi)

. Non-Optimized Optimized
Mixture ID
3 Day | 7 Day 28 56 90 3 Day | 7Day 28 56 90
Day Day Day Day Day Day
H-700-0 3,810 | 4394 | 5379 | 6,140 | 6,381 | 3,156 | 4,182 | 5,377 | 6,131 | 6,309
H-560-140 3,461 | 3,950 | 4,994 | 5961 | 6,087 | 2,682 | 3,855 | 4513 | 5661 | 6,574
M-700-0 5,088 | 5679 | 6688 | 7,531 | 8,168 | 4,813 | 5835 | 6,972 | 7,283 | 7,782
M-560-140 4,019 | 4,854 | 5688 | 6,114 | 6,322 | 3,485 | 4,806 | 5814 | 6,729 | 6,894
L-700-0 5921 | 7550 | 7,856 | 8,762 | 9,237 | 6,042 | 7,181 | 7,686 | 7,984 | 8,184
L-560-140 5,045 | 5267 | 6,729 | 7,316 | 7,808 | 4,367 | 4685 | 5900 | 6,797 | 6,915
H-650-0 4,276 | 5232 | 6,256 | 7,135 | 7,556 | 3,340 | 4,234 | 5,207 | 6,068 | 6,668
H-520-130 3,705 | 4323 | 5319 | 6,921 | 7,233 | 2,701 | 3,599 | 5,094 | 5,751 | 6,134
M-650-0 5192 | 5935 | 6,739 | 7,223 | 8,221 | 4,621 | 5548 | 6,624 | 7,903 | 7,607
M-520-130 4,258 | 5129 | 6,375 | 7,705 | 8,416 | 3,654 | 4,435 | 5582 | 6,293 | 7,964
L-650-0 6,984 | 7,367 | 7,991 | 8,251 | 9,113 | 5483 | 6,164 | 6,722 | 8,084 | 8,529
L-520-130 5,194 | 6,005 | 7,203 | 7,591 | 8,062 | 5002 | 5508 | 6,478 | 7,659 | 8,219
H-600-0 3,750 | 4,309 | 5494 | 5887 | 6,302 | 3,399 | 4,398 | 5468 | 5951 | 6,492
H-480-120 2,784 | 3,150 | 3,982 | 4,418 | 5,148 | 2,598 | 3,750 | 4,736 | 5,779 | 6,509
H-420-180 2,446 | 3417 | 4328 | 4,869 | 5521 | 2,339 | 2979 | 4,282 | 4861 | 5,638
M-600-0 4526 | 5362 | 5873 | 6,418 | 7,995 | 4,806 | 5507 | 6,296 | 7,000 | 7,422
M-480-120 4,167 | 4,895 | 5390 | 5832 | 6,483 | 3,256 | 4,304 | 5482 | 6,286 | 7,210
M-420-180 3,991 | 4,260 | 5007 | 5590 | 6,216 | 3,151 | 3,807 | 5,365 | 6,401 | 7,210
L-600-0 5698 | 6471 | 7,010 | 7,427 | 7,936 | 6,310 | 6,651 | 8,087 | 7,513 | 8,189
L-480-120 5510 | 6,184 | 6,814 | 7,107 | 7,650 | 3,697 | 6,287 | 6,633 | 7,342 | 7,383
L-420-180 5264 | 5716 | 6,288 | 6,693 | 7,063 | 3,381 | 4,254 | 5837 | 6,949 | 6,087
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Figure B.5: Development of average compressive strength for 650/650* pcy cementitious material mixtures at 0.47 w/cm
ratio
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Figure B.6: Development of average compressive strength for 650/650* pcy cementitious material mixtures at 0.42 w/cm
ratio
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Figure B.8: Development of average compressive strength for 600/600* pcy cementitious material mixtures at 0.47 w/cm
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Figure B.9: Development of average compressive strength for 600/600* pcy cementitious material mixtures at 0.42 w/cm
ratio
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Figure B.10: Development of average compressive strength for 600/600* pcy cementitious material mixtures at 0.37 w/cm

ratio

B-7



Table B.4: Average percent difference between average compressive strength for 650* pcy optimized mixtures vs 650 pcy

non-optimized mixtures

I . Test Day

Characteristic Mixture Type 3 Day 7 Day 28 Day 56 Day 90 Day
Non-optimized 4,935 5,665 6,647 7,471 8,100

All 650* pcy mixtures | Optimized 4,133 4,915 5,951 6,960 7,520
Average percent difference -20.9% -15.8% -11.8% -8.8% -8.3%

Straight cement Non_-optimized 5,484 6,178 6,995 7,536 8,297

Mixtures Optimized _ 4,481 5,315 6,185 7,352 7,601
Average percent difference -22.6% -16.7% -13.6% -3.7% -9.4%

Fly ash replacement Non_-o!otimized 4,386 5,152 6,299 7,406 7,904

MixtUres Optimized 3,786 4,514 5,718 6,568 7,439
Average percent difference -19.2% -14.9% -9.9% -14.0% -71.2%

Table B.5: Average percent difference between average compressive strength for 650* pcy optimized mixtures vs

650 pcy non-optimized mixtures by w/cm ratio

wi cm Mixture Type Test Day
ratio 3 Day 7 Day 28 Day 56 Day 90 Day
Non-optimized 3,991 4,778 5,788 7,028 7,395
0.47 Optimized 3,021 3,917 5,151 5,909 6,401
Average percent difference -32.6% -21.8% -12.3% -19.0% -15.6%
Non-optimized 4,725 5,532 6,557 7,464 8,319
0.42 Optimized 4,137 4,991 6,103 7,098 7,785
Average percent difference -14.4% -11.3% -8.0% -6.9% -6.9%
Non-optimized 6,089 6,686 7,597 7,921 8,588
0.37 Optimized 5,242 5,836 6,600 7,872 8,374
Average percent difference -15.6% -14.3% -15.0% -0.6% -2.5%

Table B.6: Average percent difference between average compressive strength for 600* pcy optimized mixtures vs 600 pcy
non-optimized mixtures

- . Test Day

Characteristic Mixture Type 3 Day 7 Day 28 Day 56 Day 90 Day
Non-optimized 4,237 4,863 5,576 6,027 6,702

All 600* pcy mixtures Optimized 3,660 4,660 5,798 6,454 6,905
Average percent difference -18.4% -5.5% 3.6% 6.7% 2.8%

Straight cement Non—o_pti_mized 4,658 5,381 6,126 6,577 7,411
mixtures Optimized 4,838 5,519 6,617 6,821 7,368
Average percent difference 1.7% 2.5% 6.5% 3.5% -0.6%

Elv ash repl Non-optimized 4,027 4,604 5,302 5,752 6,347
y asmir)ft% f‘ecseme”t Optimized 3,070 4,230 5,389 6,270 6,673
Average percent difference -28.5% -9.5% 2.1% 8.4% 4.5%

Table B.7: Average percent difference between average compressive strength for 600* pcy optimized mixtures vs 600

non-optimized mixtures by w/cm ratio

wi em Mixture Type Test Day
ratio 3 Day 7 Day 28 Day 56 Day 90 Day
Non-optimized 2,993 3,625 4,601 5,058 5,657
0.47 Optimized 2,778 3,709 4,829 5,530 6,213
Average percent difference -71.4% 1.1% 4.8% 8.2% 8.6%
Non-optimized 4,228 4,839 5,423 5,947 6,898
0.42 Optimized 3,738 4,539 5,714 6,563 7,281
Average percent difference -16.3% -1.7% 5.0% 9.4% 5.4%
Non-optimized 5,491 6,124 6,704 7,076 7,550
0.37 Optimized 4,463 5,731 6,852 7,268 7,220
Average percent difference -31.7% -10.0% 1.0% 2.7% -5.5%
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Figure B.11: Average surface resistivity test results for 650/650* pcy cementitious material mixtures at 0.47 w/cm ratio
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Figure B.12: Average surface resistivity test results for 650/650* pcy cementitious material mixtures at 0.42 w/cm ratio
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Figure B.13: Average surface resistivity test results for 650/650* pcy cementitious material mixtures at 0.37 w/cm ratio
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Figure B.14: Average surface resistivity test results for 600/600* pcy cementitious material mixtures at 0.47 w/cm ratio
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Figure B.15: Average surface resistivity test results for 600/600* pcy cementitious material mixtures at 0.42 w/cm ratio
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Figure B.16: Average surface resistivity test results for 600/600* pcy cementitious material mixtures at 0.37 w/cm ratio
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Figure B.17: Surface resistivities of high w/cm ratio optimized concrete mixtures vs percent coarse aggregate volume
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Figure B.18: Surface resistivities of medium w/cm ratio optimized concrete mixtures vs percent coarse aggregate volume
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Figure B.19: Surface resistivities of low w/cm ratio optimized concrete mixtures vs percent coarse aggregate volume
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Figure B. 20: Surface resistivities of high w/cm ratio optimized and non-optimized concrete mixtures vs percent coarse
aggregate volume
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Figure B.21: Surface resistivities of medium w/cm ratio optimized and non-optimized concrete mixtures vs coarse
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Figure B.22: Surface resistivities of low w/cm ratio optimized and non-optimized concrete mixtures vs coarse aggregate

volume
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Figure B.23: RCPT results of high w/cm ratio optimized concrete mixtures vs coarse aggregate volume
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Figure B.24: RCPT results of medium w/cm ratio optimized concrete mixtures vs coarse aggregate volume
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Figure B.25: RCPT results of low w/cm ratio optimized concrete mixtures vs coarse aggregate volume
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Figure B.26: RCPT results of high w/cm ratio optimized and non-optimized concrete mixtures vs coarse aggregate volume
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Figure B.27: RCPT results of medium w/cm ratio optimized and non-optimized concrete mixtures vs coarse aggregate
volume
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Figure B.28: RCPT results of low w/cm ratio optimized and non-optimized concrete mixtures vs coarse aggregate volume
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Table B.8: 28- and 56-day surface resistivities and formation factors for optimized aggregate gradation mixtures

28 Day 28 Day 56 Day 56 Day
Mixture 1D Sgrf.ac_e Bucket Fgfm[z\?i){)n Sgrfg ce Bucket Fg?mzﬁi)c/)n
resistivity Test (kQ- Factor resistivity Test Factor
(kQ-cm) cm) (kQ-cm) (kQ-cm)
H-700*-0 8.0 - - 8.0 - -
H-560*-140 7.1 - - 9.3 - -
H-650*-0 6.8 - - 7.9 - -
H-520*-130 6.2 17.8 1398 8.8 25.6 2012
H-600*-0 8.4 21.9 1720 9.1 22.0 1728
H-480*-120 7.0 19.1 1504 9.0 26.5 2087
H-420*-180 6.0 18.8 1480 10.5 27.8 2189
M-700*-0 8.6 24.8 1953 10.3 26.4 2075
M-560*-140 7.5 39.2 3087 11.6 38.7 3047
M-650*-0 8.6 27.0 2122 11.3 24.9 1961
M-520*-130 6.5 21.9 1724 9.1 29.9 2350
M-600*-0 8.5 25.0 1965 9.2 24.6 1933
M-480*-120 7.3 22.2 1748 9.6 32.4 2551
M-420*-180 8.8 27.3 2150 15.7 41.9 3299
L-700*-0 10.2 29.3 2307 125 31.6 2488
L-560*-140 10.6 275 2161 16.9 50.0 3933
L-650*-0 9.1 26.4 2079 12.1 36.0 2831
L-520*-130 9.5 30.1 2366 19.0 49.3 3882
L-600*-0 10.0 30.2 2374 13.4 34.4 2705
L-480*-120 12.0 34.8 2736 20.5 54.2 4268
L-420*-180 10.2 36.0 2835 19.7 45.4 3571
Table B.9: 28- and 56-day surface resistivities and formation factors for non-optimized aggregate gradation mixtures
Bucket Test
28 Day 28 Day 56 Day 56 Day
viap | Suface | Budkel | | sufece | Budkel | o R
resistivity Test (kQ- Factor resistivity | Test (kQ- Factor
(kQ-cm) cm) (kQ-cm) cm)
H-700-0 7.3 9.3 930 12.1 15.5 1550
H-420-180 11.2 125 1250 16.3 19.1 1910
M-700-0 10.9 12.2 1220 10.9 124 1240
M-420-180 6.1 7.8 780 13.8 14.4 1450
L-700-0 9.3 10.4 1040 10.1 10.5 1050
L-420-180 8.4 10.1 1010 12.0 13.2 1320
4500
. 4000
£ 3500
& 3000 o
S 2500 ® .®
= P
£ 2000 -~ e
C 500 g% © R =0.4537
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Surface resistivity (kQ-cm)

Figure B.29: 28-day formation factor vs resistivity
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Figure B.30: 56-day formation factor vs resistivity

Table B.10: Optimized and non-optimized aggregate gradation mixtures volumetric shrinkage (in microstrain), 28-day
reading is used as initial reading

Mixture 1D Non-Optimized Optimized
28 Day | 8 Week | 16 Week | 32 Week | 28 Day | 8 Week | 16 Week | 32 Week
H-700-0 312 382 424 504 350 493 590 667
H-560-140 301 376 424 937 297 397 487 583
H-650-0 - - - - 350 480 580 653
H-520-130 286 342 439 - 330 460 540 613
H-600-0 261 322 429 829 340 473 553 603
H-480-120 258 329 420 683 400 527 577 640
H-420-180 246 336 439 592 327 457 520 557
M-700-0 322 401 498 567 417 577 630 643
M-560-140 318 387 448 1185 387 497 553 613
M-650-0 310 380 462 515 430 580 633 647
M-520-130 304 389 389 - 403 497 560 610
M-600-0 274 328 378 835 293 423 443 480
M-480-120 279 339 401 778 410 493 547 603
M-420-180 292 361 415 618 357 450 500 547
L-700-0 314 414 513 - 390 510 577 653
L-560-140 347 447 546 - 400 503 587 643
L-650-0 333 401 483 1140 370 495 575 587
L-520-130 318 414 501 - 440 567 640 707
L-600-0 298 371 430 703 370 440 480 550
L-480-120 304 375 437 964 370 463 513 587
L-420-180 309 367 419 599 377 453 503 577
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Table B.11: Optimized aggregate gradation mixtures volumetric shrinkage (in microstrain), 0-day reading is comparator
reading per ASTM C157 standard

Mixture 1D 28 Day | 8Week | 16 Week | 32 Week
H-700*-0 297 440 537 613
H-560*-140 240 350 450 477
H-650*-0 287 417 517 590
H-520*-130 217 347 427 500
H-600*-0 253 387 467 517
H-480*-120 287 413 463 527
H-420*-180 250 380 443 480
M-700*-0 323 483 537 550
M-560*-140 330 440 497 557
M-650*-0 297 447 500 513
M-520*-130 293 387 450 500
M-600*-0 237 367 387 423
M-480*-120 303 387 440 497
M-420*-180 307 400 450 497
L-700*-0 337 457 523 600
L-560*-140 317 420 503 560
L-650*-0 275 400 480 477
L-520*-130 337 463 537 603
L-600*-0 347 417 457 527
L-480*-120 327 420 470 543
L-420*-180 317 393 443 517
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APPENDIX C — SUPPORTING MATERIAL FOR IDENTIFICATION of PERFORMANCE TARGETS FOR
FREEZE-THAW DURABLE CONCRETE (Chapter 4)

Table C.1 Fresh concrete test results for NCDOT RP 2015-03, RP 2016-06, RP 2018-14, and RP 2020-13

Project
ID

Designation Slump (in.) | Air Content (%) | SAM Number | Unit Weight (pcf)

11M 2.5 5.3% 0.21 141.0

I11H 3.2 5.8% 0.24 138.8

12H 3.0 5.0% 0.39 139.1

CF 3.2 6.0% 0.30 140.2

~ 11MF 2.0 5.0% 0.25 141.0
2016-06 I2MF 2.0 5.0% 0.19 141.0
11HF 2.2 5.0% 0.29 139.4

12HF 2.0 5.1% 0.27 138.7

IP 7.5 5.2% 0.30 136.8

ILA 11.0 10.4% 0.50 127.5

ILB 3.5 6.2% 0.76 140.2
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APPENDIX D — SUPPORTING MATERIAL FOR USE OF SURFACE RESISTIVITY METER TO EVALUATE
BRIDGE DECK OVERLAYS (Chapter 5)

Latex Modified Concrete (LMC)

1-LMC

2-LMC

1-LMC-Standard

2-LMC-Standard

1-LMC-Epoxy

2-LM C-Epoxy

1 2 3 4

1 2 3 4

1

2 3 4

1 2 3 4

1 2 3 4

1 2 3 4

1d

3d

7d

14d
28d
56d
90d

34 36 38 37
71 72 77 75
94 99 97 97
111 112 11.2 111
13.2 135 134 134
14.2 15.0 149 14.7
17.5 17.7 17.8 17.3

35 34 34 36
76 77 70 7.1
96 97 93 95
11.3 114 109 111
13.8 13.6 13.2 135
151 15.1 139 143
17.5 18.0 17.0 18.0

2.4

4.8

6.2

7.7

9.1

9.4
11.5

31 30 31
66 63 6.4
83 9.1 85
9.8 10.1 9.8
115 11.7 121
12.8 14.1 13.0
15.6 15.9 153

23 29 30 31
51 65 61 6.3
69 83 83 81
80 99 98 97
9.0 115 114 114
9.6 12.7 124 12.7
12.2 155 154 15.3

37 36 34 35
79 73 74 73
10.0 93 95 93
115 11.2 11.4 11.0
141 13.1 133 13.1
149 143 14.6 145
18.5 17.6 17.4 17.2

37 35 35 37
76 74 72 74
99 93 93 94
114 11.3 11.0 11.1
13.6 13.6 12.7 13.1
14.8 145 138 14.4
17.7 174 17.2 17.4

1-LMC
1

1-LMC-Std.

1-LMC-Epoxy

Figure D.1a: Data, radar plot, and
schematic of LMC with no rebar

Figure D.1b: Data, radar
plot, and schematic of LMC
with standard rebar

Figure D.1c: Data, radar plot,
and schematic of LMC with
epoxy-coated rebar

Figure D.1: Surface resistivity measurements of LMC cylinders




Very High Early Strength Concrete (No Latex)
1-VHES 2-VHES 1-VHES-Standard | 2-VHES-Standard 1-VHES-Epoxy 2-VHES-Epoxy
1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4
ih {27 31 31 31|31 35 33 31(24 30 33 31|27 34 33 33|33 35 32 31|29 28 30 32
2h (48 53 54 54|51 60 51 54(35 42 46 42|37 43 47 49|51 56 51 52|50 45 49 50
4h |79 91 91 96|90 109 101 88|60 73 75 70|56 73 76 77(90 91 79 81|90 83 79 88
1d |35.1 41.1 38.2 38.5|37.0 42.1 38.0 36.8(24.2 30.6 31.7 30.1(23.2 29.6 32.9 30.7|39.9 38.6 34.7 36.3|43.7 38.8 36.8 39.1
3d (38.8 41.3 42.1 42.8|43.2 48.4 42.4 41.9|27.4 32.7 33.6 33.6(24.5 31.7 36.5 33.4(46.5 42.0 43.7 44.3|43.6 41.6 385 39.5
7d [38.9 40.2 41.1 41.1)|41.8 44.9 41.7 43.2(25.9 33.0 32.5 31.9/22.6 31.7 359 34.1|40.1 40.6 39.4 38.0(43.1 40.1 37.8 415
14d 30.7 32.1 32.1 32.2|31.7 32.9 31.4 33.8/20.4 28.3 29.3 25.1{20.6 26.8 29.0 27.9(31.9 32.6 30.3 30.4(31.4 28.3 29.2 30.9
28d (19.8 21.2 20.4 20.4(19.5 21.3 20.2 21.9(11.4 16.2 17.6 16.3|13.6 16.5 18.2 17.8|19.4 19.7 18.6 19.0(18.8 17.9 18.0 19.0
56d [14.3 15.3 14.7 155(14.8 16.0 15.3 14.9| 8.7 12.4 13.0 12.5|10.0 12.3 13.2 13.0|15.0 149 13.8 15.0(14.8 14.1 145 14.8
90d [13.8 15.2 14.8 15.5|15.0 16.5 15.8 14.9| 8.6 12.3 13.0 12.1| 9.7 12,0 13.3 13.1(149 14.4 13,9 14.4|14.6 141 14.2 145
1-VHES-Std. 1-VHES-Epox
1
50
40
30
4 2 4 2
3 3
1-VHES-Std. 2-VHES-Epoxy
1
50
40
J)
10
4 2 4 Qo 2
3 3
1 1
a 2 a 2
3 3
Figure D.2a: Data, radar plot, and | Figure D.2b: Data, radar plot, | Figure D.2c: Data, radar plot,
schematic of VHES concrete with | and schematic of VHES and schematic of VHES latex-
no rebar latex-modified concrete with | modified concrete with epoxy-
standard rebar coated rebar

Figure D.2: Surface resistivity measurements of VHES cylinders
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Very High Early Strength Latex Modified Concrete

1-VHES-LMC

2-VHES-LMC

1-VHES-LMC-Std.

2-VHES-LMC-Std.

1-VHES-LM C-Epoxy

2-VHES-LM C-Epoxy.

1 2 3 4

1 2 3 4

1 2 3 4

1 2 3 4

1 2 3 4

1 2 3 4

1h

4h
1d

7d

14d
28d
56d
90d

39 39 37 40
OIERNOE RN NO
26.2 26.0 25.9 25.1
65.5 69.3 67.9 69.1
86.6 84.1 87.5 885
88.9 85.4 84.0 85.2
76.7 726 71.7 71.8
49.8 47.7 46.3 47.8
33.8 33.0 32.0 321
33.3 33.6 324 334

41 41 42 43
10.6 10.1 9.8 99
26.2 26.4 26.2 26.9
69.1 67.9 64.2 67.2
86.0 87.6 83.7 88.3
84.3 855 815 84.7
72.2 743 68.9 72.9
49.2 48.7 46.7 49.2
33.2 33.3 333 341
33.2 325 334 336

36 39 43 41
(SN0 2RRUIS RN 0T

35 41 45 45
77 91 98 96

44 40 45 45
112 10.7 11.2 113

42 42 43 44
10.5 10.7 10.2 114

215 245 259 247
545 61.6 68.3 63.4
722 779 87.6 73.9
72.3 78.6 82.4 73.6
56.3 60.2 70.7 62.2
33.1 36.1 435 36.2
22.4 285 30.1 26.2
23.9 27.9 30.8 28.6

20.5 25.8 24.8 26.2
51.9 60.6 65.7 60.3
655 74.6 87.0 74.3
63.1 75.1 81.8 70.2
52.1 58.8 70.8 57.4
30.2 39.2 43.9 37.0
21.3 275 30.1 26.9
21.8 27.9 30.7 27.6

1-VHES-LMC

2-VHES-LMC

1-VHES-LMC-Std.

31.8 26.2 28.4 28.2
719 69.1 715 71.0
108 87.3 91.3 86.4
102 88.8 89.1 855
84.6 70.6 743 70.9
49.1 46.7 46.2 46.0
355 324 345 325
36.5 32.8 34.4 33.0

29.5 28.8 28.9 28.9
79.7 68.1 68.1 68.1
94.6 92.9 85.7 85.2
89.9 93.1 84.0 81.6
725 758 71.2 74.1
46.4 47.8 428 452
32.7 31.7 319 32.7
34.3 34.2 31.8 33.7

1-VHES-LMC-Epoxy

2-VHES-LMC-Std.

2-VHES-LMC-Epoxy

Figure D.3a: Data, radar plot, and
schematic of VHES latex-
modified concrete with no rebar

Figure D.3b: Data, radar plot,
and schematic of VHES
latex-modified concrete with
standard rebar

Figure D.3c: Data, radar plot,
and schematic of VHES latex-
modified concrete with epoxy-
coated rebar

Figure D.3: Surface resistivity measurements of VHES-LMC cylinders

D-3




18

16

14

12

10

Surface Resistivity (kohm-cm)

-
-

S
——=
-
-
-
-
-
-
-

-~ ]
--8--90day
- --0--56day
______ ° --e--28 day
- y=1.03x+5.90

14 day

7 day

—eo— 3 day

/ —e— 1 day

1.5 2 2.5 3

Cover (in.)

Figure D.4: Surface resistivity vs. concrete cover at selected concrete ages for the LMC cylinders
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Figure D.5: Surface resistivity vs. concrete cover at selected concrete ages for the VHES cylinders
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Figure D.6: Surface resistivity vs. concrete cover at selected concrete ages for VHES-LMC cylinders
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Table D.1: Equation of the line for each age and mixture (X = cover, Y =surface resistivity)

cC LMC VHES VHES-LMC
Age Figure 4.6 Figure 4.7 Figure 4.8 Figure 4.9
1 hour y=0.33x+2.1 y=0.33x + 3.0
2 hour y =0.46x + 2.9 y=0.91x +6.2
4 hour y=0.78x + 4.6 y=19x+18
1 day y=0.22x + 2.1 y=0.29x+ 1.9 y=3.8x+18 y=6.1x+44
3day | y=0.47x+3.0 y =0.56x +4.1 y =4.01x + 20 y =8.2x + 56
7 day y=0.42x + 3.8 y=0.96x +5.1 y =4.4x + 18 y = 6.4x + 58
14 day y=0.60x +4.1 y=0.93x+6.5 y=3.8x+15 y=7.4x+43
28day | y=0.84x+47 y=11x+74 y=2.4x+8.9 y =5.4x+ 24
56 day y=0.84x +5.2 y=17x+7.0 y=1.67x+6.9 y=3.7x+16
90 day y=1.0x+6.3 y=17x+9.3 y=18x+6.5 y =35x+18
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5.8

9.2
9.2
9.2
9.2

8.6 8.6 8.6 8.6|7.5 7.5 7.5 7.5 7.5|7.7 7.7 7.7 7.7 9.6 9.6 9.6 9.6/9.4 9.4 9.4 9.4 9.4]9.8 9.8 9.8 9.8
No reinforcement No reinforcement
7 7 7 7626262626207 7 7 7 8.9 8.9 89 89|75 75 7.5 7.5 7.5/9.9 9.9 9.9 9.9
5.7
| 3.6 3.6 3.6 3.6 3.6 4.4 4.4 4.4 4.4 4.4 57,/ |
5.3 31 \J33] 132 37 \J39] " 4 5 8.2
5.3 315832 142 N\ 3734 2 _5.7]|49] 8.2
5.3 3.1 %] 3.2[34f 3.1]3.5!3.3135 4.1 %] 3.9 L 4.1[4.914.614.9 4.9|8.2
5.3 . 3.2[%§]3.1 4 . 4 37 \J5.2 8.2
5.3 3/2/ 3.3\> \3&.% {/ 3.9\> \ﬁ‘ 8.2)
4141 41 41 4.1 4 53 5.3 5.3 53 5.3 5.2
4 5.2
72727272]6 6 6 6 661616161 9.4 9.4 9.4 9.4]6.9 6.9 6.9 6.9 6.9/8.4 8.4 8.4 84
Standard reinforcement Standard reinforcement
8 8 8 8/6666666666/8 8 8 8 9393 93 93|71 7.1 7.1 7.1 7.1/8.6 8.6 8.6 86
| 53 5.3 5.3 53 5.3 | 5.7 5.7 5.7 5.7 5.7
6.2 35 \J39] 136 7 4.1\ 46| 4.4
6.2 3 \\35[%4] 386 7 39| 6.3\ [411[ 36|44 ]
6.2 3.7 37 3.7[3L 3.7]4.214.114.2 42| 7 4.914.914.9]4.2 Wwg] 4.3[mg 4.2
6.2 4 /13.638]3.5 "\ 7 |97 %8| 7| a4lmb] 41"\
6.2 36 139\ /35 | 7 |97} 6 24 Nas|\ 21 :
51 5.1 5.1 5.1 5.1 7 5.8 5.8 5.8 5.8 5.8 k
7 7.7
8 8 8 8[7272727272/88 88 88 838 12 12 12 1292 92929292[11 11 11 11

Epoxy reinforcement

Epoxy reinforcement

Figure D.7: VHES miniature slabs — 1 and 2 hour surface resistivity measurements
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4 hour

1day

16 16 16 16|14 14 14 14 14|14 14 14 14

64 64 64 64|51 51 51 51 51|55 55 55 55

18 18 18|13 13 13 13 13|18 18 18 18

71 71 71 71|58 58 58 58 58|72 72 72 M2

1 10 40 41
9 9 9 9 9 10,/ ||\ 4 32 32 32 32 32 a /|
7.5 '\ 76| 72| 189 15| 59 37\ 30 \J 26] 125|136 54
7.5[%8]72 ] 10|12 15| 59 3 40\ o[2¢] 25 41|21 54
7.8 8] 7.5[ %€ 7.8]8.117.9;18.1 8.1] 15([ 59[ 33 33133 33| 30 28[%q 30] 3313233 33|54
. 7.2/ 8] 7.5 37| 7 25[2&] 30 \\] 43 54
é/ 76\>5 35 2/5/ 26 \; \:%‘ | 54,
10 10 10 10 10 37 38 33 38 38 38 43
. 43
15 15 15 15[ 15 15 15 15 15|17 17 17 17 59 59 59 5952 52 52 52 52|60 60 60 60
No reinforcement No reinforcement
16 16 1613 13 13 13 13|15 15 15 15 60 60 60 60|60 60 60 60 60|63 63 63 63
45 a2
| 8.1 8181 81 8.1 | \U% 33 33 33 33 33 2/ |
13 9.3\ 6 \/6:6] 69 62 38\ 26 \\| 27] " 26 54
13 & | 11\ 6 669 0. 62 3 45\ 612 26 22{ 54
13(8.6 8.6!8.318.6[6.2 g 6.4 g 6.2 72|65l72 7.2| 14([ 62| 35 35133135] 26 26[%¢ 26 32128132 32|54
. 6.9 6 10 \5.3 14(] 62 2] 20 26 26 37 "35 54
é/ 66\\6 8 | 14]| &2, 35 é/ 27 \> 31  54]
82 82 82 82 82 10 40 35 35 35 35 35 37
. 10 40 37
16 16 16 1613 13 13 13 13|16 16 16 16 57 57 57 57|53 53 53 53 53|62 62 62 62
Standard reinforcement Standard reinforcement
17 17 1714 14 14 14 14|19 19 19 19 74 74 74 74|58 58 58 58 5872 72 72 !

12 46 45
| 1 11 11 11 11 2/ ||\ 4% 46 46 46 46 46 as /|
16 7.2 \] 76| 16:9] 1 10 16]| &3 a0\ 29 \| 30] 31| 140 68
16 \72%69/ 12| 16|| 63 \3446\29)( 31 | 45]| 25 68
16 88|85|88 7.2[%Z 7.2|8.818.718.8 8.8| 16| 63| 36 361 351 36| 30 %ad] 30[3aq” 30 371 361 37 37| 68
16 6.9 8] 7.2 12 8¢ 16(| 63 42 31 29 4735 68
| 16} 99 é/ 76\> 10 [ 16| 63] 38 é/ 30 \> 41] | e8]

9.4 9.4 9.4 9.4 9.4 12 o) 39 39 39 39 39 47
12 42 47

Epoxy reinforcement

Epoxy reinforcement

Figure D.8: VHES miniature slabs - 4 hour and 1 day surface resistivity measurements
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3 day ” 7 day
80 80 80 8059 59 59 59 59|73 73 73 73 67 67 67 67|59 59 59 59 59|73 73 73 73
46 51 47 44
LN\ 46 36 36 36 36 36 s1 /7 L\ # 41 41 41 41 41 “ /|
70 2[\J34 ] 28] 28] 143 e8| 72 FINEDNEIVZE I 4 D 65
70 3g) 46\ [ 34 [2¢] 28 ] 51 e8| 72 3g] 47\ 343¢] 321 44| 5¢] 65
70| 36_36) 37) 36| 33 313 33] 381 36) 38 38| 68||72[ 40 4038 40[35 331 35[38) 3738 38|65
70 46| T 28[3€] 34 \] 45 68| 72 ey (EANE) 65
|70, 42 2/8/ 28 \> \433 | 68| 72 il 3/2/ 31 \> \ig' 65,
46 43 43 43 43 43 45 45 43 43 43 43 43 50
46 45 45 50
69 69 69 69|60 60 60 60 60]67 67 67 67 70 70 70 70|59 59 59 59 59|66 66 66 66
No reinforcement No reinforcement
73 73 73 73|68 68 68 68 68|78 78 78 78 73 73 73 73|70 70 70 70 70|73 73 73 73
47 48 55 46
LN\ 38 33 38 38 38 8/ ||\ 37 37 37 37 37 4 /|
76 411\ 29 \| 31] 29| "] 39 65|] 69 as\32 \| 32] 31| 39 61
76 g 47| \J29 (] 29 ] 48| 2 65| 69 3z 55 [ \J31g] 31 46| 2] 61
76| 43 431391 43| 28 Nad] 20> 28[ 35133135 35[65([ 69|42 421391 42|30 %ad] 31 ]3¢ 30[ 39135139 39|61
76 49 29 29 45 ¥ 65| 69 3 a7 31 31 45 ™Y 61
| 76] 2 g/ 31 \> 38 65| 69) 2 é/ 32 \> 38| | 61]
49 35 35 35 35 35 45 47 37 37 37 37 37 45
49 45 47 45
69 69 69 69|60 60 60 60 60|69 69 69 69 50 59 59 59|60 60 60 60 60|69 69 69 69
Standard reinforcement Standard reinforcement
83 83 83 83|67 67 67 67 678 86 86 86 83 83 83 83|63 63 63 63 63/8 85 85 85
62 53 56 51
L N\U62 51 51 51 51 51 3,7 || \Us6 50 50 50 50 50 51 /|
79 49\J34 \|35] 35| "] 46 80| 79 48\34 \| 35] 36| ] 46 71
79 37 62| \J3a[3¢] 35 ] 53 80|| 79 g 56 \\[34[3¢] 361 51|41 71
79|40 40j 381 40| 35 %8| 353 35[ 421 411 42 42| 80|| 79| 42 42 41) 42| 37 %Y 35 37| 421 411 42 42| 71
79 27] 0 35 34 60 39 80| 79 58 36 34 59 ™MQ 71
| 79] 48 é/ 35 \> 50 | 80]| 79, 49 é/ 35 \> 29 | 71]
60 44 44 44 44 44 60 58 4 4 82 8 2 59
60 60 58 59
85 85 85 85|67 67 67 67 67|85 85 85 85 82 82 82 82|61 61 61 61 61|82 82 82 82

Epoxy reinforcement

Epoxy reinforcement

Figure D.9 VHES miniature slabs — 3 and 7 day surface resistivity measurements
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14 day Il 28 day
53 53 53 53|45 45 45 45 45|57 57 57 57 37 37 37 37|31 31 31 31 31|38 38 38 38
34 33 24 2
ENEL 29 29 29 29 29 37 |\ 2 20 20 20 20 20 u /|
58 32\ 30 \J 26] 128|132 48|[ 38 2[\J20 \J 20| 18| 122 33
58 3q] 34\ 30[2¢]26'_] 33 ag|[ 38 2| 24\ [ 20¢] 18| 1 24| 2] 33
58] 33 3332 33|31 28 313231732 32|48||38[21 21721y21[21 200 21] 2112021 21|33
58 35| ~26[2&] 30 \\] 36 48|38 25| ~Tas[aq] 20 ] 25 33
| 58] 32 2/6/ 26 \} \gg 48| [ 38] 22 1/8/ 201\ 20 \;2'  33]
35 33 33 33 33 33 36 25 20 20 20 20 20 25
35 36 25 25
55 55 55 55|49 49 49 49 49]59 59 59 59 38 38 38 38[33 33 33 33 33|37 37 37 37
No reinforcement No reinforcement
50 59 59 59|44 44 44 44 44|55 55 55 55 35 35 35 35/28 28 28 28 28|35 35 35 35
41 37 23 24
RN 36 36 36 36 36 37 /7 ||\ 16 16 16 16 16 u /|
55 36 \J 29 \| 31] T29] 33 49| 30 19[\J 26 \J 14| ~T16] 118 29
55 2| 41 [\J29[»( 28 137 49| 30 | 23]\ 16| 16 ] 24| 2] 29
55|34 34133134[29 29[ 29 34132134 34| 49||30[18 18!16118[14 15[ 14| 191161 19 19] 29
55 3] 24 29 29 4403 49| 30 23 16 16 PERN ! 29
| 55] 38 g/ 31 \> 37 | 19| 30, 18 é/ 14 \> 18] | 29)]
44 33 33 33 33 33 44 23 16 16 16 16 16 23
44 44 23 23
65 65 65 65|51 51 51 51 51|64 64 64 64 34 34 34 34|32 32 32 32 32|37 37 37 37
Standard reinforcement Standard reinforcement
51 51 51 51|51 51 51 51 51|57 57 57 57 40 40 40 40]30 30 30 30 30[42 42 42
40 37 25 21
L N\ 40 27 27 27 27 27 37/ ||\ 23 23 23 23 23 a /" |
45 32[\J 26 \\| 25| 25| 131 47|[ 36 22[\J272 \J 19| 18] 120 31
45 25| 40| \J26[2¢] 25 137 47([ 36 ] 25 \J17[¢] 181 21| 9] 31
45|31 31281 31|24 %af] 25> 24[ 31 28131 31|47|[36|21 21197 21] 18 %ad] 18 18] 217 201 21 2131
45 35 25 26 35 Nad 47]| 36 26 18 17 29 ™9 31
| 45| 30 g/ 25 \> 30 [ 47| 36 22 é/ 19 \> 24| [ 31
35 26 26 26 26 26 35 26 20 20 20 20 20 29
35 35 26 29
52 52 52 52|51 51 51 51 51|51 51 51 51 43 43 43 43|34 34 34 34 34|44 44 44 44

Epoxy reinforcement Epoxy reinforcement

Figure D.10: VHES miniature slabs - 14 and 28 day surface resistivity measurements
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56 day ” 90 day
27 27 27 27|24 24 24 24 24|31 31 31 31 27 27 27 27|23 23 23 23 23|23 23 23 23
17 17 17 16
LN\ 14 14 14 14 14 17/ ||\ 14 14 14 14 14 16/ |
25 151\ 4 \] 2] 14| 115 25| 23 151\l 22 \| 2] 1] 15 2
25 w17\ 143 14 117 25|| 23 | 17|\ [ 12[3¢] 14 ] 16| 2] 2
25|15 15)14) 15[ 14 133 14| 1414514 14| 25]| 23[15 15} 14)15[13 13 13]1341313 13|22
25 18 14 14 18 25([ 23 16| " 143 12 17 2
| 25 ':6 { 12 \> \:g | 25| 23] f4 { 12 \> \ﬁ' | 22
18 16 16 16 16 16 18 16 16 16 16 16 16 17
18 18 16 17
26 26 26 26|24 24 24 24 24|25 25 25 25 25 25 25 2523 23 23 23 23|25 25 25 25
No reinforcement No reinforcement
27 27 27 27|23 23 23 23 23|26 26 26 26 25 25 25 25/19 19 19 19 19|26 26 26 26
16 16 16 15
L N\U16 12 12 12 12 12 16 7 ||\ 16 19 19 19 19 19 15 /|
22 13[\J 120 \\J9:6] 99| 113 24| 22 14[\J2:6 \\|9:2| 98] 112 20
2 W 16 \\J10[26l9:8 ] 16| 2| 22 N 16 \Jo6[g] 98 " 15|94 20
22|13 13!12! 13]9.8 9.9[>g§ 9.8] 131111 13 13| 24| 22| 13 13!12!13 9.8 9.6]& 9.8 12! 11112 12]20
2 21 16| ~79.9]>8] 10 17 g 24([ 22 2 16] 0.8l 0.6\ 15 B3 20
| 2] 13 é/ 9.6 \> 13 | 24][ 22, 14 é/ 9.2 \} 12 | 20]
16 2 12 12 12 12 17 16 2 12 12 12 12 15
16 17 16 15
23 23 23 23[20 20 20 20 20|24 24 24 24 22 22 22 2219 19 19 19 19|23 23 23 23
Standard reinforcement Standard reinforcement
28 28 28 28|23 23 23 23 23|28 28 28 28 26 26 26 26|24 24 24 24 24|25 25 25 25
17 17 19 18
LN\ 18 18 18 18 18 17 /7 ||\ W 18 18 18 18 18 18/ |
23 15[\ 22 \J 3] 22| 115 26| 24 16[\J 122 \] 2| 22| 115 26
23 | 722 172 26|| 22 Nae] 10| \J12[g] 121 18| 2] 26
23|14 141 131 14] 12 3] 123 12| 141 131 14 14| 26|| 24 13 13) 131 13] 12 Mg 12 12| 141 13) 14 14| 26
23 4] 20 12 12 19 M3 26(] 24 20 12 12 19 8 26
| 23] 16 {/ 13 \> 16 [ 26| 24, 17 é/ 1 \> 16 | 26
20 15 15 15 15 15 19 20 15 15 15 15 15 19
20 19 20 19
27 27 27 27|22 22 22 22 22|31 31 31 31 28 28 28 28|22 22 22 22 22|28 28 28 28

Epoxy reinforcement

Epoxy reinforcement

Figure D.11: VHES miniature slabs data - 56 and 90 day surface resistivity measurements
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4 hour ” 1day

33 30 86 85
IRNEE! 36 36 36 36 36 30 7 1L\ 86 97 97 97 97 97 8 /|
33 29 Nl 22|~ 28 27([107 79[\l 70 \J 8] 168|170 115
33 2w\, M =2 27||107 R 85\ 70| 68 ] 85| 7] 115
33| 28 28] 26) 28] 24 242 24| 25125125 25| 27||107[ 71 71} 7217168 69 68| 731 72 73 73115
33 EVd ANEA S 27(|107 | 78]~ es]eg] 70 ] 84 R 115
|33, 29 Nl \ 27 | 27| [107] 75| 168 _Tes 70\ 78] 115)

2 27 27 27 27 27 30 78 103 103 103 103 103 84

32 30 78 84

| | | |
No reinforcement No reinforcement
| | | |

31 36 74 83
R NE! 31 31 31 31 31 36 7 [\ 7 77 77 77 77 77 83/ |
35 27 Nz~ 31 IS 72\l 68 \] e8] e8] 7174 9%
35 alN\e Bl 36 40([ 89 | 74\ 68[)¢] 68 ] 83| 55] %

35[24 241241 24] 25 242 25] 29127129 29] 40|| 89| 74 74172174 6o 74| 761 711 76 76| 96

74

35 30|,/ N 33 % 40| 89 82] " e8]%¢] 68 "\ 80 6§ 9%

35 27 AT\ 29 40| 89 76| /168 e8| \[68 73’\ | 96|
80

30 28 28 28 28 28 33 82 82 82 82 82 82
30 33 82 80

Standard reinforcement Standard reinforcement

30 29 72 81

LN\ 20 20 20 20 20 2 /7 ||\ 64 64 64 64 64 81 /|
28 25 N\ 20~ 31|| 76 64[\J57 \J 60| " 60] 1 68 89

/

24
28 230N\ M A2 31| 76 52] 72\ 57[%¢] 60 ] 81|55 89
28|25 251 22 25| 20 3ad] 20 20 27 23127 27| 31|| 76| 62 621 591 62| 60 %] 59 60| 671 611 67 67| 89
28 2/ N 27 3 31|| 76 57 80], 7 eo[%q] 57 \] 79 % 89

N
N

28 2 N\ 31| 76 60 e[ \57]\] 67 [ 89
23 23 23 23 23 27 80 71 71 71 71 71 79

29 27 79
I

N
[(s)
o]
o\
()]
[¢}e]

Epoxy reinforcement Epoxy reinforcement

Figure D.12: VHES-LMC miniature slabs - 4 hour and 1 day surface resistivity measurements
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3 day

7 day

148
148
148
148
148

144 144 144 144| 132 132 132 132 132| 150 150 150 150

I

126 108 123
126 97 97 97 97 97 L \08 9% 9% 96 96 96 123 /|
10\ 88 \] 88] 87 152|170 1001 \| 85 \J 0] 87| 107 164
v | 126\ 88 [3¢] 87 ] 152|170 v | 108\ 85 ¢ 87 _]123] 51 164
100 100; 97100] 94 89N 94 152|170 90 90, 91 90 87 87 879693 96 96164
126] " 87[4] 88 152|170 87 ¢ &5 \J119 164
110 g/ 88\> 152{|170 8/7/ 90 \> \19:5‘ 164

126 125 125 125 125 125 100 100 100 100 100 119
126 119

141 141 141 141| 129 129 129 129 129| 146 146 146 146

No reinforcement

No reinforcement

[129]
125
125
125
125}

152 152 152 152| 156 156 156 156 156| 195 195 195 195

126
109 109 109 109 109 | 109 109 109 109 109 126 /|
92\ 87| 8 128|144 88 \J 92| 95| 113 152
Yag| 108\ [92[3¢] 89 128|144 Yas| 122\ J88[9¢] 95 ] 126| 29 152
104 104!1021104] 96 “96] 91 [ 96 128]|144[102 10211031102 95 e8] 92 [ 9510611021106 10615
102] " 89 [{] 22 128| (124 111] " 95 ] 88 \J115 99 152
101 g/ 87 \> 128)[ 144 108 é/ 92 \> 107 157
102 110 110 110 110 110 111 119 119 119 119 119 115
102 111 115

159 159 159 159| 162 162 162 162 162| 188 188 188 183

Standard reinforcement

Standard reinforcement

|
101 121] 107 115
L \lo1 78 78 78 78 78 121 7 || \107 83 83 83 83 83 115
115 91\J 83\ 88| 79| 199 122|136 96|\ 84 \] 81 " 89| 19
115 8y 101\ [ 83[%¢] 79 121| 7 122||136 8] 107\ 84 89 11547
115( 95 95 88 95 | 83 8] 83 [ 83| 1061 92106 106|122| 136 99 99 931 99 86 8] 85 e 861111 94111 111
115 2111 79 83 110 122|136 116 89 84 /116
115 9% é/ 88 \> 94 122][136 101 g/ 81 \> 97]
111 98 98 98 98 98 110 116 105 105 105 105 105 116
111 110 116 116

144 144 144 144| 93 93 93 93 93 |153 153 153 153

153

153
153
153
153

179 179 179 179|147 147 147 147 147|145 145 145 145

Epoxy reinforcement

Epoxy reinforcement

Figure D.13: VHES-LMC miniature slabs - 3 and 7 day surface resistivity measurements
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14 day |l 28 day
102 102 102 102{ 97 97 97 97 97]111 111 111 111 65 65 65 65|63 63 63 63 63|77 77 77 77
86 90 53 52
RN 76 76 76 76 76 o /7 ||\ 53 47 47 47 47 47 52 /|
119 79[\ 72 \J6o] 72| 1 22 113)] 72 48[\J 45 \J 43| 46| 48 74
119 R| 85|\ 71 6] 71 1 20 13| 72 ug| 53|\ [ 45| 46 1 52|49 74
119( 77 77,75, 77[ 78 72| 78| 751 75175 _75|113|| 72{ 46 46 45) 46| 47 WL 45U 47| 461 45) 46 46| 74
119 8o 171 ] 71 "\ 90 113[ 72 57| 7" 46%&] 45 ] 55 74
119 go {/ 69 \> \g 113)| 72, 50 é/ 43 \>5 \:j | 74]
89 83 83 83 83 83 90 57 48 43 48 48 48 55
89 90 57 55
123 123 123 123[100 100 100 100 100]108 108 108 108 71 71 71 71|66 66 66 66 66|71 71 71 71
No reinforcement No reinforcement
97 97 97 97/96 9% 96 96 96129 129 129 129 78 78 78 78|63 63 63 63 63|94 94 94 94
82 90 48 57
LN\ U® 74 74 74 74 74 o 7 |\ 45 45 45 45 45 57,/ |
97 75\ 67\ 65| 64| ] 78 100|| 62 a5\ 44 \]40] 41| 48 62
97 %8| 82| \\[67[%¢] 64 1 0 100|| 61 w48\ 4[] 41 57|24 62
97| 79 79!14!79 65 65 % 65| s0! 73180 s0]100|| 61 46 46!34!46 22 ] 21 2 51145151 51|62
97 77 64 67 83 Neg 100| | 61 41] 28 41 a4 51 39 62
| 97] 73 é/ 65 \> 75 100]| 61 i {/ 4o\> 45| | 62
77 78 78 78 78 78 83 48 46 46 46 46 46 51
77 83 48 51
101 101 101 101{103 103 103 103 103119 119 119 119 69 69 69 69|63 63 63 63 63|67 67 67 67
Standard reinforcement Standard reinforcement
91 91 91 91|72 72 72 72 72|99 99 99 99 58 58 58 58|56 56 56 56 56| 63 63 63 63
81 83 41 49
L N\8t 55 55 55 55 55 8 /7 || \.4 33 33 33 33 33 4 /|
98 69\ 60 \J 60] " 59] ] 68 84|| 56 37\U35 \J36] " 35| 1 40 52
98 5z] 81|\ 60| 59 ] 83| 5 84|l s6 3] 41\ 35[%¢] 35 1 49|21 52
98| 71 71 641 71| 58 3a&] SO 58| 75164175 75| 84| 56| 43 43381 43| 36 2a6] 363 36 451 38) 45 45| 52
98 7] 85 59 60 77 53 84|] 56 2| 47 35 35 46 30 52
| o8] 7 g/ 60\> 65 EE] 40 é/ 36 \> 38| [ 52]
85 72 72 72 72 72 77 47 35 35 35 35 35 46
85 77 47 46
122 122 122 122 97 97 97 97 97|115 115 115 115 64 64 64 64|51 51 51 51 51|60 60 60 60

Epoxy reinforcement

Figure D.14: VHES-LMC miniature slabs - 14 and 28 day surface resistivity measurements
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56 day | I 90 day

50 50 50 50|48 48 48 48 48|53 53 53 53 49 49 49 49|49 49 49 49 49|54 54 54 54

39 39 39 38

39 43 43 43 43 43 39 /7 L\ 32 32 32 32 32 8/ |
35[\J 20"\ 31] 130|135 56| 50 35[\J30 \J31] 32| 135 51
N30 30

3] 39 (] 30_"139|2 56| 50 30| 30|\ [30[%¢(] 32 1 38| 27 51
32 32,31 32|31 31 313213132 32| 56||50{34 3413234[32 3113 32[331 3233 3351
37] ~T30[3¢] 30 "\ 32 56| s0 a1] 7 32330 "\ 40 51
34 g/ 31 \} \33}1 56| 50| 36 3/2/ 31 \> \i‘ | 51
37 34 34 34 34 34 38 41 34 34 34 34 34 40
37 38 41 40
52 52 52 52|49 49 49 49 49|55 55 55 55 55 55 55 55|52 52 52 52 52|60 60 60 60
No reinforcement No reinforcement
61 61 61 6153 53 53 53 53|72 72 72 72 66 66 66 66|56 56 56 56 56|75 75 75 75
43 43 a2 43
43 44 44 44 44 44 s/ ||\ 39 39 39 39 39 a3/ |
39[\U33 \|31] 32| 36 53| 53 38[\32 \31] 32] 137 53
3q] 43| \\J33[(] 32 ] 43 53| s3 3q] 42| \3a(] 32 ] 43| 2] 53
35 35135135]|32 32[%¢ 32| 37133137 37| 53|/ 5338 38136138[33%af] 33 33| 39135139 39|53
40 32 33 40 D9 53| 53 a4 32 34 433 53
37 g/ 31 \> 35 53| 53, 39 é/ 31 \> 37 53]
40 37 37 37 37 37 40 44 38 38 38 33 38 43
40 40 44 43
58 58 58 58|55 55 55 55 55|54 54 54 54 61 61 61 61|57 57 57 57 57|60 60 60 60
Standard reinforcement Standard reinforcement
54 54 54 54|53 53 53 53 53|58 58 58 58 56 56 56 56|46 46 46 46 46|60 60 60 60
39 a4 34 42
R NES 32 32 32 32 32 “ /7 ||\ 34 30 30 30 30 30 2/ |
48 331\J 272 \J 9] " 29] 134 48[ 47 30\ 272 \J30] " 29| 134 52
48 2z 39 \J27 ] 29 1 44 48| 47 [2q] 34|\ 27[3¢] 29 ] 42|26 52
48|35 35311 35| 28 %ad] 28> 28[ 351301 35 35[48([ 47|33 33)30) 33| 28 Yad] 28> 28351 30) 35 35[ 52
48 27] 40 29 27 40 N 48| 47 37 29 27 37 N2 52
| 48] 33 g/ 29 \> 32 48[ 47] 31 g/ 30 \> 31] | 52
40 31 31 31 31 31 40 37 31 31 31 31 31 37
40 40 37 37
56 56 56 56|46 46 46 46 46|55 55 55 55 56 56 56 56|45 45 45 45 45|57 57 57 57

Epoxy reinforcement Epoxy reinforcement

Figure D.15: VHES-LMC miniature slabs - 56 and 90 day surface resistivity measurements
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Edge Horizontal Orientation
Average
distance (in.)| 1 2 3 4 | 5 6 7 8| 9
10 15 | 16 | 17 | 18 | 17 | 15 | 18 | 20 | 18 17.1
9 16 | 17 | 18 [ 17 | 15 | 16 | 16 | 18 | 17 16.5
8 16 | 17 | 18 | 18 | 18 | 16 | 15 | 16 | 19 17.0
7 17 | 18 [ 18 | 18 | 18 | 19 | 21 | 17 | 20 18.2
6 18 | 19 (17 | 18 | 19| 19| 18 | 21 | 21 18.8
5 19 |18 (19 (17| 17 | 18 [ 19 | 18 | 18 18.1
4 20|21 |18 | 19| 21| 17 | 18 | 19 | 24 19.6
3 19121 (19| 20| 19| 23 [ 20 | 21 | 23 20.6
2 21 (21| 22 | 24 | 23 (22 |24 | 24 | 25 22.8
1 24 | 26 | 23 | 26 | 28 | 30 | 31 | 30 | 30 27.6
Edge Diagonal Orientation Average
distance (in.)| 1 2 3 4 | 5 6 7 8 | 9
10 18 | 18 [ 19 | 18 | 18 | 16 | 17 | 18 | 19 17.9
9 17 | 19|17 | 18 | 16 | 16 | 16 | 18 | 17 17.0
8 18 | 18 [ 16 | 18 | 18 | 16 | 19 | 17 | 20 17.8
7 18 | 18 [ 17 | 19 | 16 | 19 | 16 | 18 | 18 17.6
6 18| 18 ( 18 ([ 19 | 17 | 19 | 18 | 18 | 14 17.8
5 19 |17 (19| 17 | 16 | 16 | 17 | 17 | 15 17.0
4 18|19 (19| 19 | 18 | 17 | 20 [ 16 | 19 18.2
3 18 | 18 [ 18 | 18 | 19 | 20 | 18 | 17 | 20 18.4
2 20 | 21 | 22 |18 | 19| 21 | 21| 20 | 22 20.4
1 20| 21| 21|21 (21|24 |23 | 23| 25 22.2
Edge Vertical Orientation
Average
distance (in.)| 1 2 3 4 | 5 6 7 8| 9
10 17 | 18 | 17 | 18 | 17 | 17 [ 19 | 19 | 19 17.8
9 18 | 18 | 17 | 17 | 19 | 17 | 15 | 19 | 18 17.6
8 17 | 18 [ 16 | 17 | 17 | 16 | 20 | 17 | 16 17.0
7 17 | 18 [ 16 | 17 | 16 | 16 | 18 | 18 | 16 16.8
6 17 | 19| 18 | 18 | 19 | 16 | 16 | 18 | 17 17.4
5 18 | 18 ( 17 [ 15| 18 | 17 | 20 | 16 | 17 17.3
4 18| 19 (16| 17 | 16 | 17 | 17 | 18 | 18 17.2
3 19 |20 (17 | 19 | 21 | 17 | 18 | 20 | 18 18.6
2 19 | 19 (19 | 16 | 21 | 17 | 21 | 19 | 17 18.6
1 19 |22 (21| 20| 18| 20| 23 | 21| 22 20.5

Figure D.16: Edge effects on surface resistivity measurements in each orientation
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Diagonal Row Average

Rebar No Rebar . No vert.

All points

Reading#/ 1 (2|3 |4(5|6|7|8|9|10(11|12|13 rebar
1 3.6/ 3| 3 |3.6/3.5[3.5(3.7(3.6/3.6/3.6/3.6/3.2|3.7 3.48 3.49
2 3.1/13.1|3.6| 3 |3.1(3.3(3.5(3.7(4.1|3.2|3.2|3.3|3.7 3.38 3.45
3 3.1(3.1/3.5(3.1|12.9(3.1|2.8|3.3|3.6/3.2|3.2|3.3| 4 3.25 3.30
4 3.4|3.3|3.4/3.2| 3 [3.1/3.3(3.4/3.5/3.6/3.3|3.1|3.3 3.30 3.29
5 3.4(3.2|13.6/3.8/2.9(3.1/3.3|3.3|3.4|3.8| 3 |3.1/34 3.33 3.26
6 3 |3.2|/3.4|3.3|3.6/3.5|3.4/2.9(3.4{2.9(3.2|3.3|3.7 3.29 3.38
7 3.3(3.4|3.1|3.6/3.3(3.3|3.1/2.7|3.3| 3 | 3 |3.2/3.9 3.25 3.28
8 3.4|3.1|3.4/3.6/3.3(3.4(3.1/3.3|3.6/3.3|3.1| 3 |3.6 3.33 3.31
9 3.313.1|13.2|2.9|3.4|3.7|3.7|3.9|3.1|3.4|3.2| 2.9| 3.7 3.35 3.31
10 3.1/13.1|3.2|2.9(3.4{2.9/3.6(/3.4/3.3|3.4| 3 |3.3|34 3.23 3.29
11 3.2(3.4|13.412.7|3.1|3.1|3.3|3.7| 3 [3.5/3.2/3.3|3.3 3.25 3.23
12 3.3|13.6/3.2|3.2|3.3| 3 [3.7(3.7/3.1|3.2|3.5|3.1|3.4 3.33 3.33
13 3.6/3.7|3.6/3.2|3.5(3.4(3.7(3.9/ 3.4/ 3.5|3.1|3.3| 3.6 3.50 3.48
3.327 3.337

Figure D.17: Control mockup — diagonal orientation 7 day surface

resistivity reading

Horizontal Row Average

Rebar No Rebar . No vert.

All points

Reading#/ 1 (2|3 |4(5|6|7|8|9|10(11|12|13 rebar
1 3.3(3.3|13.5|3.7|3.3(3.3/2.9|3.1|3.5|3.6/3.4|3.2| 3.7 3.37 3.35
2 3.2(3.3(3.3|3.5/3.1(3.2(3.3| 3 |3.5(3.3(3.5| 3 |3.7 3.30 3.33
3 3.4(3.1|13.4|/3.6/3.1/2.9/3.4|3.6/3.4|3.3|3.3|2.9|3.7 3.32 3.33
4 3.6/3.2| 3 [3.2] 3 |3.2/3.3(/3.6(/3.3/3.3|3.3|/3.6/3.6 3.32 3.34
5 4 |3.5|3.8/3.7/3.2(3.3|3.4(3.6/3.3(3.3| 3 [3.1|3.7 3.45 3.44
6 3.7/3.6(3.3|13.2(2.8| 3 |3.4(2.8/3.3|3.1| 3 [2.9|3.6 3.21 3.25
7 3.313.1/3.4|3.1|3.3|3.6| 3 |3.1/3.2|3.1/2.9|3.3|3.7 3.24 3.26
8 3.413.3(13.3(3.7/3.1/3.1|3.4(3.9(3.7|3.6/|3.3|3.5(3.7 3.46 3.43
9 3.7(3.212.9|3.2| 3 (3.3|/3.5/3.6/3.4|3.3|]29|2.9| 4 3.30 3.29
10 3.5(3.3(3.3/2.9/3.3|3.3(3.1/3.6/3.8/3.3(3.5/3.6|4.2 3.44 3.54
11 3.5(3.4|3.4|/3.6/3.4|/3.5/3.1|3.3|3.7|3.4|3.1|3.4| 3.6 3.42 3.40
12 3.413.6/3.1{2.9(3.4/3.5|/3.4(/3.3| 3 [3.3/3.4/3.2(3.6 3.32 3.31
13 4 |13.4|3.6/3.4/3.3/3.4| 3 (3.7/3.5/3.3|3.1/2.9|3.3 3.38 3.34
3.347 3.353

Figure D.18: Control mockup — horizontal orientation 7 day surface resistivity reading
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Vertical Row Average

Rebar No Rebar . No vert.

All points

Reading#/ 1 (2|3 |4(5|6|7|8|9|10(11|12|13 rebar
1 3.6(3.5/3.4|3.7|3.6| 4 |3.6/3.3| 4 [3.6/3.5/3.2|4.1 3.62 3.63
2 3.5(3.5/3.5/3.2| 3 (3.4/3.8/3.5/3.6/3.6/3.2|3.1|3.8 3.44 3.44
3 3.4(3.312.8/3.1|3.5| 3 |3.7/3.5/3.7|3.4/3.2|3.2|3.8 3.35 3.41
4 3.1(3.5/3.5(3.4|/2.9| 3 |3.7|3.4/3.2|3.9/3.3|3.4|3.6 3.38 3.34
5 3.4(3.6/3.7/3.9/2.9(3.5/2.9(3.4|3.1(3.3|3.3|3.3|3.3 3.35 3.24
6 3.6(3.3|13.3|3.6/3.1/3.6/3.1|3.4|3.4/2.9/ 2.8/ 3.3| 3.8 3.32 3.30
7 3.3(3.5/3.3|3.7|3.3(3.3|3.9/3.3|3.4|3.7|3.2|3.6| 4 3.50 3.50
8 3.3(3.1/3.2|3.3|3.3/3.2|3.4|3.3|3.3|3.6/3.1|3.3| 3.5 3.30 3.30
9 3.313.1|3.1| 3 |3.3/3.2|/3.3|3.7|3.5|3.5/3.2|3.1|3.7 3.31 3.31
10 3.1(3.2|13.1|3.2|3.1(3.4/3.4|3.3|3.5| 3 |3.1/3.3|3.8 3.27 3.30
11 3.312.9/3.2|2.9/3.1(3.6/3.6/3.1|3.6/2.9/3.1|3.3|3.8 3.26 3.38
12 3.4(3.5/3.5/3.2|3.2(3.5/3.1|3.1|3.2|3.4|3.5|3.3| 3.4 3.33 3.33
13 4.114.1|3.5|/4.1(3.1|3.4(3.7|3.8(/3.7|3.7(3.6/|3.7( 3.4 3.68 3.60
3.394 3.389

Figure D.19: Control mockup — vertical orientation 7 day surface resistivity reading

Average Row Average

Rebar No Rebar . No vert.

All points

Reading#/ 1 (2|3 |4(5|6|7|8|9|10(11|12|13 rebar
1 3.5(3.3(3.3|3.7/3.5(3.6/3.4(3.3|3.7|3.6/3.5/3.2| 3.8 3.49 3.49
2 3.3(3.3(3.5/3.2|3.1(3.3(3.5|3.4|3.7(3.4(3.3|3.1|3.7 3.37 3.40
3 3.3(13.23.2|13.3|3.2| 3 |3.3(3.5/3.6/3.3|3.2(3.1|3.8 3.31 3.35
4 3.4(3.3(3.3/3.3| 3 {3.1/3.4/3.5|3.3|3.6/3.3(3.4|3.5 3.33 3.32
5 3.6/3.4/3.7/3.8| 3 (3.3|13.2/3.4(3.3|3.5/3.1(3.2|3.5 3.38 3.31
6 3.4/3.413.3|3.4(3.2(3.4|/3.3| 3 (3.4] 3 | 3 [3.2|3.7 3.27 3.31
7 3.3(3.313.3|3.5/3.3(3.4|3.3| 3 [3.3/3.3| 3 (3.4/3.9 3.33 3.35
8 3.413.2(13.3(3.5/3.2|3.2|3.3|/3.5(3.5|3.5/3.2|3.3(3.6 3.36 3.35
9 3.4(3.1{3.1| 3 |3.2(3.4|/3.5(3.7(/3.3|3.4|3.1| 3 |3.8 3.32 3.30
10 3.2(3.2(3.2| 3 |3.3(3.2(3.4|/3.4/3.5(3.2(3.2|3.4|3.8 3.31 3.38
11 3.313.2(3.3|13.1|3.2(3.4|3.3(3.4/3.4/3.3|3.1|3.3|3.6 3.31 3.33
12 3.413.6/3.3(3.1{3.3|3.3|13.4/3.4(3.1|3.3|13.5|3.2|3.5 3.33 3.32
13 3.9/3.7/3.6/3.6/3.3(3.4|3.5(3.8/3.5|3.5/3.3(3.3|3.4 3.52 3.47
3.356 3.360

Figure D.20: Control mockup —average of orientations 7 day surface resistivity reading
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Standard Deviation

Rebar No Rebar
Reading#/ 1 (2|3 |4 |5|6|7|8|9(10(11|12|13

1 0.2/0.3(0.3(0.1/0.2/0.4{0.4/0.3|0.3] 0 (0.1} O |0.2
0.2(0.2/0.2|10.3{0.1/0.1|/0.3(0.4/0.3|0.2(0.2|0.2|0.1
0.2/0.1{0.4(0.3|/0.3/0.1{0.5/0.2|10.2|{0.1{0.1|0.2| 0.2
0.3(0.2/0.3/0.1{0.1{0.1|0.2({0.1{0.2|0.3f O |0.3|0.2
0.3/0.2({0.1(0.1/0.2/0.2({0.3|0.2|0.2{0.3({0.2|0.1]| 0.2
0.4(0.2/0.1/0.2{0.4/0.3|0.2(0.3/0.1/0.1/0.2|0.2| 0.1
0 |0.2/0.2({0.3f 0 |0.2/0.5/0.3(0.1/0.4|0.2(0.2(0.2
0.1/0.1/0.1/0.2({0.1/0.2|10.2(0.3|0.2|0.2(0.1|0.3| 0.1
0.2/0.1{0.2(0.2|10.2/0.3({0.2(0.2|0.2{0.1{0.2|0.1]| 0.2
0.2(0.1/0.1/0.2(0.2/0.3|0.3(0.2/0.3|0.2({0.3|0.2| 0.4
0.2/0.3(0.1{0.5|0.2/0.3(0.3|/0.3|10.4/0.3{0.1/0.1| 0.3
0.1/0.1{0.2|0.2{0.1/0.3|0.3(0.3|0.1/0.1{0.1|0.1| 0.1
13 0.3/0.4{0.1/0.5/0.2) 0 ({0.4/0.1|/0.2{0.2({0.3|0.4| 0.2
Figure D.21: Control mockup — standard deviation of 7 day surface resistivity readings
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2.9 3.0 3.3 3.3 3.5 4.0 3.5
2.8 3.0 2.9 3.1 3.0 3.3 3.4
2.0 2.6 2.6 2.8 2.9 3.1 3.2
1.6 2.3 2.6 2.6 2.7 2.7 2.5
1.6 2.1 2.3 2.3 2.3 2.1 2.2
1.5 1.7 1.9 2.0 1.8 1.5 1.8
1.2 1.0 1.2 13 1.4 1.2 13

Figure D.22: LMC mockup overlay thickness measurements
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Figure D.23: LMC mockup void locations
Diagonal Row Average
Rebar No Rebar All |Novert| Novert
1/2|3(4|(5(6|7|8|9|10|11|12|13| Points| bar |bar/void
1|6.5/6.6/6.7/6.6/6.3/6.1/6.4/5.7|6.2|5.6/5.8/6.2|6.3|| 6.231 | 6.300 | 6.286
2 |6.7/5.9/5.9/5.8/5.8/5.4/5.7|6.6/ 5.6/ 5.8/ 5.6 5.7|5.3|| 5.831 | 5.788 | 5.788
3 |6.6/6.5/5.6/5.9/5.6/5.5/5.3| 5 |5.8/5.7/5.8/5.6/6.4|| 5792 | 5.838 | 5.838
4 |5.6|5.4/5.5/5.7/6.3|5.7(5.7|5.7(5.3|5.9/5.7|5.9| 6 || 5.723 | 5.750 | 5.750
5 6.2/6.1/5.9/5.7|5.5/5.9|5.7|5.4|5.2|5.3|5.7|5.7| 6 || 5.715 | 5.738 | 5.771
6 |6.3/5.7|5.6/5.3 5.8/5.5/5.5/5.4/5.3/5.1/6.1|6.6|| 5.615 | 5.675 | 5.614
7 |6.4/5.7| 6 |5.1]|5.2/5.3/5.3|5.5/5.2|5.4|5.5/5.8/6.5|| 5.608 | 5.738 | 5.817
8 |6.7| 6 [5.9|5.4|53|5.2(55|53| 5 |5.3| 5 |55|59| 5538 | 5.600 | 5.600
9 |6.8/59(5.7/5.4|5.2|5.2|5.3|5.3| 5.1/ 5.3/ 5.3| 5.7/ 5.9|| 5.548 | 5.625 | 5.625
10[6.9/5.9/5.5/5.3/5.2[5.75.6/5.1{4.8| 5 |5.3[5.5/5.6]] 5.492 | 5.550 | 5.550
11|6.7|6.1/5.3|5.4| 5 |5.2|5.3[/4.9/5.2/5.3|5.7(5.9|6.1|| 5.548 | 5.650 | 5.650
12|6.7|5.9|5.7|5.7|5.7|5.7| 6 |5.4/5.3|5.7|5.7(5.7|6.6|| 5.831 | 5.925 | 5.925
13|7.1/6.4| 6 |6.5/59/5.8/6.5/5.5/5.9(5.9| 6 [6.7|7.4|| 6.277 | 6.438 | 6.429
5.750 | 5.816 | 5.819

Figure D.24: LMC overlay mockup — surface resistivity diagonal orientation at 7 days
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Horizontal Row Average
Rebar No Rebar All |Novert| Novert
1/2|3(4|(5(6|7|8|9|10|11|12|13| Points| bar |bar/void
1|6.5| 6 [6.5/6.1/5.7|/4.9/5.8/5.9/5.8/5.6/5.3| 6 [6.1|| 5.862 | 5.963 | 5.986
2 |7.3|6.6| 6 |6.2|6.1({5.6(/5.7|5.5|5.4(5.8/5.8/5.9|6.5|| 6.031 [ 6.088 6.088
3|7 |64|6.2|59|57|56| 6 | 5(5.3/5.9(5.7|6.1|6.7|| 5962 | 6.088 | 6.088
4 |59(6.3|15.9/5.4(5.5/5.8/5.5(5.6/5.5/5.9/5.8|6.1|6.6| 5.831 | 5.850 5.850
5(6.4/6.1/6.1|5.8/5.3|5.9/5.9| 6 [5.6/5.6/5.8| 6 |6.5| 5923 | 5950 | 6.043
6 |6.3(5.8(5.9/5.5/5.8/5.6(/5.7|5.8/5.5(5.6(/5.5| 6 |7.6| 5.892 [ 6.038 6.043
7 |6.5| 6 |58|55|5.3|5.4|5.4(/5.5(5.3/5.4/5.8/5.7|6.3|| 5.685 | 5.763 | 5.850
8 |6.3(5.8/5.9|5.5/5.4(5.3(/5.4|5.4/4.9(5.3(5.3|5.5|6.2| 5.554 | 5.613 5.613
9 |7.2|/6.1|/55|5.6|5.6|/5.7{5.3|/5.4f 5 |5.3|5.4|5.5|6.3|| 5.685 | 5.725 | 5.725
10|6.9 6 [5.7|/5.6| 5 [5.4(5.7|5.4|4.8(/5.2|5.5|5.7|5.3|| 5.554 | 5.575 5.575
11| 7 | 6 |5.6|5.3|5.5/5.4|/5.3| 5 [5.1/5.6(/6.1|5.9|6.1|| 5.685 | 5.825 | 5.825
12|7.2| 6 |5.6/5.8/5.7|5.7(5.9/6.1/5.3|5.5|/5.9| 6 [6.4| 5.931 [ 6.000 6.000
13|7.1/6.2|6.5|6.1|5.8/5.7|6.3(5.9(5.4(/5.7(5.2|6.2| 7.3|| 6.108 | 6.225 | 6.214
5.823 | 5900 | 5.915

Figure D.25: LMC overlay mockup — surface resistivity horizontal orientation at 7 days

Vertical Row Average

Rebar No Rebar All |Novert| Novert
1/2|3(4|(5(6|7|8|9|10|11|12|13| Points| bar |bar/void
1|7 |65/6.8|6.5/6.4/5.1/5.3| 6 [5.9|5.8/5.4| 6 [6.4| 6.087 | 6.154 | 6.271
2 |6.6/6.3|6.1/6.1|5.9|5.5|5.7(5.4(5.7(5.5/5.7| 6 |6.5|| 5923 | 6.025 | 6.025
3 16.2(6.3|5.9(5.6/5.5(5.3|5.2(5.4|5.7(5.6| 6 [5.8/6.9| 5.800 | 5.900 | 5.900
4 [6.6/6.6/5.8/5.7| 6 |54|5.6|5.8|5.7([5.8(/6.3/5.8(6.4| 5.962 | 6.025 [ 6.025
5 16.9| 6 |5.9(5.7|5.9(5.7|5.6(/5.6|5.6(/5.6| 6 [6.3|6.5| 5.946 | 6.088 | 6.114
6 |5.4|57| 6 |59]|5.8/5.7/5.5(5.6/5.2|5.3|5.5|6.1(6.6| 5.715 | 5.763 5.714
7 |5.5/6.1/5.9|/6.2|5.7|5.6/5.5(5.4|5.4|5.5|5.4|5.7(6.3|| 5.708 | 5.675 5.717
8 16.8/5.9(5.9(/5.8/5.5|5.3/5.3(5.4|/5.3|5.3|5.4|5.7(5.8| 5.646 | 5.713 5.713
9 |6.5| 6 |5.7(5.4|5.3(5.2|5.3(5.4|5.4(/5.4|5.6(/5.8|5.9|| 5.608 | 5.688 | 5.688
10|/6.6| 6 |5.6/54| 5 |53(5.6/5.1|5.2|5.2|5.5(5.8(5.7| 5.541 | 5.625 5.625
11|6.7|/6.1|5.5(5.3| 5 |5.3|5.5(5.2|5.2|5.3|5.6(5.1|5.8(| 5.508 | 5.550 | 5.550
12|6.5| 6 |5.9|5.6/5.3|5.6(6.2(5.5/5.3|5.8| 6 |5.6(6.4| 5.823 | 5.900 5.900
13|7.4/6.4|/6.5/6.1/6.2(/6.3|6.8/6.2|6.4|6.6/6.6(6.6|7.5|| 6.585 [ 6.750 | 6.743
5.835 | 5912 | 5.922

Figure D.26: LMC overlay mockup — surface resistivity vertical orientation at 7 days
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Average Row Average
Rebar No Rebar All |Novert| Novert
1/2|3(4|(5(6|7|8|9]10|11|12|13{ Points| bar |bar/void
1|6.7/6.4/6.7(6.4/6.1|5.4|/5.8/5.9| 6 |5.7|5.5/6.1{6.3|| 6.060 [ 6.139 [ 6.181
2169|63| 6 | 6 |59|55|5.7(5.8(5.6(5.7|5.7|5.9|6.1|| 5928 | 5967 | 5.967
3 (6.6/6.4/5.9(5.8/5.6/5.5(5.5/5.1|5.6/5.7|5.8/5.8|6.7| 5.851 [ 5.942 | 5.942
4 6 (6.1/57|56|59|5.6|5.6|5.7|55[59[5.9(5.9(6.3|| 5838 | 5.875 [ 5.875
5 (6.5|6.1| 6 [5.7|5.6|5.8(5.7|5.7|5.5/5.5|5.8| 6 |[6.3|| 5862 [ 5925 [ 5.976
6| 6 |57|58|56|55|5.7|56[56[5.4(5.4|5.4|6.1|16.9|| 5741 | 5.825 | 5.790
7 [6.1/5.9/5.9(5.6/5.4|5.4(5.4|5.5|5.3|5.4|5.6|5.7|6.4|| 5.667 | 5.725 | 5.794
8 |6.6/5.9|5.9|5.6/5.4|5.3/5.4(/5.4{5.1|5.3|/5.2|5.6| 6 || 5.579 | 5.642 | 5.642
9 |6.8| 6 |56/55|5.4|5.4|5.3/5.4(5.2|5.3|/5.4|5.7| 6 || 5.614 | 5.679 | 5.679
10|6.8| 6 |5.6|5.4|5.1|/5.5/5.6(5.2{4.9|5.1|5.4|5.7|5.5|[ 5.529 | 5.583 | 5.583
11(6.8/6.1|5.5(5.3|5.2|5.3(5.4| 5 |5.2|5.4|/5.8|5.6| 6 || 5.580 [ 5.675 [ 5.675
12|6.8| 6 |5.7|5.7|5.6/5.7| 6 [5.7(5.3|5.7(5.9|5.8|6.5|| 5.862 | 5942 | 5.942
13|7.2|16.3|6.3|6.2| 6 |5.9/6.5(5.9(5.9/6.1/5.9|6.5|7.4|| 6.323 | 6.471 | 6.462
5.803 | 5.876 | 5.885
Figure D.27: LMC overlay mockup — surface resistivity average of orientations at 7 days
Standard Deviation
Rebar No Rebar
1/12|3|4|(5|(6|7|8|9|10|11|12|13
1/0.3/0.3/0.2(/0.3(/0.4/0.6/0.5/0.2|0.2|0.1|0.3|0.1|0.2
2 /0.4/0.4/0.1/0.2/0.2|0.1| 0 {0.7/0.2/0.2|0.1|0.2|0.7
310.4/0.1/0.3/0.2/0.1/0.2/0.4|/0.2({0.3/0.2(0.2(/0.3| 0.3
4 (0.5/0.6/0.2|/0.2/0.4|0.2/0.1{0.1{0.2{0.1{0.3(/0.2| 0.3
510.4{0.1/0.1/0.1/0.3|0.1/0.2{0.3/0.2(/0.2{0.2|0.3| 0.3
6 [0.5/0.1/0.2/0.3/0.6/0.1/0.1{0.2(0.2(/0.2|0.2|0.1| 0.6
7 [0.6/0.2/0.1{0.6/0.3/0.2({0.1{0.1/0.1(0.1{0.2|0.1| 0.1
8 (0.3/0.1) 0 |0.2/0.1/0.1/0.1/0.1(0.2| O |0.2(/0.1|0.2
9 (0.4/0.1/0.1/0.1/0.2|{0.3] 0 | O (0.2/0.1|0.2|0.2|0.2
10|0.2|0.1/0.1/0.2|0.1/0.2|0.1{0.2({0.2({0.1{0.1|0.2| 0.2
11|0.2|0.1/0.2/10.1/0.3/0.1{0.1{0.2{0.1{0.2({ 0.3/ 0.5/ 0.2
1210.4/0.1/0.2|0.1/0.2|0.1{0.2{0.4f O (0.2|0.2|0.2]|0.1
13(0.210.1/0.3(0.2{0.2|0.3(0.3/0.4/0.5(0.5/0.7| 0.3| 0.1

Figure D.28: LMC mockup — surface resistivity standard deviation at 7 days
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Average
Rebar No Rebar
112|345 (6 8191101112 13

7
1 [6.7]6.4 §g;4 6.1/5.4/p/5.9] 6 [5.7[5.5/6.1/6.3
2 |6.9/6.3 b % |5.9/5.5/F.1/5.8/5.6/5.7|5.7| 5.9/ 6.1
3 |6.6/6.4/5.9/5.8/5.6/5.5/5.5|5.1]5.6/5.7| 5.8/ 5.8/ 6.7
4|6 |6.1/57]5.6/%8y5.6/5.6/5.7/5.5/5.9]5.9/5.9/6.3
5 |6.5/6.1 6 |5.7/5¥5.8]5.7/5.7|5.5/5.5|5.8] 6 |6.3
6 | 6 5.7/5.8/5.6]5.5/5.7/5.6 5.6/5.45. 6.9
7 |6.15.9/5.9]5.6|5.4|5.4| 5.4 #575.3[5.4| 5.6| Me1%.4
8 |6.6/5.9/5.9/5.6/5.4/5.3]5.4]5.4/5.1|5.3| 5.2 5.6 6
9 |6.8] 6 |5.6/5.5/5.4/5.4]5.3]5.4/5.2|5.3|5.4[5.7 6
10|6.8| 6 |5.6/5.4/5.1/5.5/5.6/5.2/4.9/5.1|5.4|5.7|5.5
11]6.8/6.1/5.5/5.3/5.2/5.3]5.4] 5 |5.2|5.4]5.8|5.6| 6

[y
N

6.8| 6 |5.7|5.7|5.6|5.7 5.7|5.3|5.7(5.9|5.8|6.5
13|7.2|6.3(6.3|6.2| 6 |5.976:5]5.9/5.9(/6.1/5.9/6.5|7.4
Figure D.29: Voids superimposed on LMC mockup - 7 day average surface resistivity data

3.5 3.3 3.5 3.8 3.8 3.9 4.0
3.2 29 3.0 3.0 3.1 3.3 3.7
3.3 2.8 2.9 3.1 2.8 2.9 3.3
3.0 2.6 2.8 2.7 2.6 2.7 3.0
2.5 2.2 24 2.3 2.3 2.3 2.5
2.0 1.7 1.8 1.8 1.9 1.7 2.0
1.7 1.5 1.5 1.4 1.3 1.4 1.4

Figure D.30: VHES mockup overlay thickness measurements
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Figure D.31: VHES mockup void locations

Diagonal Row Average
Rebar No Rebar All [Novert| No vert

1/2|3(4|(5(6|7|8|9|10|11|12|13| Points| bar |bar/void
111|889 |79(83(7.9(8.7|7.8 8 (7.9/7.8| 8 8.50
2|9 |87|81|7.8/9.1|7.9 8.6
3 (8.4|8.1 7.8 7.8 8.2 9.8
4 (8.5(/8.5(8.3|8.2 7.9|7.9 8.2|18.2|8.7
5 (8.5|8.7 8.4| 8.5 8.2|/7.9/89|85| 9 |9.4
6 (9.2|/8.3|8.6/8.2|8.2/8.7|8.3| 8 8 [ 9 (9.3|19.5| 8.52 8.70 8.61
7 |19.7|/9.6/9.1| 8 |85|8.3/8.6/9.6( 9 |8.9/8.6/9.1| 10| 9.03 9.13 8.90
8 (89| 9 (8.8/8.8|8.5|8.8/8.8/85(9.5(8.7( 9 (10| 10{[ 9.05 9.23 9.23
9 (9.3(9.2(8.7|9.3|19.2|19.2|8.8/8.7|8.7| 9 | 10| 10 9.37 9.55 9.55
10|9.8/9.9|9.3|9.9/9.7|9.2|9.8(9.7(9.4(9.4| 11 | 11 9.95 | 10.15
11| 11| 10|9.7| 10| 10|9.7| 10| 10(9.1(9.9| 11| 11
12 10/9.5/9.8| 11| 10|9.3| 10(9.5| 10| 11
13 11|11|11|10(9.5 11| 10| 11

9.068 | 9.228 | 9.183

Figure D.32: VHES overlay mockup — surface resistivity diagonal orientation at 7 days
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Horizontal Row Average

Rebar No Rebar All |Novert| Novert

1/2|3|(4|(5(6|7|8|9|10|11|12|13| Points| bar |bar/void
1|9 |83|8|71(7.3|7.6(7.7|7.8/6.8/6.9/6.3|6.6(/9.2|| 7.58 7.61 7.72
2 |85(74(7 |6.5|73(7.2| 7 69| 7 (7.2 7 |7.5|8.9| 7.34 7.53 7.53
3|87(7.2| 7 |6.6|/7.1 7 |7.1| 7 |6.8(7.5|/7.4|7.6/9.2|| 7.40 7.61 7.61
4 186|7.7\75(7 |7 |67| 7 |73\7.4|7.6(7.7/7.9|9.6|| 7.62 7.84 7.84
518.2(79(6.9|8.1|8.1(7.3|(7.3|7.5|7.3(7.8(8.2|18.9| 10| 7.97 8.13 8.13
6 |86(76(73| 7 |7.1(8.1(7.6|7.3|7.2(7.7/8.4|8.7|9.8( 7.88 8.09 8.00
7 |19.4(8.2|7.4[6.5| 7 (82| 7 (82| 8 [7.3| 8 [8.8/9.6| 7.97 8.15 7.76
8| 9(78/83|84|7.9| 8 (8.2|89|7.9(83(8.4|9.2| 10 8.49 8.62 8.62
9|9 (86/82(85|85( 9 |88(8.8/8.4(9.1/8.9(9.4| 10| 8.88 8.93 8.93
10| 10| 9 (8.9/8.8/8.8(8.9/8.6/9.2|9.3(9.3(9.8| 11| 11| 9.41 9.64 9.64
11|11(9.4| 9 (89]9.4(9.2| 9 (9.1/9.2|9.7| 10| 10| 11 || 9.58 9.78 9.78
12| 11(9.5/9.1{9.3|9.7(9.5|9.2(9.5/9.1|9.4|9.5( 10| 11 || 9.68 9.84 9.84
13| 12(9.7|/9.5(9.5/9.1(8.9|9.3(9.4|8.7(9.9| 10| 10| 11 || 9.82 | 10.03 | 9.78
8.431 | 8.597 | 8.551

' Figure D.33: VHES overlay mockup — surface resistivity horizontal orientation at 7 days

Vertical Row Average

Rebar No Rebar All |Novert| Novert

1/2|3(4|(5(6|7|8|9|10|11|12|13| Points| bar |bar/void
1(9.1/83| 8 |7.3/7.8/7.5(89|7.3|7.4| 8 |7.4|7.7|8.2|| 7.92 8.06 7.98
2 |75(7.7/7.4|16.5/6.8/6.7/6.8/6.6/6.4(6.5/6.7|6.7|7.9|| 6.94 7.03 7.03
3|76(7.6/6.4/6.5/6.7(6.7|/6.8| 7 |68 7 | 7 |7.4|8.4| 7.07 7.14 7.10
4 17.2|7.6(7.2(7.3|17.3|58(7.1(7.1| 7 |6.9| 7 |7.9|8.3| 7.21 7.38 7.38
517.6(81|6.9(7.7|7.8{5.6|7.1| 7 |6.9(6.7|7.7|8.4|8.7| 7.40 7.64 7.61
6 |8.4(81(7.7|7.8/7.8/7.4/6.4|7.7|6.9(8.1(7.8| 9 |9.1| 7.86 7.89 7.73
7 179(7.8|81(7.1|17.6(7.6|/7.5(7.2| 7 | 6 |8.2{9.3|19.4| 7.75 8.13 7.86
8 182 8 17.9|8.2/82) 8 | 8 [7.8/7.9|18.6/8.4(8.7/9.2|| 8.24 8.31 8.31
9 |85(8.6|8.4(8.5/8.8(83| 8 [7.7| 8 [7.8/9.1/9.7|9.4| 8.53 8.74 8.74
10|19.4(8.7|8.1|8.3|8.7|8.5(8.6(/8.5|8.118.9/9.4(/9.8( 10| 8.85 9.03 9.03
11| 9 (9.4|89(8.7|9.3(8.4|/9.1(8.7|8.2{9.5/9.9(/9.8| 11 || 9.22 9.39 9.39
1219.7(9.3(8.4|8.7|9.2(8.5(9.1|19.2|9.1({9.5(9.8| 11 | 11 || 9.44 9.69 9.69
13|11 10|9.3(9.5/9.5(9.5| 10(9.4|89( 10| 11| 11| 12 (| 10.06 | 10.26 | 10.08
8.191 | 8.360 | 8.302

Figure D.34: VHES overlay mockup — surface resistivity vertical orientation at 7 days
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Average Row Average

Rebar No Rebar All |Novert| Novert

1/2|3(4|(5(6|7|8|9]10|11|12|13{ Points| bar |bar/void
1|9.6(/85(83(7.4(7.8/7.7/8.4|7.6|7.2|7.6|7.2|7.4|8.5| 7.95 8.06 8.07
2 183|79(7.5/6.9|7.7\73| 7 |6.9/6.8|7.1|7.1|7.3|8.5| 7.41 7.52 7.52
3182767 |7 |71(7.1|7.2(7.1|7.1(7.2|7.5(7.5|9.1|| 7.46 7.61 7.62
4 (81(7.9|7.7\75|/73|6.4|7.2|7.4|7.4|17.4|7.6| 8 |8.9]| 7.60 7.78 7.78
518.1|82|7.1/8.1|8.1|6.5|7.4/7.6(7.4|7.8/8.1|18.8|9.4|| 7.89 8.05 8.04
6 |87 8 (79|7.7|7.7|181(7.4(7.7|7.217.9|8.4| 9 [9.5| 8.09 8.23 8.11
7|9 |85(82|7.2|7.7 8 (7.7/8.3| 8 |7.4/8.3(9.1/9.8| 8.25 8.47 8.17
8 18.7/83(8.3|8.5/8.2/18.3(8.3(8.4/8.4/8.5/8.6/9.3/9.8| 8.59 8.72 8.72
9 |189(8.8/8.4/8.8/8.8(8.8/8.5(8.4/8.4(8.6/9.5/9.7| 10| 8.92 9.07 9.07
10|9.8/9.2|18.8| 9 |9.1/89| 9 (9.1({8.9/9.2(9.9| 10| 11| 9.40 9.60 9.60
11| 10(9.6/9.2(9.2|9.6/9.1|9.4(/9.3|8.8/9.7| 10| 10| 11 || 9.66 9.83 9.83
12| 11|9.7| 9 |9.3|9.8/9.4|/9.2(9.6(9.2(9.7( 10| 11| 11| 9.83 | 10.02 | 10.02
13| 12| 10|9.8|9.9/9.6/9.3| 10(9.9(9.3| 10| 11| 11| 12| 10.28 | 10.52 | 10.27

8.564 | 8.728 | 8.679
Figure D.35: VHES overlay mockup — surface resistivity average of orientations at 7 days

Standard Deviation

Rebar No Rebar
1|12(3|4|5(6|7|8(9|10|11(12]|13
110.3/0.6(/0.4|0.5/0.2(0.6/0.3|0.4(0.6/0.8/0.7(0.6
0.8/0.7(0.6/0.8/1.2/0.6/0.2/0.3(0.3| 0.6/ 0.5(0.5]| 0.5
0.6/0.5(0.6/0.7/0.5(0.5/0.5/0.2/0.5/0.3|0.6/0.1]| 0.7
0.8/0.5(0.6/0.6/0.3/0.5/0.3/0.4{0.5/0.4|0.6/0.2|0.7
0.5/0.4({0.4|0.4/0.4/0.9/0.3|/0.6(0.5/1.1|0.4{0.3|0.7
0.4/0.4(0.7|0.6/0.6/0.7| 1 [0.4]/0.3|0.2(/0.6/0.3|0.4
1 10.9/0.9(0.8{0.8/0.4({0.8]1.2] 1 [1.5/0.3|0.3(0.5
0.4/0.6(0.5/0.3/0.3/0.5/0.4/0.6/0.9/0.2|0.3(0.7|0.6
0.4/0.3({0.3|10.5/0.4/0.5|0.5/0.6(0.4|0.7|0.8[0.3] 1
0.4/0.6(0.6/0.8/0.6/0.4|0.7|0.6/0.7]0.3|0.6( 0.5
0.9/0.3(0.4|0.7/0.4/0.7|0.6/0.7(0.6/0.2|0.3(0.4| 0.7
1.1/0.5/0.6(0.6/0.7|0.8{0.1{0.5|/0.2(0.4]|0.7|0.4{ 0.2
13(0.7/0.5|0.6(0.6/0.6/0.3({1.3|0.9/0.9(/0.4]|0.5|0.6( 0.5

O |IN|([OON|H([WIN |-

[
o

=
=

=
N

Figure D.36: VHES mockup — surface resistivity standard deviation at 7 days
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Average
Rebar No Rebar

1[2]3]a]s 6‘%8 910[11]12]13
9.6/8.5|0\7.4| 7.8 7.7%%%/7.6| 7.2| 7.6/ 7.2| 7.4 8.5
8.3/7.9| M6.9/7.7|73| Y |6.9]6.8] 7.1 8.5
82|76| 7| 7 |71|7.1]7.2|7.1]7.1]7.2 %Q&l
8.1/7.9/7.7|7.5 4|7.2|7.4|7.4|7.4/7.6| 8¥8.9
8.1/8.2(7.1|8.1|9\6.5|7.4| 7.6/ 7.4/ 7.8/ 8.1|8.8] 9.4
8.7| 8 [7.97.7]7.7|8.1] 7.4 7.7 7.9| s

9 |85/8.2/7.2]7.7| 8 |7.7]s. 4 8.3\:5!.1 9.8
8.7/8.3/8.3/8.5/8.2|83|83|8.4|8.4[85[8.6/9.3/9.8
8.9/8.8/8.4/8.8/8.8/88|85|8.4|84[8.6/9.5/9.7| 10

9.8(9.2(8.8| 9 {9.1|8.9| 9 |9.1/8.9(9.2/9.9| 10| 11
10(9.6(/9.2(9.2|9.6/9.1|9.4|9.3|8.8(9.7| 10| 10| 11

7| 9 |9.3/9.8/9.4 9.21.6 9.2|19.7/ 10| 11| 11

VIR IN|O(N|AR|WIN |-

[y
o

=
=

=
N

13| 12/10(9.8/9.9/9.6/9.3 9/9.3/10| 11| 11|12
Figure D.37: Voids superimposed on VHES mockup - 7 day average surface resistivity data

3.4 3.6 4.0 3.6 4.0 4.2 3.8
3.3 3.1 3.2 3.2 3.1 3.3 3.8
2.8 2.8 2.9 2.9 2.9 2.8 3.3
2.4 2.4 2.6 2.7 2.6 2.7 2.5
2.3 2.4 2.4 2.5 2.4 2.5 2.3
1.8 1.9 2.0 2.0 2.0 1.9 1.8
1.4 1.5 1.8 1.4 13 1.4 1.4

Figure D.38: VHES-LMC mockup overlay thickness measurements
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1 1
2 2
3 3
4 4
5 5
6 6
7 s 7
8 8
9 .9
10 10
11 11
12 [ 12
13 *'r - LMC 13
1 2 3 4 5 7 8 9 10 11 12 13
Figure D.39: VHES-LMC mockup void locations
Diagonal Row Average
Rebar No Rebar All  [No vert| No vert
1/2|3|(4(5(6|7|8|9|10|11|12|13| Points| bar |bar/void
1)16|12(12)| 13 12 | 12
2 |13 12
3(13]12 12| 12 13
4 |113|13(13 12
5(13|14| 13| 12 13
6 1314|113 |13(12(12|13|12|12|12|12| 12 12.446 | 12.363 | 12.533
7 (13|113|14(12|12|12(12|13|13(13|13| 13| 13| 12.823 | 12.800( 12.829
8115|113 (14(13(12|14|13|14|14|14|13| 14| 14| 13.731 | 13.800 | 13.800
91|16(14|14|14 (14| 14| 13(14| 15|14 (14| 16| 16 || 14.300 | 14.575 | 14.575
10 15|15|13|14|13(13| 15| 15| 16| 15| 15 14.885
11(16| 15| 16| 16| 15| 15| 14| 15| 15| 16| 16
12| 16 16 16
13 16

13.555 | 13.654 | 13.632
Figure D.40: VHES-LMC overlay mockup — surface resistivity diagonal orientation at 7 days
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Horizontal Row Average

No Rebar All |Novert| Novert
1/2|3(4|(5(6|7|8|9|10|11|12|13| Points| bar |bar/void
13113|12|11|11|9.6/10(9.6(/ 10| 10|9.6| 10| 12 || 10.838 | 11.013 | 11.050
12111|11|9.2| 9 (9.4/8.9(8.7/9.8/9.7|9.5| 10| 13 || 10.115 | 10.413 | 10.413
13112|10|9.8{ 10| 11{9.1(8.6/ 9 |9.7| 10| 11| 12 || 10.269 | 10.413 | 10.471
14113|12|12|10(9.1/8.9(9.5/ 10| 10| 11| 11| 13| 10.933 | 11.125| 11.125
12(13(13|12(11|12(11|12(11|12(11|10| 13| 11.631| 11.588 | 11.660
141141121212 |11|11 (12| 11| 12| 12| 11|12} 11.962 | 11.925| 12.050
13|113|13|12| 13| 12|12 (13| 12| 14| 12| 12| 13| 12.477 | 12.400 | 12.443
15|14|113|13|12( 13| 12| 13| 13| 14| 13| 13| 14| 13.169 | 13.163 | 13.163
15|15|14|12|13(13|11| 14| 14| 14| 13| 14| 15| 13.700 | 13.700 | 13.700
16|15|14|14|13(13|13|15(14| 15| 14| 15| 17 || 14.469 | 14.550 | 14.550
17|116|15|15|15(15(14|15(15| 16| 15| 18| 20 || 15.738 | 16.000 | 16.000
18|16|16|16|17|17|17| 16| 16| 16| 15| 17| 18| 16.377 | 16.688 | 16.688
19|18 |16|16| 16| 16| 18| 20| 17| 16| 16| 18| 17| 17.200 | 17.113 | 16.733
12,991 | 13.084 | 13.080
Figure D.41: VHES-LMC overlay mockup — surface resistivity horizontal orientation at 7 days

O IVIN(O|V|BH|W|IN (=

[y
o

[y
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Vertical Row Average

No Rebar All  |Novert| No vert
1/2|3(4(5(6|7|8|9|10|11|12|13| Points| bar |bar/void
13|12(11|11(11|12(11}9.5/11|10| 11|12 12| 11.069 | 11.388 | 11.500
13(10|11|9.3/9.4/9.7|9.7|9.8/9.4| 9 | 11| 10| 11 || 10.162 | 10.513 | 10.513
13]11(9.8/9.3/9.8/9.8(9.6| 11| 9 |9.6| 10|9.5| 11 || 10.133 | 10.229 | 10.290
13(12|11|11(9.5/10|9.8/9.8(/11|10| 10| 10| 12| 10.685 | 10.700 | 10.700
12(13(12|12(11|12(11|12(11|11|(10| 12|12} 11.277 | 11.088 | 11.080
13(13(13|12|12|12(11|12|12|11|11|11|10| 11.738 | 11.650 | 11.950
13|13(12|13(11|12(12|12(11|13|12| 11|12} 12.192| 11.838| 11.914
14112 |13(13(12|13|12|13(13(14| 13| 13| 14| 12.846| 12.763 | 12.763
15|13 (13|12 13|13(12|15(13| 13| 13|13 14| 13.123| 13.138 | 13.138
16| 15|14 (13(13|13|13|15(14(15| 14| 15| 16| 14.269 | 14.338 | 14.338
16|15(15| 15|14 |14 (15|14 (15| 15| 15| 16| 18| 15.138 | 15.400 | 15.400
1616|1617 |16(16|15|17(16| 15| 16| 18| 19 || 16.323 | 16.400 | 16.400
16|17 (16|17 | 16| 16| 16| 18| 16| 17| 17| 17| 17| 16.800 | 16.563 | 16.650
12.750 | 12.770| 12.818
Figure D.42: VHES-LMC overlay mockup — surface resistivity vertical orientation at 7 days
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Average Row Average

Rebar No Rebar . No vert | Novert

All Points
1(2|3|4|5(6|7|8|9(10(11|12|13 bar bar/void
1|14(12|12|12(11|11|11(9.6|11|11(10| 11|12 11.262 11.454 | 11.500
2113(11)|11|9.6/9.3/9.8/9.3/19.4/9.7(9.8| 11| 10| 12 || 10.346 10.638 | 10.638
3113(12|9.8/9.9|11(11|9.8/9.7/9.3|10| 10| 11| 12 || 10.542 10.618 | 10.620
4 13|12|12(12|10|10|10|9.6| 11| 10| 11| 11| 12| 11.029 11.171 | 11.171
5(12(13|12(12|21|11(12|21|211|12|{11|11| 13| 11.614 11.533 | 11.553
6(14(13|13|12|12(12|12|12|12(12|11|12| 11| 12.049 11.979 | 12.178
7 (131313 |12(212|12|12(13|12|13(12| 12| 13| 12.497 12.346 | 12.395
8 |15(13(13|13|12(13(12|13|13(14|13|13| 14| 13.249 13.242 | 13.242
91(15|/14(14(13|13(13(12|14|14(14|13| 14| 15| 13.708 13.804 | 13.804
10|16(15|14|14|13(13|13|15|14(15| 14| 15|17 14.541 14.671 | 14.671
11(16|15|15(15|15|15|14|15|15|15(15| 17| 19| 15.567 15.854 | 15.854
12117(16|16|17|17(17|17| 16| 16| 16| 16| 17| 19| 16.644 16.779 | 16.779
13|18(18|16|17|16(17|18|19|17 (17| 17| 18| 17| 17.236 17.108 | 16.894
13.099 13.169 | 13.177

Figure D.43: VHES-LMC overlay mockup — surface resistivity average of orientations at 7 days

Standard Deviation

Rebar No Rebar
112(3(4|5|6|(7|8(9(10|11(12|13
1.3(0.5(0.2(1.4|10.2|11.2|1.1/0.1|0.6(0.9(/0.6( 0.6/ 0.2
0.5(0.6/0.4]10.6(0.2(0.4|0.4(/0.6/0.2|10.8] 1 [0.5]0.9
0.2(0.9/0.3|0.7/1.2|1.2|0.8| 1 (0.6(0.7{0.3( 1 |0.7
0.4/10.8(0.8({0.1{0.7| 1 |1.2(0.2(/0.4]0.1|0.6/0.8(0.6
0.3/10.4|0.6/0.3/0.4{0.3/0.4({0.6(0.3/0.3|10.7| 0.6/ 0.9
0.4|10.7/0.5(0.6/0.2|0.6/1.1(/0.4(0.6]0.2| 0.8/ 0.6(0.8
0.3(0.2/0.8/0.8/0.8/0.3/0.1{0.2(0.7{0.1({ 0.7( 0.6/ 0.8
0.9/10.7(0.9/0.1{0.3|0.6/0.7(0.4f 1 |0.3/0.1/0.9(0.2
0.3]11.1] 1 |0.8/0.6(0.3|1.2(0.2({1.1({0.7|0.6/1.4| 0.7
0.8(0.310.4/0.6(0.3]10.2|0.2(0.5|10.4|0.8({0.5]10.2| 1
0.6/0.8/0.9/0.2|0.5{0.5(0.5(0.5{0.2({0.3|10.6| 1 |0.7
0.8/0.8(0.1(0.9/0.8|/0.5|1.3(/0.6/0.1]1.3|0.8/0.9(1.1
13|1.2|0.8/0.1|0.8/0.5|0.6/1.4({0.7(0.8(0.9(0.7(0.3]| 0.5
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Figure D.44: VHES-LMC mockup — surface resistivity standard deviation at 7 days
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Average

Rebar No Rebar

Reading#lZ3456%8910111213
1 3.5 3.3m .713.5/3.6/3443.3(3.7/3.6/3.5|3.2|3.8
2 [33]33 @‘3.1 335

3.3|13.2|13.2|3.3

3.4/3.3|13.3|3.3

3

4 b

5 3.6/3.4|3.7|3.8 3

6 3.4|3.4|13.3|3.4 3.4|3.3| 3
7

8

9

35]3.4/3.7|3.4)3.3]3.1|3.7
3313.5/3.6/3.3/3.2/3.1/3.8
3.4|3.5/3.3/3.6/3.3/3.4/35
3.2|3.4/3.3|3.5/3.1|3.2| 35

3.2

3.3|13.313.3/3.5(3.3|3.4|3.3] 3 [3.3|3.3| 3
3.4|3.213.3|3.5(3.2|3.2|3.3|3.5|3.5|3.5| 3.2 3.6
3.4|3.1|13.1| 3 (3.2|3.4|3.5|3.7|3.3|13.4|3.1 3.8
10 3.2|3.2 3.2- 3.3|13.2|13.4|3.4|3.5(3.2|3.2|3.4|3.8
11 3.3|13.2|3.3|3.1|3.2|3.4|3.3|3.4|3.4|3.3|3.1{3.3| 3.6
12 3k e 3.3 3.3 3.453!;1 3.1]3.3|3.5|13.2| 3.5
13 3.M8.6|3.6|3.3|3.4/3.5]3.8|3.5|3.5|3.3|13.3|3.4

Figure D.45: Voids superimposed on VHES-LMC mockup - 7 day average surface resistivity data
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Figure D.46: LMC mockup - surface resistivity diagonal orientation with different exclusions
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Figure D.47: LMC mockup - surface resistivity horizontal orientation with different exclusions
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Figure D.48: LMC mockup - surface resistivity vertical orientation with different exclusions
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Figure D.49: LMC mockup - surface resistivity average of orientations with different exclusions
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Figure D.1: VHES mockup diagonal orientation with different exclusions
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Figure D.2: VHES mockup horizontal orientation with different exclusions
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Figure D.3: VHES mockup vertical orientation with different exclusions
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Figure D.4: VHES mockup average of orientations with different exclusions
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Figure D.54: VHES-LMC mockup diagonal orientation with different exclusions
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Figure D.55: VHES-LMC mockup horizontal orientation with different exclusions
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Figure D.56: VHES-LMC mockup vertical orientation with different orientations
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Figure D.57: VHES-LMC mockup average of orientations with different exclusions
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APPENDIX E - DRAFT FIELD EVALUATION PROCDERE FOR USE OF SURFACE RESISTIVITY METER
TO EVALUATE BRIDGE DECK OVERLAYS (Chapter 5)

Draft Field Evaluation Procedure
Use of Surface resistivity Meter to Evaluate Bridge Deck Overlays

1. Identify area of concern and define perimeter

If the deck overlay area of concern is large, it will need to be analyzed in sections. The section size utilized in this
research was a 3.5 ft. by 3.5 ft. area with reinforcement spaced 6 in. on center, although different areas and reinforcement
spacings can be investigated. The area to be inspected shall be determined by either by visual inspection, hammer
sounding, chain dragging, or as notated during the overlay pour as an area of concern and outline with paint. Hammer
sounding and chain dragging should be performed following ASTM D4580 Standard Practice for Measuring
Delaminations in Concrete Bridge Decks by Sounding procedure. Clean the testing area, removing debris and any
substance that may prohibit the electrical current from making necessary contact with the concrete’s pore liquid.

2. Locate the reinforcement

Within the testing perimeter, locate the longitudinal and transverse reinforcement with a reinforcement locating
device. Since one orientation of bar is embedded below the other, the use of a depth determining device may assist in
improving the results of this evaluation. The location of each rebar should be marked and notated as such based on
differing depths. Once marked, the reinforcement mat will act as the datapoint grid for the measurement sequence. Figure
A.1lis an example of a bridge deck with 6 in. on-center reinforcement spacing. This spacing should allow for
measurements to be taken on top of the reinforcement, as well as centered between two bars. Bridge decks with
reinforcement at greater spacing (9 in. on-center) may provide one extra testing point equally spaced between bars so
expanding or modifying the grid coulg be necessary. , )
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Figure E.1: Bridge deck area to be analyzed

Due to the surface wetting required to support surface resistivity testing, it is important that the markings be made

with a durable colorant such as construction marking spray paint, permanent marker, or waterproof paint pen to avoid
unintended removal, yet the markings should not be indefinite.
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3. Define the desired testing sequence

Utilizing the reinforcement grid that was marked out, create a testing sequence or follow the one provided in
Figure A.2, while modifying as appropriate to meet project-specific constraints and the intent of the investigation.
Establishing a grid system (rows and columns indicated by numbers) can help with accurate identification of testing
locations and recording of the measurements, and the grid system spacing can be tightened or widened to suit the project’s
specific needs and evaluation objectives. The testing sequence provided in Figure A.2 consists of 169 points spaced 3 in.
apart perpendicularly (reinforcement spaced 6 in. on center) illustrated by the dots on the Figure. Testing points will lie
between the reinforcement, at reinforcement intersections, and on top of reinforcement mid-spans. It is recommended to
analyze one or more test areas of this general size as the data collection, maintenance, and analysis will require less effort.
As a general rule of thumb, it is recommended to stay at least 5 in. away from the edge when the parallel or diagonal
orientation is used and at least 4 in. away when the perpendicular orientation is being used to avoid edge effects.

First point +—»

<«— Last point

Figure E.2: Proposed testing sequence for surface resistivity of mockups
4. \Wetting the testing area

The following wetting protocol is based on an air-conditioned laboratory setting. Depending on environmental
conditions such as temperature and humidity, modifications are recommended. The goal of wetting the concrete is to
provide ample water so that the current has the ability to be transmitted through the concrete. Excessive ponding must be
avoided, since the current can travel across this surface water, affecting the readings. For the testing of slabs performed as
part of this study, roughly 1 gallon of water divided into three pours was used to saturate the 3.5 ft. by 3.5 ft. testing area
per orientation. Pour enough water onto the surface so that it is fully covered. Allow to absorb then reapply several times
accounting for evaporation. The desired saturation is achieved when the surface resistivity measurement no longer drifts
and stabilizes at a reasonable magnitude. Once the prewetting procedure has been performed, and the surface appears wet
but there is no ponded water, data collection can begin. Note that as the surface dries, the testing area should be
continually rewetted by adding water using a sponge or rag, then brushing the surface to remove ponded water.

5. Surface resistivity data collection
Now that each testing point is defined, the surface resistivity can be measured at each point following the defined

testing sequence (Figure A.2). It is recommended to test each point with the meter orientated diagonally, transverse, and
longitudinal with respect to the bridge centerline. To measure the points, center the surface resistivity meter’s four probes
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over the desired point and engage, waiting for the result be become stable and document the reading. Each point should be
measured twice and averaged. If the surface resistivity value drifts, revisit section 4: wetting the testing area. Test all of
the points using one orientation before beginning the following orientation.

From a practical standpoint, this procedure can be performed using either one or two individuals. If two
individuals are available, the measurements can be taken by one and called out to the colleague, and he/she can record
them into an Excel spreadsheet. If only one individual is available, he or she can call out the measurements to a voice
recorder and once all points are measured within an orientation, enter the measurements into the Excel file while listening
to the recording.

The surface resistivity meter is a hand-held device and to reduce the influence of being bent over on
measurements and to improve ergonomics, an extended handle (PVC pipe, wood block, duct tape, and bungee cord) was
attached to the meter for taking measurements in the standing position (shown in Figure E.3).

Figure E.3: Measuriﬁg su“rf;uie resistivity in the standing position
6. Data analysis

As a visual identifier of voids and overlay thickness variation, it is recommended to collect the data in an Excel
type grid arrangement using color conditional formatting per cell to create heat maps. If three testing orientations are
used, heatmaps could be created for each orientation as well as one for the average of orientation, and one heatmap of the
standard deviation (which shows the magnitude of variation between orientations) for a total of five heatmaps. In research
to develop this protocol, five heatmaps were created for each age. Of these orientations, the diagonal orientation is the
most valuable as it is less influenced by reinforcement, yet it still can detect voids or determine overlay thickness tapering.
Often times, an overlay is composed of VHES concrete so, the area of concern within the bridge deck can be tested and
analyzed starting at one hour, repeating the process at the desired interval until satisfied.

The heatmaps of the three orientations can be analyzed by direct comparison. For example, the orientation that
results in the meter being on top of and parallel to a top reinforcement strand (least amount of cover) is expected to be of
the least magnitude. Also, if testing between bars and one of the orientations is much lower than the other two, as
signaled by the standard deviation, it is possible that a void exists below that outlier orientation.

Also, the standard deviation can help potentially identify if the measurements were taken without ample moisture
of the testing area. Greater discrepancies in orientation results could be interpreted as the reinforcement cover being
relatively low, the reinforcement spacing being close to, equal to, or less than that of the surface resistivity meter’s current
field, or that the concrete has not been saturated sufficiently. The most obvious characteristic indicator was overlay
thickness change.

In the study used to develop this protocol, the overlay thickness change was observed in several of the heatmaps.
Figure A.4 is an example of the overlay thickness change in the VHES-LMC mockup using data showing the average
measurement of three meter orientations. The identification of overlay thickness change is significant and is identified by
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the surface resitivity increasing/decreasing magnitude per row or column as a whole. In Figure A.4, the magnitude of the
surface resistivity increases from row 1 where the overlay thickness averages 1.3 in. to row 13 where the overlay
thickness averages 3.8 in.

1 2|/3|4|5 6|7(8|9|10/11|12|13
1/13/11(10/9.7/10/98{10{10(93[ 9191/97/ 11| | 2. | 26 | 20 | 36 | 20 | 22 s
2 |11 10/9.3/85/85 8.5/86(84 86/8.6/9.1/9.1| 10
3|12 11|8.6|/9.3| 10/9.5/8.4/8.4/8.4/8.2|2.8/89| 10 33 31 37 35 31 3.3 3.8
4 (12/11]|10 10|96/ 9 | 9 |8.8/9.2| 9 |9.3/9.1| 11
5|11 12|11|11|9.7 10/9.9/9.7| 10|9.9/s.4|95|11| | 28 | 28 | 23 | 25 | 28 | 22 2z
6|12/ 12|12(11]|10 11| 11|11| 10| 10|9.8| 10| 10
7 012/12|1211]12/11|10) 11|12 12| 11| 12] 22| | 22 | 22 | 26 | 27 26 | 27 25
8 13/11|1211)12 )12 |11|11)12]12| 12| 11|13
9 /1413|1213 |12 12|11|12|12(12|12|13|14| | ** | ** | *>* | *#* | * | ¥ *
1015 14(13| 12|12 12|12|12|13|14[13| 14|16
11|14 14| 14| 14| 13| 3] 12[13] 1314 2a[5]86| | * | P QL > | * 1 >* | ¥
12 (16)16(15|15|15/15|15(15|14( 14| 13|15 17
14 15 18 14 13 14 14
13|17 16|15/ 15|15 15[16|18 | 15|16|16| 16| 16

Figure E.4: surface resistivity (left) versus overlay thickness change in inches (right) (VHES-LMC 14 day average
orientation)

Surface resistivity can also be measured in areas of known thickness and then used as a benchmark magnitude to
evaluate other unknown overlay thickness. The operator must compile multiple surface resistivity measurements at
varying (but known) overlay thicknesses in order to determine the rate of change of thickness of a particular overlay/base
combination. The benchmark values are used to calibrate or determine the range of expected surface resistivity values
within a specific concrete overlay. This method of thickness detection works when the heatmap plotted measurements
resemble distinct lines of varying surface resistivity as depicted in Figure A.4. For greater resolution, more particularly in
identifying voids, the data should be plotted graphically to help illustrate trends in resistivity and to note obvious
inconsistencies that may indicate changes in thickness, voids, or other discontinuities.

E-4



APPENDIX F — SUPPORTING MATERIAL FOR PILOT PROJECT (Chapter 7)

Table F.1: Testing program proposed for use on pilot project

Type of Test/Method Sampling Testing Frequency / Number of Data Collection / Reporting
Concrete Location specimens
Plant Once per mixture / 9 beams per mix, Per ASTM C157, initial measurement after
(Concrete divided for testing - 3 beams tested at demolding and 15 minute soak in limewater.
Shrinkage / Supply) each NCDOT, WOOD, UNC Charlotte. Then 27-day cure in lime water, with initial
ASTM C157 measurement on day 28. Store in air per ASTM
C157, with measurements at 4, 7, 14, and 28
days of air storage. Measurements entered into
spreadsheet.
Plant Once per mixture / each set of cylinders | Individual measurements on datasheet, average
(Concrete tested for compressive strength. for each cylinder on spreadsheet.
AA Resistivity / S.u poly) - —
AASHTO T 358 Field Each placement / each set of cylinders Individual measurements on datasheet, average
(NCDOT) tested for compressive strength. for each cylinder on spreadsheet.
Include both 28 day and 56 day
cylinders.
Field One test per placement. For pumped Enter air content from Type B meter, SAM air
SAM / (NCDOT) concrete, additional tests pre-pump content, and SAM number into spreadsheet.
AASHTO TP and post pump if time permits. For
118 each test, please make one cylinder for
hardened air analysis at UNC Charlotte.
Plant Once per mixture / 9 beams per mix, Per ASTM C157, initial measurement after
(Concrete divided for testing - 3 beams tested at demolding and 15 minute soak in limewater.
Shrinkage / Supply) each NCDOT, W(.)OD., UNC C.harlot.te. Then 27-day cure in lime water, .witl.'m initial
ASTM C157 Due to retarder in mix, consideration measurement on day 28. Store in air per ASTM
will be given to a delay in removal from | C157, with measurements at 4, 7, 14, and 28
molds or potentially removing the days of air storage. Measurements entered into
illed Pi retarder. spreadsheet.
Drilled Pier Plant Once per mixture / each set of cylinders | Individual measurements on datasheet, average
(Concrete tested for compressive strength. for each cylinder on spreadsheet.
Resistivity / S.u poly) - —
AASHTO T 358 Field Each placement / each set of cylinders Individual measurements on datasheet, average
(NCDOT) tested for compressive strength. for each cylinder on spreadsheet.
Include both 28 day and 56 day
cylinders.
Plant Once per mixture / each set of cylinders | Individual measurements on datasheet, average
(Concrete tested for compressive strength. for each cylinder on spreadsheet.
Resistivity / S.upply) : "
AASHTO T 358 Field Each placement / ea.ch set of cylinders Individual n?easurements on datasheet, average
(NCDOT) tested for compressive strength. for each cylinder on spreadsheet.
A Include both 28 day and 56 day
cylinders.
Field Once per placement. For pumped Enter air content from Type B meter, SAM air
SAM / AASHTO (NCDOT) concrete, additi.onél tests prfe-pump content, and SAM number into spreadsheet.
TP 118 and post pump if time permits. For

each test, please make one cylinder for
hardened air analysis at UNC Charlotte.
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Table F.2: Surface resistivity data collected by NCDOT regional laboratory personnel for selected structural concrete

mixtures
Ticket Age of ol | el
Number Mix Type Mix ID Date Cast Plant Specimen ID Sp(zt;imen Date Avg e T {ra Eerine
vs) Condition Condition
14551 1-A 1055321 | 10/12/2021 RM385 S-665 7 10/19/2021 5.7 5.69 582
14551 1-A 1055321 | 10/12/2021 RM385 S-665 7 10/19/2021 6.0 5.95
14422 1-A 1053385 | 9/22/2021 RM385 5-610 28 10/20/2021 9.8 9.79 951
14422 1-A 1053385 | 9/22/2021 RM385 S-610 28 10/20/2021 9.2 9.23
14568 2-A 1055727 | 10/15/2021 RM385 S-670 5 10/20/2021 5.2 5.20 534
14568 2-A 1055727 | 10/15/2021 RM385 S-670 5 10/20/2021 5.5 5.49
14423 | D. Shaft 1053461 | 9/23/2021 RM519 5-609 28 10/21/2021 5.2 5.18 519
14423 | D. Shaft 1053461 | 9/23/2021 RM519 5-609 28 10/21/2021 5.2 5.20
14431 2-A 1053548 | 9/23/2021 RM308 S-611 28 10/21/2021 14.0 14.00 13.56
14431 2-A 1053548 | 9/23/2021 RM308 S-611 28 10/21/2021 13.1 13.11
14517 1-A 1054956 | 10/7/2021 RM385 S-661B 14 10/21/2021 8.1 8.10 799
14517 1-A 1054956 | 10/7/2021 RM385 S-661B 14 10/21/2021 7.9 7.89
14561 2-A 1055531 | 10/14/2021 RM308 S-656 10/21/2021 7.0 7.00 6.93
14561 2-A 1055531 | 10/14/2021 RM308 S-656 7 10/21/2021 6.9 6.85
14433 2-A 1053687 | 9/24/2021 RM308 S-612 28 10/22/2021 13.3 13.34 13.32
14433 2-A 1053687 | 9/24/2021 RM308 5-612 28 10/22/2021 13.3 13.30
14592 2-A 1055967 | 10/19/2021 RM385 5-671 5 10/25/2021 7.0 7.04 6.95
14592 2-A 1055967 | 10/19/2021 RM385 S-671 5 10/25/2021 6.9 6.86
14597 1-A 1056065 | 10/19/2021 RM385 5-672 7 10/25/2021 5.9 5.90 5 89
14597 1-A 1056065 | 10/19/2021 RM385 5-672 7 10/25/2021 5.9 5.88
14623 1-A 1056244 | 10/20/2021 RM519 S-674A 3 10/25/2021 8.5 8.50 8.50
14623 1-A 1056244 | 10/20/2021 RM519 S-674A 3 10/25/2021 8.5 8.49
14163 2-A 1056252 | 10/21/2021 RM385 S-673 5 10/26/2021 6.2 6.16 6.28
14163 2-A 1056252 | 10/21/2021 RM385 S-673 5 10/26/2021 6.4 6.39
14452 2-A 1053855 | 9/28/2021 RM308 5-613 28 10/26/2021 9.3 9.34 9.22
14452 2-A 1053855 | 9/28/2021 RM308 5-613 28 10/26/2021 9.1 9.10
14439 D.Pier 1054055 | 9/28/2021 RM519 S-578 28 10/26/2021 4.4 4.40 44
14439 D.Pier 1054055 | 9/28/2021 RM519 S-578 28 10/26/2021 4.5 4.48
14440 D.Pier 1054049 9/28/2021 RM519 S-614 28 10/26/2021 4.5 4.50 441
14440 D.Pier 1054049 | 9/28/2021 RM519 5-614 28 10/26/2021 4.3 431
14437 | D.Shaft 1054145 | 9/28/2021 RM519 5-621 28 10/26/2021 4.9 4.85 4.90
14437 | D.Shaft 1054145 | 9/28/2021 RM519 5-621 28 10/26/2021 5.0 4.95
14438 | D.Shaft 1054143 | 9/28/2021 RM519 5-622 28 10/26/2021 5.8 5.80 5 g7
14438 D.Shaft 1054143 9/28/2021 RM519 $-622 28 10/26/2021 5.9 5.94
14465 | D.Shaft 1054072 | 9/28/2021 RM538 5-618 28 10/26/2021 16.8 16.83 16.63
14465 | D.Shaft 1054072 | 9/28/2021 RM538 5-618 28 10/26/2021 16.4 16.43
14466 | D.Shaft 1054074 | 9/28/2021 RM538 S-619 28 10/26/2021 12.8 12.80 1268
14466 D.Shaft 1054074 9/28/2021 RM538 $-619 28 10/26/2021 12.6 12.55
14467 | D.Shaft 1054077 | 9/28/2021 RM538 5-620 28 10/26/2021 9.9 9.88 9.95
14467 | D.Shaft 1054077 | 9/28/2021 RM538 $-620 28 10/26/2021 10.0 10.03
14623 1-A 1056244 | 10/20/2021 RM519 S-674B 7 10/27/2021 6.1 6.10 599
14623 1-A 1056244 | 10/20/2021 RM519 S-674B 7 10/27/2021 5.9 5.89
14463 2-A 1054081 | 9/29/2021 RM308 S-584 28 10/27/2021 13.6 13.63 13.09




14463 2-A 1054081 | 9/29/2021 RM308 S-584 28 10/27/2021 12.6 12.55
14459 D. Pier 1054304 | 9/29/2021 RM519 S-615 28 10/27/2021 6.4 6.35 654
14459 D. Pier 1054304 | 9/29/2021 RM519 S-615 28 10/27/2021 6.7 6.74
14460 D.Pier 1054307 | 9/29/2021 RM519 S-616 28 10/27/2021 6.7 6.66 6.62
14460 D.Pier 1054307 | 9/29/2021 RM519 S-616 28 10/27/2021 6.6 6.58
14461 D.Pier 1054309 | 9/30/2021 RM519 $-623 28 10/28/2021 6.1 6.11 o1
14461 D.Pier 1054309 | 9/30/2021 RM519 5-623 28 10/28/2021 5.7 5.70
14462 D.Pier 10547305 | 9/30/2021 RM519 5-624 28 10/28/2021 5.9 5.90 583
14462 D.Pier 10547305 | 9/30/2021 RM519 S-624 28 10/28/2021 5.8 5.76
14464 2-A 1054302 | 9/30/2021 RM308 S-585 28 10/28/2021 14.4 14.39 14.38
14464 2-A 1054302 | 9/30/2021 RM308 S-585 28 10/28/2021 14.4 14.38
14468 1-A 1054266 | 9/30/2021 RM308 5-625 28 10/28/2021 11.9 11.89 1186
14468 1-A 1054266 | 9/30/2021 RM308 $-625 28 10/28/2021 11.8 11.84
14639 2-A 1056494 | 10/25/2021 RM385 S-675 3 10/28/2021 5.4 5.36 535
14639 2-A 1056494 | 10/25/2021 RM385 S-675 3 10/28/2021 5.3 5.34
14644 1-A 1056649 | 10/26/2021 RM308 S-677A 2 10/28/2021 3.9 3.89 383
14644 1-A 1056649 | 10/26/2021 RM308 S-677A 2 10/28/2021 3.8 3.78
14644 1-A 1056649 | 10/26/2021 RM308 S-677B 3 10/29/2021 5.2 5.16 485
14644 1-A 1056649 | 10/26/2021 RM308 S-677B 3 10/29/2021 4.5 4.54
14645 1-A 105644 | 10/26/2021 RM308 S-678A 3 10/29/2021 3.9 3.88 371
14645 1-A 105644 | 10/26/2021 RM308 S-678A 3 10/29/2021 3.5 3.54
14646 1-A 1056647 | 10/26/2021 RM308 S-679A 3 10/29/2021 3.6 3.59 372
14646 1-A 1056647 | 10/26/2021 RM308 S-679A 3 10/29/2021 3.9 3.85
14658 2-A 1056839 | 10/27/2021 RM35 S-683A 2 10/29/2021 3.4 3.38 346
14658 2-A 1056839 | 10/27/2021 RM35 S-683A 2 10/29/2021 3.5 3.54
14481 2-A 1054497 | 10/4/2021 RM385 5-626 28 11/1/2021 14.2 14.15 14.16
14481 2-A 1054497 10/4/2021 RM385 S-626 28 11/1/2021 14.2 14.18
14483 1-A 1054609 | 10/4/2021 RM385 5-632 28 11/1/2021 18.9 18.93 18.53
14483 1-A 1054609 | 10/4/2021 RM385 5-632 28 11/1/2021 18.1 18.14
14486 D.Pier 1054759 | 10/4/2021 RM519 5-627 28 11/1/2021 5.1 5.09 506
14486 D.Pier 1054759 | 10/4/2021 RM519 5-627 28 11/1/2021 5.0 5.04
14487 D.Pier 1054762 | 10/4/2021 RM519 5-628 28 11/1/2021 6.1 6.09 6.06
14487 D.Pier 1054762 | 10/4/2021 RM519 5-628 28 11/1/2021 6.0 6.04
14488 D.Pier 1054763 | 10/4/2021 RM519 5-629 28 11/1/2021 5.2 5.19 517
14488 D.Pier 1054763 10/4/2021 RM519 $-629 28 11/1/2021 5.2 5.15
14489 | D.Shaft 1054764 | 10/4/2021 RM519 5-630 28 11/1/2021 6.4 6.38 627
14489 | D.Shaft 1054764 | 10/4/2021 RM519 5-630 28 11/1/2021 6.2 6.16
14490 | D.Shaft 1054766 | 10/4/2021 RM519 S-631 28 11/1/2021 5.7 5.69 5 49
14490 | D.Shaft 1054766 | 10/4/2021 RM519 S-631 28 11/1/2021 5.3 5.30
14491 D.Shaft 1054629 10/4/2021 RM538 $-633 28 11/1/2021 11.1 11.13 11.05
14491 D.Shaft 1054629 10/4/2021 RM538 $-633 28 11/1/2021 11.0 10.98
14492 | D.Shaft 1054631 | 10/4/2021 RM538 5-634 28 11/1/2021 10.0 9.95 9.88
14492 | D.Shaft 1054631 | 10/4/2021 RM538 S-634 28 11/1/2021 9.8 9.80
14493 | D.Shaft 1054633 | 10/4/2021 RM538 5-635 28 11/1/2021 10.8 10.76 10.69
14493 | D.Shaft 1054633 | 10/4/2021 RM538 S-635 28 11/1/2021 10.6 10.63
14494 | D.Shaft 1054635 | 10/4/2021 RM538 S-636 28 11/1/2021 10.3 10.29 10.29
14494 | D.Shaft 1054635 | 10/4/2021 RM538 S-636 28 11/1/2021 10.3 10.29
14658 2-A 1056839 | 10/27/2021 RM385 S-683B 5 11/1/2021 5.3 5.30 547
14658 2-A 1056839 | 10/27/2021 RM385 S-683B 5 11/1/2021 5.6 5.64
14644 1-A 1056649 | 10/26/2021 RM308 S-677C 7 11/2/2021 4.8 4.84 494
14644 1-A 1056649 | 10/26/2021 RM308 S-677C 7 11/2/2021 5.1 5.05
14645 1-A 1056644 | 10/26/2021 RM308 S-678B 7 11/2/2021 44 4.41 4.38




14645 1-A 1056644 | 10/26/2021 RM308 S-678B 7 11/2/2021 4.3 4.34
14646 1-A 1056647 | 10/26/2021 RM308 S-679B 7 11/2/2021 4.5 4.45 161
14646 1-A 1056647 | 10/26/2021 RM308 S-679B 7 11/2/2021 4.8 4.78
14495 | D.Shaft 1054711 | 10/5/2021 RM308 S-645 28 11/2/2021 10.5 10.45 10.29
14495 | D.Shaft 1054711 | 10/5/2021 RM308 S-645 28 11/2/2021 10.1 10.14
14496 | D.Shaft 1054714 | 10/5/2021 RM308 S-646 28 11/2/2021 10.4 10.38 10.08
14496 | D.Shaft 1054714 | 10/5/2021 RM308 S-646 28 11/2/2021 9.8 9.78
14497 D.Shaft 1054717 10/5/2021 RM308 S-647 28 11/2/2021 11.9 11.90 11.49
14497 | D.Shaft 1054717 | 10/5/2021 RM308 S-647 28 11/2/2021 11.1 11.09
14499 D.Pier 1054767 | 10/5/2021 RM519 S-638 28 11/2/2021 3.9 3.89 308
14499 D.Pier 1054767 | 10/5/2021 RM519 S-638 28 11/2/2021 4.1 4.08
14500 D.Pier 1054768 | 10/5/2021 RM519 5-639 28 11/2/2021 5.8 5.78 576
14500 D.Pier 1054768 | 10/5/2021 RM519 5-639 28 11/2/2021 5.8 5.75
14501 D.Pier 1054769 | 10/5/2021 RM519 S-640 28 11/2/2021 5.7 5.69 571
14501 D.Pier 1054769 | 10/5/2021 RM519 S-640 28 11/2/2021 5.7 5.73
14502 D.Pier 1054770 | 10/5/2021 RM519 S-641 28 11/2/2021 3.8 3.76 386
14502 D.Pier 1054770 | 10/5/2021 RM519 S-641 28 11/2/2021 4.0 3.96
14503 1-A 1054637 10/5/2021 RM385 S-637 28 11/2/2021 15.6 15.63 1537
14503 1-A 1054637 | 10/5/2021 RM385 S-637 28 11/2/2021 15.1 15.11
14515 | D.Shaft 1054689 | 10/5/2021 RM519 S-643 28 11/2/2021 5.1 5.13 508
14515 | D.Shaft 1054689 | 10/5/2021 RM519 5-643 28 11/2/2021 5.0 5.04
14516 | D.Shaft 1054691 | 10/5/2021 RM519 S-644 28 11/2/2021 5.0 5.01 511
14516 D.Shaft 1054691 10/5/2021 RM519 S-644 28 11/2/2021 5.2 5.20
14504 2-A 1054739 | 10/6/2021 RM308 S-648 28 11/3/2021 16.6 16.56 16.90
14504 2-A 1054739 | 10/6/2021 RM308 S-648 28 11/3/2021 17.2 17.24
14518 D.Pier 1054819 | 10/6/2021 RM519 5-649 28 11/3/2021 5.7 5.74 570
14518 D.Pier 1054819 | 10/6/2021 RM519 S-649 28 11/3/2021 5.7 5.66
14519 D.Pier 1054821 | 10/6/2021 RM519 S-650 28 11/3/2021 5.9 5.86 568
14519 D.Pier 1054821 | 10/6/2021 RM519 S-650 28 11/3/2021 5.5 5.50
14520 D.Pier 1054822 | 10/6/2021 RM519 S-651 28 11/3/2021 4.7 4.73 473
14520 D.Pier 1054822 | 10/6/2021 RM519 5-651 28 11/3/2021 4.7 4.73
14521 D.Shaft 1054970 10/6/2021 RM519 5-652 28 11/3/2021 5.9 5.93 583
14521 | D.Shaft 1054970 | 10/6/2021 RM519 5-652 28 11/3/2021 5.7 5.73
14522 | D.Shaft 1054968 | 10/6/2021 RM519 S-653 28 11/3/2021 6.3 6.30 6.26
14522 | D.Shaft 1054968 | 10/6/2021 RM519 5-653 28 11/3/2021 6.2 6.23
14485 1-A 1054669 | 10/5/2021 RM538 5-642 28 11/4/2021 13.0 13.04 12.98
14485 1-A 1054669 10/5/2021 RM538 S-642 28 11/4/2021 12.9 12.91
14509 | D.Shaft 1054952 | 10/7/2021 RM519 S-586 28 11/4/2021 6.6 6.60 676
14509 | D.Shaft 1054952 | 10/7/2021 RM519 S-586 28 11/4/2021 6.9 6.93
14517 1-A 1054956 | 10/7/2021 RM385 5-661 28 11/4/2021 14.6 14.56 14.20
14517 1-A 1054956 | 10/7/2021 RM385 5-661 28 11/4/2021 13.8 13.84
14529 D. Pier 1054972 | 10/7/2021 RM519 5-617 28 11/4/2021 6.5 6.46 651
14529 D. Pier 1054972 | 10/7/2021 RM519 S-617 28 11/4/2021 6.6 6.56
14530 D.Pier 1054974 | 10/7/2021 RM519 S-654 28 11/4/2021 6.8 6.80 676
14530 D.Pier 1054974 | 10/7/2021 RM519 S-654 28 11/4/2021 6.7 6.71
14531 D.Pier 1054975 | 10/7/2021 RM519 S-655 28 11/4/2021 7.6 7.64 771
14531 D.Pier 1054975 | 10/7/2021 RM519 S-655 28 11/4/2021 7.8 7.79
14534 1-A 1054971 | 10/7/2021 RM538 5-662 28 11/4/2021 11.2 11.19 11.19
14534 1-A 1054971 10/7/2021 RM538 $-662 28 11/4/2021 11.2 11.19
14540 | D.Shaft 1055178 | 10/11/2021 RM519 S-663 28 11/8/2021 5.6 5.63 -
14540 | D.Shaft 1055178 | 10/11/2021 RM519 S-663 28 11/8/2021 5.5 5.49
14539 | D.Shaft 1055341 | 10/12/2021 RM519 S-664 28 11/9/2021 5.3 5.25 5.23




14539 | D.Shaft 1055341 | 10/12/2021 RM519 S-664 28 11/9/2021 5.2 5.21
14551 1-A 1055321 | 10/12/2021 RM385 5-665 28 11/9/2021 13.7 13.68 13.43
14551 1-A 1055321 | 10/12/2021 RM385 S-665 28 11/9/2021 13.2 13.18
14562 | D.Shaft 1055446 | 10/13/2021 | RM519/521 S-666 28 11/10/2021 6.6 6.61 659
14562 | D.Shaft 1055446 | 10/13/2021 | RM519/521 S-666 28 11/10/2021 6.6 6.56
14565 | D.Shaft 1055447 | 10/13/2021 | RM519/521 S-667 28 11/10/2021 5.9 5.88 6.09
14565 | D.Shaft 1055447 | 10/13/2021 | RM519/521 S-667 28 11/10/2021 6.3 6.30
14561 2-A 1055531 | 10/14/2021 RM308 S-656 28 11/11/2021 13.3 13.34 13.49
14561 2-A 1055531 | 10/14/2021 RM308 S-656 28 11/11/2021 13.6 13.64
14566 | D.Shaft 1055552 | 10/14/2021 RM519 S-668 28 11/11/2021 5.9 5.86 5 89
14566 | D.Shaft 1055552 | 10/14/2021 RM519 S-668 28 11/11/2021 5.9 5.93
14567 | D.Shaft 1055553 | 10/14/2021 RM519 5-669 28 11/11/2021 5.3 5.33 533
14567 | D.Shaft 1055553 | 10/14/2021 RM519 S-669 28 11/11/2021 5.3 5.33
14568 2-A 1055727 | 10/15/2021 RM385 S-670 28 11/12/2021 14.6 14.55 14.39
14568 2-A 1055727 | 10/15/2021 RM385 S-670 28 11/12/2021 14.2 14.23
14592 2-A 1055967 | 10/19/2021 RM385 5-671 28 11/16/2021 7.0 7.01 714
14592 2-A 1055967 | 10/19/2021 RM385 5-671 28 11/16/2021 7.3 7.26
14623 1-A 1056244 | 10/20/2021 RM519 S-674 28 11/17/2021 10.8 10.80 10.81
14623 1-A 1056244 | 10/20/2021 RM519 S-674 28 11/17/2021 10.8 10.81
14612 1-A 1056247 | 10/20/2021 RM538 S-657 28 11/18/2021 14.5 14.50 1418
14612 1-A 1056247 | 10/20/2021 RM538 5-657 28 11/18/2021 13.9 13.86
14613 2-A 1056252 | 10/21/2021 RM385 S-673 28 11/19/2021 16.2 16.16 1575
14613 2-A 1056252 | 10/21/2021 RM385 S-673 28 11/19/2021 15.3 15.34




Figure F.1: Datasheet for mixture 6011, Class A 3000 psi showing materials, proportions, fresh concrete test results, and
compressive strength test results

CONCRETE SUPPLY CO.
Argos Harleyville
CBO

Arrowood TRIAL BATCH SSAB
Hanson Brewer
COMPANY: Concrete Supply Co.
GCP
DATE: 41612021
SPECIFIC
GRAVTY WMOISTURE CUBIC FT
CEMENT 3.15 BATCH SIZE 2
Fhy Ash 2.30 FACTOR 0.0741
#57 Stone 2.93 0.42%
#78m STOMNE 2.93 0.36%
#4 Stone 2.80 0.00% Sand Vol ol Ft'3 (% By Vol FiC
SAND 2.62 4.54% 6.60 6.60 100% 100.00%
SAND 2 262 0.00% 0.00 0%
F ! C Ratio 0.338
WIC Ratio 0.42189 745 F ! C Weight 0.00
o6 Fis 0.23097 173 WMortar WVolume 40.67
Paste 037
ONE ¥ ARD WEIGHTS CUNMULATNVE
WEIGHT WOLUME BATCH WTS TOTAL
TCEMENT ffxrgus Harleyville| o76 2.93 42 87 Pounds 42 87
Fhy Ash CBO 173 1. 12.81 Poundsz 55.48
T487 Stone Arrowood 0 0.00 0.00 Pounds
%78m STONE " Arrowood 1900 10.39 141.25 |Pounds
%4 Stone 0 0.00 0.00 __ |Pounds
Sand "Hanson Brewer 1089 6.560 B4.41 Pounds
Sand 2 a0 0.00 0.00 Pounds
WATER r 379 6 5.06 19.16  |Poundsz WATER (ml} +/-
AR % 3.0% 0.81 0z/CY (ML) -350.00
(per cwt) 0.00 27.00 0.0 0.0
Zyla 640 (per cwt) 2.00 15.0 3238
EXP 350 (per cwi) 3.00 225 452
Daratard 17 3.00 225 452
0.000
Theoretical Unit Weight 15015
ACTUAL WATER 306 Time: 1330
ACTUAL W/C 0.408 Maw Wwater is 40.4 gal ar another 6723 ml far this batch size.
CONCRETE TEMP 63 Target 8.5 103" slump. May even want to hald w ater to start,
SLUMP (inches) 9.00
Air Content % 3.0
ACTUAL UNIT WEIGHT 151.64
Cylinder ID 6013
Average
7 Day BSE0 BE30 BE00
28 Day 5550 8910 ¥ gss0
EE Day 0220 10520 10370
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Figure F.2: Datasheet for mixture 6012 (Class AA mixture) showing materials, proportions, fresh concrete test results, and

Arrowood TRIAL BATCH 11A B
Hanson Brewer
COMPANY: Concrete Supply Co.
GCP
DATE: 4/6/2021
SPECIFIC
GRAVITY MOISTURE CUBIC FT
CEMENT 3.15 BATCH SIZE 2
Fly Ash 2.30 FACTOR 0.0741
#67 Stone 2.93 0.42%
#78m STONE 2.93 0.36%
#4 Stone 2.80 0.00% Sand Vol Vol Ft"3  |% By Vol FIC
SAND 2.62 4.64% 6.12 6.12 100% 36.78%
SAND 2 2.62 0.00% 0.00 0%
F / C Ratio 0.368
W/C Ratio 0.3874 744 F / C Weight 0.00
% FA 0.23118 172 Mortar Volume 37.80
Paste 0.38
ONE YARD WEIGHTS CUMULATIVE
WEIGHT VOLUME BATCH WTS TOTAL
CEMENT Argos Harleyville 572 2.91 42.37 Pounds 42.37
Fly Ash CBO 172 1.20 12.74 Pounds 55.11
#67 Stone Arrowood 1925 10.53 143.19 Pounds
#78m STONE Arrowood 0 0.00 0.00 Pounds
#4 Stone 0 0.00 0.00 Pounds
Sand Hanson Brewer 1012 6.12 78.44 Pounds
Sand 2 0 0.00 0.00 Pounds
WATER 34.6 288 4.62 17.27 Pounds WATER (ml) +/-
AIR % 6.0% 1.62 0z/CY (ML) -350.00
(per cwt) 0.15 27.00 1.1 2.4
Zyla 640 (per cwt) 2.00 14.9 32.6
EXP 950 (per cwt) 0.00 0.0 0.0
Daratard 17 3.00 22.3 48.9
0.000
Theoretical Unit Weight 147.00
ACTUAL WATER 278 12:37
ACTUAL W/C 0.373 Max Water is 36.6 gal or another 560.73 ml for this batch size.
CONCRETE TEMP 63 Target 3.5" slump and 6% to 7% air
SLUMP (inches) 3.75
Air Content % 6.5
ACTUAL UNIT WEIGHT 149.36
Cylinder ID 6012
Average
7 Day 4980 5360 5170
28 Day 6690 6640 6670
56 Day 7400 7430 7420

Argos Harleyville
CBO

compressive strength test results

CONCRETE SUPPLY CO.




Figure F.3: Concrete Supply datasheet for Mixture 6013 (Drilled Shaft Mixture) showing materials, proportions, fresh
concrete test results, and compressive strength test results

CONCRETE SUPPLY CO.
Argos Harleyville

CBO
Arrowood TRIAL BATCH 55A B
Hanson Brewer
COMPANY: Concrete Supply Co.
GCP
DATE: 4/6/2021
SPECIFIC
GRAVITY MOISTURE CUBIC FT
CEMENT 3.15 BATCH SIZE 2
Fly Ash 2.30 FACTOR 0.0741
#67 Stone 2.93 0.42%
#78m STONE 2.93 0.36%
#4 Stone 2.80 0.00% Sand Vol Vol Ft"3 1% By Vol FIC
SAND 2.62 4.64% 6.60 6.60 100% 100.00%
SAND 2 2.62 0.00% 0.00 0%
F / C Ratio 0.388
WI/C Ratio 0.42189 749 F / C Weight 0.00
% FA 0.23097 173 Mortar Volume 40.67
Paste 0.37
ONE YARD WEIGHTS CUMULATIVE
WEIGHT VOLUME BATCH WTS TOTAL
CEMENT Argos Harleyville 576 2.93 42.67 Pounds 42.67
Fly Ash CBO 173 1.21 12.81 Pounds 55.48
#67 Stone Arrowood 0 0.00 0.00 Pounds
#78m STONE Arrowood 1900 10.39 141.25 [Pounds
#4 Stone 0 0.00 0.00 Pounds
Sand Hanson Brewer 1089 6.60 84.41 Pounds
Sand 2 0 0.00 0.00 Pounds
WATER 37.9 316 5.06 19.16 Pounds WATER (ml) +/-
AIR % 3.0% 0.81 0z/CY (ML) -350.00
(per cwt) 0.00 27.00 0.0 0.0
Zyla 640 (per cwt) 2.00 15.0 32.8
EXP 950 (per cwt) 3.00 22.5 49.2
Daratard 17 3.00 22.5 49.2
0.000
Theoretical Unit Weight 150.15
ACTUAL WATER 306 Time: 1330
ACTUAL wW/C 0.408 Max Water is 40.4 gal or another 672.9 ml for this batch size.
CONCRETE TEMP 63 Target 8.5 to 9" slump. May even want to hold water to start.
SLUMP (inches) 9.00
Air Content % 3.0
ACTUAL UNIT WEIGHT 151.64
Cylinder ID 6013
Average
7 Day 6560 6630 6600
28 Day 8850 8910 8880
56 Day 10220 10520 10370
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Table F.3: Surface resistivity data from QC laboratory

Curing
Condition
wixip | M| D | =Moo | b | Average | oonecedfor | SELAverge corete
I (days) curing condition
Tank)
6011 A 4/6/2021 2 7 4/13/2021 4.4 4.88
6011 A 4/6/2021 2 7 4/13/2021 4.7 5.17 5.07
6011 A 4/6/2021 2 7 4/13/2021 4.7 5.16
6012 AA 4/6/2021 2 7 4/13/2021 6.4 7.07 793
6012 AA 4/6/2021 2 7 4/13/2021 6.7 7.38
6013 | DShaft | 4/6/2021 2 7 4/13/2021 4.4 4.83 487
6013 | DShaft | 4/6/2021 2 7 4/13/2021 4.5 4.92
6011 A 4/6/2021 2 28 5/5/2021 14.8 16.31 15.87
6011 A 4/6/2021 2 28 5/5/2021 14.0 15.43
6012 AA 4/6/2021 2 28 5/5/2021 19.2 21.13 21.44
6012 AA 4/6/2021 2 28 5/5/2021 19.8 21.75
6013 | DShaft | 4/6/2021 2 28 5/5/2021 14.4 15.85 15.90
6013 | DShaft | 4/6/2021 2 28 5/5/2021 145 15.95
6011 A 4/6/2021 2 56 6/1/2021 28.0 30.75 29.73
6011 A 4/6/2021 2 56 6/1/2021 26.1 28.71
6012 AA 4/6/2021 2 56 6/1/2021 37.9 41.69 41.44
6012 AA 4/6/2021 2 56 6/1/2021 37.5 41.20
6013 | DShaft | 4/6/2021 2 56 6/1/2021 28.3 31.10 31.26
6013 | DShaft | 4/6/2021 2 56 6/1/2021 28.6 31.42
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Table F.4: Surface resistivity data from historical NCDOT projects at low (<0.39) w/cm ratios

Surface Resistivity (kQ-cm)

Type of Mix Fly ash % 3 day 7 day 28 day 56 day 90 day
Pavement 0 8.0 7.8 10.0 13.4 16.5
Pavement 20 4.8 6.5 12.0 20.5 29.3
Pavement 30 3.9 4.8 10.2 19.7 30.0
Pavement 0 5.7 6.3 9.9 13.7 17.0
Pavement 20 4.9 5.3 9.1 13.9 19.8
Pavement 30 5.1 5.4 8.4 12.0 18.7
Structure 0 53 7.5 10.2 12.5 13.7
Structure 20 4.4 55 10.6 16.9 25.7
Structure 0 5.8 6.3 9.1 121 13.8
Structure 20 4.2 5.3 9.5 18.9 27.2
Structure 0 55 6.5 9.3 10.1 15.7
Structure 20 45 5.0 12.3 16.1 20.2
Structure 0 6.3 6.9 14.8 17.2
Structure 20 45 5.1 131 18.4 23.3
Structure 0 13.3 12.7 16.3 17.9
Structure 23 10.4 11.1 18.1 46.1

Table F.5: Analysis of low (<0.39) w/cm mixtures meeting pavement and Class AA resistivity targets at selected ages

All Straight Cement Fly Ash
Total pavement mixtures 0 2 4
Pavement mixtures =11.0 by 28 days 0 0
Pavement mixtures > 11.0 by 56 days
Pavement mixtures >11.0 by 90 days
Total AA mixtures 0 5 5

AA mixtures = 15.0 by 28 days
AA mixtures = 15.0 by 56 days
AA mixtures >15.0 by 90 days

AA mixtures > 16.0 by 28 days
AA mixtures = 16.0 by 56 days
AA mixtures >16.0 by 90 days
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Table F.6: Surface resistivity data from historical NCDOT projects at moderate (0.41 to 0.43) w/cm ratios

Surface Resistivity (kQ-cm)
Mix 1D wicm Typeof | oy ashos | 3day 7 day 28 day 56 day 90 day
Mixture

M-600-0* M Pavement 0 4.8 6.0 8.5 9.2 114
M-480-120* M Pavement 20 4.3 5.3 7.3 9.6 134
M-420-180* M Pavement 30 4.2 5.0 8.8 15.7 22.0
M-600-0-1 M Pavement 0 6.4 7.9 10.0 16.5 22.7
M-480-120-1 M Pavement 20 4.5 6.3 9.4 141 20.3
M-420-180-1 M Pavement 30 4.7 5.5 6.1 13.8 19.6
M-600P-0-1 M Pavement 0 7.2 9.0 10.6 17.2 20.0
M-480P-120-1 M Pavement 20 5.5 6.1 6.6 14.8 19.7
M-420P-180-1 M Pavement 30 4.7 5.4 6.3 15.3 21.8
M-700-0* M Structural 0 5.0 6.1 8.6 10.3 115
M-560-140* M Structural 20 3.8 4.9 75 11.6 16.8
M-650-0* M Structural 0 4.8 6.1 8.6 11.3 12.7
M-520-130* M Structural 20 3.9 4.8 6.5 9.1 12.8
M-700-0 M Structural 0 7.1 8.1 10.9 10.9 12.5

M-560-140 M Structural 20 55 6.0 6.4 15.8
M-650-0 M Structural 0 7.1 8.0 10.7 11.2 11.9
M-520-130 M Structural 20 6.1 6.9 12.1 224 26.9

Table F.7: Analysis of moderate (0.41 to 0.43) w/cm mixtures meeting pavement and Class AA resistivity targets at
selected ages

All Straight Cement Fly Ash
Total pavement mixtures 9 3 6
Pavement mixtures =11.0 by 28 days 0 0
Pavement mixtures = 11.0 by 56 days
Pavement mixtures =11.0 by 90 days 9 3
Total AA mixtures 0 4 4
AA mixtures > 15.0 by 28 days 0 0 0
AA mixtures > 15.0 by 56 days
AA mixtures =15.0 by 90 days 3 0 3
AA mixtures = 16.0 by 28 days 0 0 0
AA mixtures = 16.0 by 56 days
AA mixtures >16.0 by 90 days 3 0 3
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Table F.8: Surface resistivity data from historical NCDOT projects at high (>0.47) w/cm ratios

Surface Resistivity (kQ-cm)

Type of Mixture Fly Ash % 3 day 7 day 28 day 56 day 90 day
Pavement 0 4.8 6.1 8.4 9.1 9.6
Pavement 20 4.1 5.2 7.0 9.0 135
Pavement 30 3.8 4.8 6.0 10.5 15.9
Pavement 0 6.9 7.3 8.1 11.2 17.6
Pavement 20 5.4 5.8 9.5 12.0 17.1
Pavement 30 4.2 6.9 11.2 16.3 20.7
Pavement 0 3.6 4.3 6.9 8.9
Pavement 0 4.8 5.2 7.3 7.3
Pavement 0 5.0 5.4 7.6 9.1
Pavement 0 4.1 4.9 6.7 9.8
Pavement 0 4.5 5.2 7.0 8.7
Pavement 0 4.8 5.5 6.6 8.1
Pavement 0 3.1 3.7 6.0 7.8
Pavement 0 4.5 4.7 6.7 7.8
Pavement 0 5.9 6.2 7.6 8.5
Pavement 20 815 3.6 7.5 24.3
Pavement 20 5.0 5.4 9.8 26.6
Pavement 20 4.8 5.6 12.6 35.3
Pavement 20 3.1 3.6 7.8 26.6
Pavement 20 5.0 5.4 10.5 32.9
Pavement 20 4.6 5.6 12.6 37.4
Pavement 0 4.6 5.4 7.5 9.6
Pavement 8.0 8.7 10.7 10.8
Pavement 7.1 8.0 9.5 10.3
Pavement 23 7.3 11.0 19.1 31.0
Pavement 23 7.5 11.5 195 32.3
Pavement 23 7.8 11.9 19.8 32.8
Structural 0 4.7 5.7 8.0 8.0 8.2
Structural 20 3.9 5.2 7.1 9.3 131
Structural 0 4.4 55 6.8 7.9 8.1
Structural 20 4.1 4.9 6.2 8.8 12.3
Structural 0 6.1 6.4 7.3 12.1
Structural 20 5.1 5.7 6.6 141
Structural 0 5.7 6.8 8.7 9.7 9.8
Structural 20 4.8 6.3 10.6 18.0 21.8
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Table F.9: Analysis of high (>0.47) w/cm mixtures meeting pavement and Class AA resistivity targets at selected ages.

All Straight Cement Fly Ash
Total pavement mixtures 27 14 13
Pavement mixtures >11.0 by 28 days 6 0
Pavement mixtures = 11.0 by 56 days 10
Pavement mixtures >11.0 by 90 days 14 1 13
Total AA mixtures 8 4 4
AA mixtures = 15.0 by 28 days 0 0 0
AA mixtures = 15.0 by 56 days
AA mixtures =15.0 by 90 days 3 0 3
AA mixtures = 16.0 by 28 days 0 0 0
AA mixtures = 16.0 by 56 days
AA mixtures >16.0 by 90 days 3 0 3

Figure F.4: Training session for SAM with developer (Jake LeFlore, OSU)
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Table F.10: SAM data collected at pilot project

Air
Ticket Mix . Truck | Slump | Temp Content SAM air SAM
Number | Type Mix 1D Structure Date of Pour Plant No. (in) °F) from Content Number Operator | Notes
Other (%)
Meter (%)

5549330 AA 3082VF11ABLFAPEE 1B - Westinghouse 5/19/2021 Pineville 1 3.00 77 4.70 4.60 0.52 IS 1
5549560 AA 3082VF11ABLFAPEE 1B - Westinghouse 5/19/2021 Pineville 4 3.50 76 4.50 6.00 0.50 IS 1
5549744 AA 3082VF11ABLFAPEE 1B - Westinghouse 5/19/2021 Pineville 8 3.50 80 4.25 5.60 0.38 IS 1
5549943 AA 3082VF11ABLFAPEE 1B - Westinghouse 5/19/2021 Pineville 11 3.50 78 5.00 5.40 0.31 IS 1
5550077 AA 3082VF11ABLFAPEE 1B - Westinghouse 5/19/2021 Pineville 14 3.50 80 3.50 5.60 0.39 IS 2
5550276 AA 3082VF11ABLFAPEE 1B - Westinghouse 5/19/2021 Pineville 19 3.50 79 5.25 7.30 0.29 IS 2
5580194 AA 3852VF11ABAFMQEE Span A - Elm 6/15/2021 Matthews 4.00 84 6.00 5.10 0.26 PG 1
5580351 AA 3852VF11ABAFMQEE Span A - EIm 6/15/2021 Matthews 3.75 84 5.50 5.00 0.27 PG 1
5580542 AA 3852VF11ABAFMQEE Span A - Elm 6/15/2021 Matthews 3.50 85 5.00 5.00 0.31 PG 1
5580699 AA 3852VF11ABAFMQEE Span A - Elm 6/15/2021 Matthews 10 3.50 85 4.70 4.50 0.31 PG 1
5580888 AA 3852VF11ABAFMQEE Span A - Elm 6/15/2021 Matthews 14 4.50 85 5.50 4.40 0.29 PG 2
5581035 AA 3852VF11ABAFMQEE Span A - EIm 6/15/2021 Matthews 17 - - 5.00 3.70 0.40 PG 2
5581387 AA 3852VF11ABAFMQEE Span A - Elm 6/15/2021 Matthews 20 - - 7.30 4.70 0.45 PG 2
5581305 AA 3852VF11ABAFMQEE Span A - Elm 6/15/2021 Matthews 23 = = 7.30 3.40 0.42 PG 2
5584235 AA 5382VF11ABLFPBEE Span B - Elm 6/17/2021 Fort Mill 5.00 82 4.60 4.50 0.25 PG 1
5584405 AA 5382VF11ABLFPBEE Span B - Elm 6/17/2021 Fort Mill 3.00 80 4.80 4.40 0.21 PG 1
5584607 AA 5382VF11ABLFPBEE Span B - Elm 6/17/2021 Fort Mill 7 3.75 81 6.10 5.40 0.17 PG 1
5584707 AA 5382VF11ABLFPBEE Span B - Elm 6/17/2021 Fort Mill 10 6.25 83 7.30 6.20 0.15 PG 1
5584902 AA 5382VF11ABLFPBEE Span B - Elm 6/17/2021 Fort Mill 13 5.00 84 6.60 6.10 0.17 PG 2
5585105 AA 5382VF11ABLFPBEE Span B - Elm 6/17/2021 Fort Mill 16 3.75 75 6.00 5.50 0.26 PG 2
5585178 AA 5382VF11ABLFPBEE Span B - Elm 6/17/2021 Fort Mill 19 4.00 85 6.10 5.40 0.24 PG 2
5585320 AA 5382VF11ABLFPBEE Span B - Elm 6/17/2021 Fort Mill 22 2.75 83 5.70 3.70 0.37 PG 2
5590397 AA 5382VF11ABLFPPEE Bent 1 - Elm 6/23/2021 Fort Mill 1 4.00 83 5.00 6.40 0.06 PG

5590552 AA 5382VF11ABLFPPEE Bent 1 - Elm 6/23/2021 Fort Mill 4 3.25 83 4.90 4.90 0.18 PG

5590756 AA 5382VF11ABLFPPEE Bent 1 - Elm 6/23/2021 Fort Mill 7 3.00 84 5.30 6.10 0.29 PG

5591041 AA 3851VF21ACAFMQEE 1A EB1 Cap 6/23/2021 Matthews 3 3.50 78 5.50 7.60 0.25 IS

5603480 AA 5382VF11ABLFPPEE Elm EB1 App. Slab 7/1/2021 Fort Mill 1 3.50 76 6.00 5.60 0.16 PG

5608204 AA 5382VF11ABLFPPEE Elm EB1 App. Slab 7/1/2021 Fort Mill 5 - - 4.50 4.90 0.19 PG

5608707 AA 5382VF11ABLFPPEE Elm EB1 App. Slab 7/1/2021 Fort Mill 7 - = 6.50 5.80 0.21 PG

5604961 | AA 5382VF11ABLFPPEE EB2 Approach Slab 7/6/2021 Fort Mill 1 4.00 75 7.30 7.30 0.35 PG

5605107 AA 5382VF11ABLFPPEE EB2 Approach Slab 7/6/2021 Fort Mill 4 4.00 75 6.50 6.60 0.03 PG

5605286 AA 5382VF11ABLFPPEE EB2 Approach Slab 7/6/2021 Fort Mill 7 4.00 75 5.60 5.70 0.26 PG
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AA 3081VF21AHAFAPEE Elm Barrier Wall 7/14/2021 Fort Mill 1 3.50 5.50 4.90 0.37 PG

5615552 | AA 3081VF21AHAFAPEE Str 6 Bent 1 Column 1 7/14/2021 Pineville 1 3.50 80 6.60 5.70 0.22 PG

5616955 | AA | 3852VF13AAAFMQEE Str 7 Barrier Wall 7/15/2021 Matthews 1 3.50 90 5.80 4.70 0.03 IB

5619060 | AA | 3852VF13AAAFMQEE Str 7 Barrier Wall 7/16/2021 Matthews 1 3.00 88 5.10 4.50 0.15 JB

AA | 3852VF13AAAFMQEE Str 7 Barrier Wall 7/19/2021 Matthews 1 3.50 84 6.10 5.40 0.40 1S

5621073 | AA | 3852VF13AAAFMQEE Str 7 Barrier Wall 7/20/2021 Matthews 1 2.50 86 5.10 4.60 0.49 B

5622328 | AA | 3852VF13AAAFMQEE Str 7 Barrier Wall 7/21/2021 Matthews 1 4.00 85 4.50 4.80 0.23 PG

5622715 | AA | 3852VF13AAAFMQEE Str 7 Barrier Wall 7/21/2021 Matthews 2 4.00 88 4.50 3.80 0.38 PG

5624240 | AA | 3852VF13AAAFMQEE Str 7 Barrier Wall 7/22/2021 Matthews 1 3.50 82 5.60 4.30 0.16 JB
3081VF21AHAFAPEE Str 4 Median Columns 8/18/2021 308 1 5.00 89 5.00 4.60 0.19 IS 1
B 385BNF33ACAFMQEE 22+60 8/18/2021 385 1 = 74 6.80 6.30 0.16 IS 1
5660919 | AA 3852VF11ABAFMQEE St 9B 647+99.12 8/23/2021 385 1 3.00 87 5.10 4.90 0.39 IS 1
5667908 | AA 5382VF11ABLFLBEE EB2 Approach Slab 8/27/2021 538 1 3.50 75 4.20 3.50 0.33 PG 2
5668165 | AA 5382VF11ABLFLBEE EB2 Approach Slab 8/27/2021 538 4 3.50 80 5.10 4.50 0.33 PG 2
5668480 | AA 5382VF11ABLFLBEE EB2 Approach Slab 8/27/2021 538 7 3.50 79 4.70 4.20 0.38 PG 2
5671844 | AA 3852VF11ABAFMQEE Str 9B deck 8/31/2021 385 1 4.50 76 6.00 5.20 0.23 S 2
5672037 | AA 3852VF11ABAFMQEE Str 9B deck 8/31/2021 385 4 3.75 79 4.50 4.50 IS 2
5681738 | AA 3081VF21AHAFAPEE STR 4. FOOTING 9/9/2021 308 1 4.50 84 4.50 4.40 0.03 PG 1
A 3081VF21AHAFAPEE STR. 5 COLUMNS 9/13/2021 308 1 5.00 84 6.20 6.40 0.15 IS 2
5692575 | AA 3852VF11ABAFMQEE STR 1A SPAN A 9/17/2021 385 4 3.50 75 5.00 4.90 0.23 IS 1
5701079 | AA 3082VF11ABLFAPEE STR OATILLEY SPAN B 9/28/2021 308 1 4.00 75 6.00 5.50 0.43 N 2
5701382 | AA 3082VF11ABLFAPEE STROA TILLEY SPAN B 9/8/2021 308 4 3.50 78 6.00 4.60 0.12 N 2
5703793 | AA 3082VF11ABLFAPEE STR. 1A EB2 APP SLAB 9/29/2021 308 1 3.50 76 5.20 4.20 0.31 PG 2
5703793 | AA 3082VF11ABLFAPEE STR. 1A EB2 APP SLAB 9/29/2021 308 4 4.00 79 6.40 5.40 0.23 PG 2
5706000 | AA 3082VF11ABLFAPEE STR 1A EB1 APPROACH 9/30/2021 308 1 3.50 78 5.20 3.60 0.34 PG 2
5706315 | AA 3082VF11ABLFAPEE STR 1A EB1 APPROACH 9/30/2021 308 4 4.00 76 6.00 4.90 0.25 PG 2
5709538 | AA 3852VF11ABAFMQEE STRIA IEE)AU'\II?C DECK 10/4/2021 385 1 3.50 80 5.70 5.90 0.23 KC 2
5714101 A 3851VF21ACAFMQEE CULVERT 5 10/7/2021 385 1 3.75 72 5.20 4.90 0.35 N 1
5718123 A 3851VF21ACAFMQEE STR 4. EB2 BACKWALL 10/12/2021 385 1 3.50 75 5.20 5.20 0.28 PG 2
5718286 A 3851VF21ACAFMQEE STR4. EB2 BACKWALL 10/12/2021 385 4 2.50 75 5.20 5.10 0.27 PG 2
AA 308RVF51ADLFAPEE STRIA iﬁgRllER RAIL 10/14/2021 308 1 1.25 78 4.60 4.60 0.47 1B 1
5724429 | AA 3852VF11ABAFMQEE TlLLE\;?&ZRAiaA EB2 10/15/2021 385 1 3.25 74 5.90 5.10 0.20 IS 1
5726655 A 3851VF21ACAFMQEE STR 4 EB2 BACK WALL 10/18/2021 385 1 3.25 70 5.75 5.60 0.30 DO 1
5728255 | AA 3852VF11ABAFMQEE TILLEY MORRIS 10/19/2021 385 1 3.25 65 5.90 5.50 0.54 DO 1
5742287 A 5381VF21ACLFPPEE STR 5 B+2B CAP 10/20/2021 538 1 4.00 70 5.00 5.30 0.76 JB 1
5742441 A 5381VF21ACLFPPEE STR 5 B+2B CAP 10/20/2021 538 4 4.00 70 5.00 6.00 0.33 JB 1
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5742587 A 5381VF21ACLFPPEE STR 5 B+2B CAP 10/20/2021 538 7 4.00 75 5.00 3.70 0.63 PG 1
TILLEY 9B EB1 PG
5736828 | AA 3852VF11ABAFMQEE APPROACH 10/25/2021 385 1 3.25 78 = 5.70 0.05 1
5738656 A 3081VF21ACLFAPEE CULVERT 3 TOP 10/26/2021 308 = 65 5.20 6.60 0.10 PG 1
5738803 A 3081VF21ACLFAPEE CULVERT 3 TOP 10/26/2021 308 4 3.50 70 4.90 7.00 0.10 PG 1
5738885 A 3081VF21ACLFAPEE CULVERT 3 TOP 10/26/2021 308 7 3.50 84 5.30 6.20 0.22 PG 1
5739000 A 3081VF21ACLFAPEE CULVERT 3 TOP 10/26/2021 308 10 3.50 81 6.50 5.70 0.08 PG 1
5739140 A 3081VF21ACLFAPEE CULVERT 3 TOP 10/26/2021 308 13 3.75 84 5.30 3.30 0.36 PG 2
5739354 A 3081VF21ACLFAPEE CULVERT 3 TOP 10/26/2021 308 16 3.50 85 5.00 3.10 0.39 PG 2
5741451 | AA 3852VF11ABAFMQEE cuLv 4V'\I/'|(')\IPC,;§NALLS, 10/27/2021 385 1 3.75 77 7.20 6.90 0.37 IB 1
5755239 A 3081VF21ACLFAPEE CULVERT 3 11/9/2021 308 6.50 78 6.50 7.80 0.07 PG 1
5755617 A 3081VF21ACLFAPEE CULVERT 3 11/9/2021 308 4.50 77 5.00 6.90 0.22 PG 1
5755750 A 3081VF21ACLFAPEE CULVERT 3 11/9/2021 308 7 3.75 80 6.20 8.90 0.08 PG 1
5755867 A 3081VF21ACLFAPEE CULVERT 3 11/9/2021 308 10 4.25 80 6.30 7.20 0.10 PG 1

Notes: 1: Sample taken before pumping

2: Sample taken after pumping
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Figure F.5: SAM air content vs. SAM number, comparing test results for Class A and Class AA mixtures
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