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Executive Summary

The vital role of air entrainment in preventing freeze-thaw damage in concrete is well known and
well documented. Through the action of an air entraining agent (AEA) added to fresh concrete,
an air void system comprised of various microscopic voids is established. There are several
parameters of the air void system, which are considered important indicators of freeze-thaw
resistance. Measuring these parameters and their adequacy provides extremely useful
information on concrete freeze-thaw resistance. ASTM C 457 describes two methods for
assessing the adequacy of the air void system in hardened concrete: the linear traverse and
modified point count [ASTM 2004]. Both procedures in ASTM C 457 require a human operator
to use a microscope, or a video monitor and camera attached to a microscope, to make the
necessary observations and measurements. The process has been long recognized as tedious and
time-consuming, requiring a skilled and experienced operator to ensure reliable, consistent
results. In addition to operator training, ability, and bias, factors that contribute to variation in
air void measurements include differences in procedures and equipment, differences in specimen
preparation quality, and inherent statistical variability of the test method itself.

This report documents the results of a national pooled-fund study, led by the Missouri
Department of Transportation (MoDOT), and sponsored by 13 states. The goal of the pooled-
fund study was to refine and complete the development of a fully automated, computer-based
linear traverse system, which could provide results equal to or better than those of a linear
traverse performed by a human operator.

The overall results of this study indicate that the repeatability, accuracy, and overall assessment
quality of the NG-ACE system in conducting the ASTM C457-98 linear traverse method are
comparable to results obtained by manually (human-based) conducting the ASTM C457 linear
traverse method. The system hardware and software presently can be deployed and customized
to meet the specific needs of other users within the transportation industry.
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Chapter 1
Introduction

The determination of the microscopical properties, hence characterization of the air-void
system, in hardened concrete provides a valuable link to the durability and performance of
that concrete. Because of this, knowledge of the air-void structure in hardened concrete is a
valuable tool for many. Current manual methods (ASTM C 457 linear-traverse or modified
point-count) used to determine the air-void structure in hardened concrete are extremely
time-consuming, tedious, and require highly skilled and experienced personnel. Automating
the system would save both time and effort and would improve the consistency and
repeatability of the operation and its results. Previous efforts have been put forth by many to
develop an automated system as such, but not to the degree of accuracy needed and required
by many for total confidence. As a result, many resort to the conventional, manual methods
of evaluating hardened concrete.

Since 2001, the Missouri Department of Transportation and National Nuclear Security
Administration’s Kansas City Plant, operated by Honeywell Federal Manufacturing &
Technologies, have collaborated on three CRADA’s (Cooperative Research and
Development Agreements) to develop a fully automated machine vision system to perform
the analysis of the air void structure of concrete according to the ASTM linear traverse
method. The first two CRADA’s were focused on the development of a prototype system,
designated ACES, for Automated Concrete Evaluation System. This prototype included a
computer controlled two-dimensional stage and sample holder, a vision system consisting of
a microscope, a digital black-and-white camera and analog frame grabber, a personal
computer, and customized software to perform the image acquisition, analysis, and reporting.
Initial evaluations of the accuracy of the ACE system relative to experienced human
operators at MoDOT were quite positive. However, ongoing validations to baseline
performance of the software against actual manually derived results provided data indicating
that additional software developments were required to ensure that the results provided by
the ACE System are consistent with those obtained manually. As a result, a third CRADA
was initiated to improve the performance of the ACE system to consistently apply the
ASTM linear traverse method and to improve the accuracy of the system relative to the
results obtained by human experts.

In 2003, MODOT expanded the scope of this effort by initiating and leading a national,
pooled fund effort under sponsorship by the Federal Highway Administration. This pooled
fund effort included 13 state transportation departments (Arkansas, California, Colorado,
[1linois, Indiana, lowa, Minnesota, Missouri, Montana, Nebraska, Ohio, Virginia, and
Wisconsin). The pooled fund study effort was guided by a technical advisory committee
which included members of all participating states, the FHWA, and the concrete testing
industry. The goal of this pooled fund study was two-fold:

(1) develop improvements in the performance of the prototype ACE system to provide
consistent and repeatable results through the automated application of the ASTM linear
traverse method to concrete samples while addressing all inevitable conditions that can
be encountered during hardened concrete analysis;



(2) accurately assess the variability of the ASTM linear traverse method across the concrete
evaluation industry. Accomplishment of this goal then provides a meaningful metric
against which the results provided by the automated system can be assessed.

The latter goal was coordinated by MODOT and completed with several participating
laboratories through a series of “round robin” tests where concrete samples were
evaluated by multiple laboratories (nine in all) and the results evaluated for consistency
and variability. The nature of that study, and how it was performed, have been
documented in a separate report.. However, the results from the round robin study will
be used to assess the performance of the ACE system. The ultimate goal of this
development effort has been to develop an automated system which will provide
consistent and repeatable results and that can find implementation by users in the field of
concrete materials, construction, and research.

' Simon, Marcia J., (2005). An Interlab Evaluation of the Variability in the ASTM C 457 Linear Traverse
Method. Report. OR6-009, Missouri Department of Transportation, Jefferson City, MO, USA



Chapter 2
Project Description

This section will begin with a description of the ACE system hardware and will describe
some of the improvements that have been made to the system during this current effort. The
operation of the analysis software will then be described along with the enhancements that
have been accomplished to improve the performance of the system. Finally, we will
compare the performance of the ACE system to those obtained in the round robin testing to
evaluate the overall consistency and repeatability of the system.

2.1 ACE Hardware Description

The ACE system uses a high precision, two-dimensional computer-controlled stage to
move the concrete sample under a research grade microscope. The image acquisition
system consists of a digital color camera, a digital image acquisition interface, and a 3.2
GHz tower PC. Customized image processing and pattern recognition software has been
developed to identify air voids and extract void characteristics. These characteristics are
used to calculate the concrete microscopical properties of interest. All these system
components are linked via a graphical user interface which aids the operator in the image
acquisition, analysis, and review processes. Figure 1 provides a visual overview of the
ACE system operation.

Segment image | Enhance image [ Acquire image —Pm
(extract objects) from microscope
h Monitor
Camera
v 4
Extract shape Concrete
features sample

2-D Stage

Local neighborhood

correlation > Imegearchival |—> Tabulation of v Operator review
(fuzzy logic) evaluation results

A

Figure 1. Hardware and data flow for automated scanning system



The ACE system is designed to automatically scan and acquire imagery of a concrete
sample. The acquired imagery is then stored on the analysis computer and may be written to
a DVD. This latter option allows the acquired imagery to be transferred to another computer
for automated analysis. In this way, a single computer workstation may be dedicated to the
sample scanning and image acquisition process, while previously acquired imagery can be
transferred to and processed on any other available computer.

In conjunction with the pooled fund effort, MoDOT pursued the design of an enhanced
version of the ACE system. This enhanced system is designated the “Next Generation
ACE” system, or NG-ACE, and incorporates several improvements to increase performance
of the system. This includes the addition of a bridge mount to more securely hold the
camera and reduce vibration, and the use of an inspection grade microscope, rather than a
standard laboratory microscope. In addition, a fully digital camera with a high speed image
transfer capability is now used to significantly increase the speed of the image acquisition
and archival process over the original ACE system. Computer controlled focusing is
available on the new unit, but is not used, as the depth of field of the present microscope
optics is sufficient to keep the surface of the sample in focus at all times. A new base plate
was also designed and fabricated out of aluminum to minimize base flexure and to prevent
mount breakage, which was a problem with the previous ACE system. A picture of the
current NG-ACE system is shown in Figure 2.

Figure 2. NG-ACE configuration showing the computer, computer-controlled stage,
sample mount, digital camera, and lighting (bridge mount not shown).



The basic NG-ACE system components and estimated component costs are provided below
(prices as of November 2006). A more detailed equipment specification is available upon
request.

e Stage — Aerotech, 2D Linear Stage and controller $21,236
e Camera - Sony DFW-X710, or equivalent $1,900
e (Inspection grade or Industrial inspection microscope — check on proper terminology)

e Lens, Illumination, Stand $1,307
e (Concrete Sample Mount $12,800
e Isolation table $2,500
e PC $2,500
e Sample scanning, data analysis, and reporting software $20,000
e System integration, test, and validation (at KCP) $5,000
e Shipping, system set up, and training at customer site $15,000

The total cost for the hardware for the NG-ACE system , including analysis software, system
integration and setup at the customer’s site, and training is approximately $70,000.
Individual components may be purchased or provided by the customer for integration into
the NG-ACE system, as long as those components meet the quoted NG-ACE specification.

Other services and system capabilities may also be provided, and rough cost estimates for

their implementation are also provided below:

e Modify analysis software to perform modified point count - $8K
This option will implement the modified point count analysis, as detailed in the
ASTM C 457-90 standard, as an additional method for determining the air-void
structure of samples.

e Incorporate manual analysis and real-time review capability - $10K
This option will provide additional software to permit the NG-ACE operator to
review analysis results and to modify those results as part of the scanning and
analysis process. A separate, graphical user interface will be provided that will
permit the operator to modify the automated classification results on an image-by-
image basis.

e Custom modifications per customer request (TBD)
Additional modifications to the NG-ACE system can be performed, as requested by
the customer. KCP will evaluate such requests and provide a cost estimate for the
requested modification.

2.2 NG-ACE Analysis Software Approach

The NG-ACE image analysis and pattern recognition software is capable of detecting
features as small as 2 microns on a sample and voids as small as 5 microns. For the
purposes of this study, an air void is defined as a space in cement paste, mortar, or
concrete filled with air; an entrapped air void is characteristically I mm or more in size



and irregular in shape; an entrained air void is typically between 10 microns and 1 mm
in diameter and spherical in shape (or nearly so). *
The analysis software is used to identify each detected feature and to classify it as void,
paste, sand, or aggregate, where traditional definitions of each generally apply, such as
paste being cement or cementitious material and water, sand or fine aggregate being
those aggregate particles generally smaller than 5 mm (0.20 in.) and coarse aggregate as
those greater than 5 mm (0.20 in.).> Following the analysis of all acquired imagery, a
report is generated by NG-ACE which provides estimates of microscopical properties of
interest, as defined in the ASTM standard. These include:

» Percent of air in concrete

» Percent of air in paste

* Voids per inch

* Spacing factor

» Specific surface

* Average air void size

» Standard deviation of air void size

* Percent paste

» Paste/void ratio

* Void/paste ratio

 Distribution of void diameters

» List of voids by size, number, and percent of total voids

A major focus of the pooled fund effort was to improve the performance of the NG-ACE

analysis software. Several areas of improvement were identified in the previous CRADA

and were targeted for further development in the NG-ACE system. These included:

1. Modify existing NG-ACES software to better match the manually derived void
distribution

2. Perform additional validation testing of the existing NG-ACES software

3. Verify performance of the rule bases for image-to-image correlation, and for the fusion
of image analysis results.

All these goals were accomplished. The approach used by the NG-ACE system analysis

software is detailed below:

e Sample scanning interface
The scanning interface of the NG-ACE system has been re-designed (Figure 3). All
functionality from the earlier version of ACES has been reproduced. However, a
threshold selection algorithm has been added to utilize operator input to evaluate
image quality and to use this information to set segmentation thresholds. This
capability will provide higher quality imagery and more consistent analysis results.

? Kosmatka, S. H., Kerkhoff, B., and Panarese, W. C., “Appendix-Glosssary”, Design and Control of
Concrete Mixtures, 14" Edition, Portland Cement Association, Skokie, IL, 2002, page 335.

* Kosmatka, S. H., Kerkhoff, B., and Panarese, W. C., “Chapter 5 - Aggregates for Concrete,” Design and
Control of Concrete Mixtures, 14" Edition, Portland Cement Association, Skokie, IL, 2002, page 79.



Figure 3. New sample scanning GUI.

Analysis software

The goal of the analysis software is to identify voids and other concrete components
on an image-by-image basis. This is accomplished through the use of multiple image
analysis methodologies, and through the use of data fusion methods to fuse the results
provided by the multiple techniques. The NG-ACE analysis software currently uses
three analysis methods to identify concrete components in the acquired imagery. The
first of these is color analysis (see Figure 4). In this method, the RGB (red, green,
blue) color values and band ratios at each point in the image are used as input into a
neural network that has been trained to identify the specific color features of each
type of component. This results in a color map of the original image which is
correlated with the identified components.

—>

Classified image

Neural network
classifier

Figure 4. Color analysis method.



The second analysis approach is based on the use of morphological image analysis to
identify voids in the concrete based on their shape (Figure 5). This method segments
each image into individual objects, or blobs, and then analyzes each object for its
unique shape and intensity characteristics. A fuzzy logic correlation algorithm is
used to identify voids based on the correlation of key image components which are
correlated with the voids.

Original image Bright objects

Figure 5. Shape analysis method.

The third analysis approach uses the unique intensity structure of a void to generate a
model (or filter) that analyzes the intensity profile along the selected traverse line
(Figure 6). The unique intensity features associated with voids are then identified
using an expert system rule base, and the void is detected.

|mew

o T
N i

ST

mmmmmmmmmmm
Scan Line Position

Figure 6. Profile analysis method.

Finally, the results of these three analysis methods are fused together using two
different rule bases. The first rule base is applied on an image-by-image basis and
correlates the classification outputs from the three individual classification methods.



By correlating the features (and combinations of features) from each of the individual
analysis methods, component detection confidence is improved and the number of
misclassifications is reduced.

The second rule base is applied across the entire image data set and is used to
correlate single image classification results across multiple, contiguous images.
Again, the correlation of classification results across multiple images helps to
improve component classification and reduce misclassifications

Figure 7. Batch processing user interface and report format

The NG-ACE system also includes three graphical user interfaces that are used by the
operator to perform sample setup and scanning, batch processing, and test and
validation. A standard term in software development, a graphical user interface or
GUI facilitates program use by taking advantage of computer graphics capabilities as
opposed to text and commands, enabling user-friendly interaction through graphics.
The NG-ACE sample setup and scanning GUI was described above. The batch
processing GUI is shown in Figure 7 and is used by the operator to process an
archive of imagery acquired from a sample. The batch processor reads and analyzes
each image in sequence as described above, and then combines the results of those
analyses across the entire image set. The batch processing GUI also generates the
final report (also shown in Figure 7) which provides the computed microscopical
properties of the sample according to ASTM C457-98.



Finally, the test and validation GUI is shown in Figure 8. With this GUI, the operator
is able to analyze individual images and directly assess the performance of the
analysis process. It should be noted that this GUI only displays the results of the
analysis on a single image basis. Classification results can change when the image-
to-image correlation is performed by the batch processing GUI.

Figure 8. Test and validation GUI
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Chapter 3
Enhancements performed during the Pooled Fund Study

In support of the Pooled Fund study, a significant number of modifications and
enhancements were made to the NG-ACE analysis software. The most significant
modifications are described in the sections below.

3.1 Single Image Analysis

e (Color method - Added a neural network classifier to improve classification accuracy.

e Shape method - Improved the performance of the watershed algorithm, although this
does not always yield improved results. This is because the watershed algorithm is
applied after a contrast stretch of the subject image and this reduces intensity
resolution within the image.

e Shape method - Added approach to identify spurious voids that may occur due to
anomalous bright regions.

e Shape method - Added capability to identify separated chords belonging to the same
object. This reduces false detection of multiple objects.

e Profile method - Added region analysis which analyzes the areas above and below the
traverse line and correlates component identification information with that measured on
the traverse line. Improves overall void detection capability and reduces false void
reports.

¢ Single image analysis - Incorporated chord identification and evaluation into each of the
three analysis methods. This simplifies the design of special rules within each analysis
method to improve void detection and to reject false voids.

e Single image analysis - Added the BRIGHT category to each analysis method and the
fusion algorithm. This aids in the identification of voids across multiple image
boundaries, and provides confirmation of void extraction.

e Single image analysis - Incorporated texture analysis to improve the identification of
single component images and to aid in the discrimination of large voids from large,
dark aggregate.

e Fusion approach — Added fusion analysis at the “technique” level to improve shallow
void detection and reduce false void reports. This consisted of the inclusion of a
number of rules that correlate the classification output from the three evaluation
techniques to improve classification accuracy on an image-by-image basis.

3.2 Batch Processing

The goal of the batch processor is to correlate single image classification results across
multiple, contiguous images. The most significant change in the batch processor
algorithm was the elimination of the low magnification image analysis task. Originally,
the low magnification scan of the sample was required to identify the presence of large
voids and large coarse aggregate. High magnification images of such large components
did not provide a sufficient amount of information for analysis (i.e., high magnification
images of large voids and dark aggregate are often totally dark). However, enhancements
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in the single image analysis software (as described above), and in the batch processor (as
described below) rendered the analysis results from the low magnification imagery as
redundant. As such, this modification alone permitted the elimination of the low
magnification scan from the image acquisition process, and processing of the low
magnification imagery from the analysis process. Elimination of the low magnification
scan resulted in the reduction of the amount of time needed to acquire imagery from a
sample, as well as the length of time needed to process all acquired imagery. In addition,
the need for the operator to switch the NG-ACE equipment from the low magnification
setup to the high magnification setup was eliminated.

Specific capabilities that were added to the batch processor include the following:

e Added rules to identify and use the presence of BRIGHT segments to identify voids.
Use of these segments improves and validates void detection.

e Incorporated a scale check using BRIGHT segments to identify large sand or
aggregate chords that have been misclassified as voids. Places constraints on the
relative size of the void intensity components to confirm void detections and reject
false void reports.

e Incorporated new methodology to identify shallow voids. Often, shallow voids will
not present an intensity structure that allows them to be consistently identified by the
three analysis techniques. The new approach correlates classification data from the
three analysis methods to identify a (usually) consistent intensity pattern in the chord
data associated with shallow voids.

3.3 Performance Caveats

With all the improvements that have been made to the analysis software and the batch

processor to improve void detection and reduce false void reports, there are still several

anomalies or “pathologies” in the concrete samples that tend to reduce classification

accuracy. These include:

e Missed voids
Despite best efforts to design the NG-ACE analysis software to accurately and
consistently extract voids from the acquired imagery, there still remain instances
where voids are not extracted. Small variations in the lighting across the sample,
unusual void structures and small, shallow voids sometimes result in a void being
missed. This is to be expected as no computer algorithm can anticipate all the
potential pathologies that can occur in the void intensity structure due to these effects.
However, the results of the round robin testing described below, and the relatively
low occurrence of missed voids suggest that any error in the measured air-void
structure introduced by the missing voids will be small compared to the measured
variance of the manual evaluation process.

e “Pull-outs”
“Pull-outs” are essentially voids that are produced due to the dislodgement of a sand
particle during the sample polishing process. Typically, the voids that are generated
as a result of this are irregularly shaped and do not exhibit the typical circular shape
of an actual void. As such, the NG-ACE analysis software often is able to
discriminate these types of spurious voids from true voids. However, the software is

12



not always successful in identifying these types of voids and additional software

would have to be developed to improve this discrimination capability.

Quartz sand

Quartz sand continues to be problematic within the current NG-ACE analysis

process. The appearance of quartz sand mimics the intensity structure of an actual

void in that a portion of the sand grain appears dark, like a void, and the
complementary part appears brighter, comparable to PASTE. As such, the sand grain
is never completely extracted and, typically, the lighter half of the grain is identified
as paste. This elevates the reported paste percentage. One possible solution to this
problem is to try to uniquely identify the quartz sand through the use of more
sophisticated texture processing algorithms to try to differentiate between the
smoother surface of the quartz sand and the coarser surface of the surrounding paste.

Again, this approach has not yet been incorporated into the NG-ACE software.

Voids in aggregate or sand

Voids in aggregate and sand are not to be included as part of the entrained air

percentage estimate. Several rules were designed into the analysis code and the batch

processor to identify and correct these types of misclassifications, but they are by no
means 100% accurate in their results. Typically, aggregate and very large sand grains
will be classified as single component images and voids within these components will
not be reported.

Entrapped air voids

Very large voids (> 1mm) are typically considered as entrapped air, rather than

purposely entrained air. However, since different laboratories handle entrapped air

differently, a decision was made to leave entrapped air voids in the analysis process.

Individual users may choose to remove these large voids from the analysis of the air

void structure by specifying the chord length to be associated with entrapped air

during the batch analysis process (default is 1 mm). Specific information about the
entrapped air in a sample is provided in the report as Percentage of entrapped air in
sample relative to the total air in the sample, and relative to the total traverse length.

Graphical User Interfaces (GUI’s) and the reporting function

In the course of several meetings and discussions with members of the transportation

industry, a number of enhancements to the sample scanning GUI, the analysis GUI,

and the final report format have been suggested. Some of these changes were
incorporated into the NG-ACE system. These included:

— Development of a lighting level calibration approach to aid the operator in
selecting intensity thresholds to improve image segmentation (scanning GUI)

— Establishment of a standard parameter file, an “ini” file, to contain selected
threshold values. This file is read by the single image analysis algorithm and by
the batch code.

— Determination that an automated focus capability is not needed. The depth-of-
field of the current optical system is sufficient to maintain sharp focus across the
entire sample.

— Development of an operator’s manual (provided in Appendix B)

— Measured void distribution is now provided in a separate output and is also
included in the analysis report as a histogram.
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User specified entrapped air size limit (incorporated into the in the batch analysis
GUID).

There were a number of additional modifications that were suggested. However,
these modifications were not performed due to limited funding and due to the primary
focus of the development effort which was to improve classification performance of
the system. As such, these particular enhancements will be performed on an “as-
needed” basis as requested by the customer:

Run a check on field-of-view to ensure correct magnification setting

Traverse line length, area covered feedback to operator during the traverse line
setup to ensure minimum analysis area covered based on coarse aggregate size.
Coarse aggregate size is input, minimum scan length and area provided as
guideline to operator.

Provide operator with option to select output information in counts

(1/100,000 of an inch), pixels, microns

Update sample database information, add mix information, include on report
Develop additional code to check for voids in aggregate

Develop manual processing capability that allows operator to review each image,
modify classification results as needed, and save modified chord data.

Modify analysis reporting to use modified point count methodology
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Chapter 4
Round Robin Testing

A key component of this pooled fund effort was the execution of a two-phase round robin
study among nine laboratories (ten in phase 2) to estimate the variability of the ASTM
C457 linear traverse method when applied manually. Sources of known variability
associated with the linear traverse include: specimen preparation effects, operator
experience and ability, equipment (magnification, method of viewing, lighting), and
inherent statistical variability of the method itself. Assessing the variability, including
both between-lab and within-lab variability, of the linear traverse test method would then
provide a benchmark for performance of the NG-ACE system. Between-lab variability
or expected accuracy of the NG-ACE system would be determined based upon results
from multiple laboratories on a single specimen, while within-lab variability or expected
precision would be based upon multiple test results on the same specimen.

As discussed in the final report “An Interlab Evaluation of the Variability of the ASTM C
457 Linear Traverse Method”, the round robin testing used five concrete specimens
which were obtained from different locations around the country. Air content among the
five samples ranged from approximately 4.5% to 8%. In each phase, the participating
labs performed a total of nine linear traverse tests — one linear traverse on four of the
specimens, and five linear traverses, using five different sets of traverse lines, on the fifth
specimen. This enabled the evaluation of the human operator-based ASTM test method
and its between-lab and within-lab variability. All tests were to be run at 100X
magnification on the participating lab’s equipment. For phase 1, the concrete specimens
were prepared by the lab supplying the specimen, using the lab’s standard equipment and
procedure. For phase 2, the five concrete specimens were collected and the surfaces were
prepared again, but by one lab. Air void system parameters evaluated for variability in
the study included air content, voids per inch, spacing factor, and specific surface.

Findings of the round robin study (across all nine laboratories) indicate that wide
variations exist in the between-laboratory results derived from the manual application of
the ASTM C457-98 standard, which strongly supports the development of an automated
image analysis system for performing ASTM C457 measurements. For the purpose of
comparing the round robin results with those derived from the automated NG-ACE
system, a smaller subset of the manually-derived laboratory results was established based
on the results from the five laboratories that demonstrated the most consistency in their
measurements for phase 2.

4.1 Assessment of NG-ACE Performance Relative to the Round Robin

Testing Results

The first step in assessing the performance of the NG-ACE system is to determine if the
results derived by the automated system are in “agreement” with the manually derived
results. First, what constitutes agreement? We know (intuitively) that the computer will
never be as accurate as the most qualified, experienced human in extracting all voids and
in dealing with pathologies (unusual situations which require human assessment to
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resolve). Further, the results of the round robin testing identified a relatively significant
amount of variance in the manually derived air void parameters. As a result, as long as
the NG-ACE system provides estimates of the air void parameters which are within the
observed variance of the manual results, then “agreement” is established. In the sections
below, the accuracy, repeatability, and overall assessment capability of the NG-ACE
system is compared to the manually derived round robin results.

Accuracy of the NG-ACE System

The accuracy, or proximity to a true value, of the NG-ACE system is determined through a
between-lab comparison of the NG-ACE-derived results with those derived manually in the
round robin study. Given that the true air-void parameters for each of the samples are
unknown, the 95% confidence interval for each parameter, as computed from the manual
round robin results, was used as a comparison metric. This interval represents the range of
values, consistent with the data, that is believed to encompass the "true" value with high
probability (95%). As such, the measured NG-ACE values are compared to the manually
derived results by scaling the NG-ACE values relative to the lower and upper limits of the
95% confidence interval as determined by the round robin study (An Interlab
Evaluation...Method, Table 13). In particular, the NG-ACE estimated values are scaled
between 0 and 1, representing the lower and upper 95% confidence interval limits,
respectively. Hence, any scaled value between 0 and 1 means that the NG-ACE estimated
parameter falls within the manually derived 95% confidence interval for a particular
measurement set (nine lab or five lab). Similarly, any value less than 0, or greater than 1,
means the NG-ACE estimated parameter fell outside the manually derived 95% confidence
interval for the particular measurement set.

The round robin results are presented in Table 1 for the five round robin samples (Phase 2).
In this table, the mean and the lower and upper 95% confidence intervals for each of the five
measured parameters (% air, specific surface, spacing factor, voids per inch, and average
void size) are provided as derived from the nine and five laboratory datasets, along with their
scaled values. Any NG-ACE estimated air-void parameter which falls outside the 95%
confidence interval is highlighted in yellow. As can be seen from this table, there is
excellent agreement between the NG-ACE derived results and the Round Robin results.
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Table 1. NG-ACE results compared to the Round Robin testing results.

9 Lab Sample (Phase 2)

5 Lab Sample (Phase 2)

Sample Air Void NG-ACES Mean 95% 95% Relative to 95% Mean 95% 95% Relative to 95%
Parameter Estimate Lower Upper Confidence Lower Upper Confidence
Limit Limit Interval Limit Limit Interval
RR1 % Air 4.209 4.79 3.52 5.84 0.30 4.68 3.98 5.38 0.17
Avg. Air 0.0057 0.0066 | 0.0051 0.0069 0.33 0.0060 0.0055 0.0065 0.21
Void
Voids per 7.42 7.52 5.24 10.39 0.42 7.82 6.27 9.37 0.37
inch
Spacing 0.0072 0.0080 | 0.0061 0.0084 0.47 0.0073 0.0065 0.0080 0.46
Factor
Specific 705 623 574 763 0.70 668 611 725 0.82
Surface
RR2 % Air 6.01 6.58 4.57 8.98 0.33 6.77 5.44 8.11 0.21
Avg. Air .0034 0.0043 | 0.0030 0.0040 0.38 0.0035 0.0032 0.0038 0.30
Void
Voids per 18.08 16.39 14.48 23.93 0.38 19.20 16.36 22.05 0.30
inch
Spacing .0035 0.0040 | 0.0023 0.0041 0.65 0.0032 0.0027 0.0038 0.75
Factor
Specific 1206 1001 974 1310 0.69 1142 1041 1244 0.81
Surface
RR3 % Air 4.58 5.19 3.74 6.65 0.29 5.20 4.32 6.07 0.15
Avg. Air .0039 0.0048 | 0.0033 0.0050 0.34 0.0041 0.0036 0.0047 0.23
Void
Voids per 11.88 11.23 10.25 14.93 0.35 12.59 11.18 14.00 0.25
inch
Spacing .0050 0.0060 | 0.0041 0.0057 0.54 0.0049 0.0044 0.0054 0.57
Factor
Specific 1037 880 736 1224 0.62 980 833 1127 0.69
Surface
RR4 % Air 5.26 5.16 3.62 6.92 0.50 5.27 4.27 6.26 0.50
Avg. Air .0048 0.0053 | 0.0032 0.0060 0.56 0.0046 0.0038 0.0055 0.59
Void
Voids per 10.94 10.28 9.67 12.73 0.41 11.20 10.28 12.12 0.36
inch
Spacing .0061 0.0060 | 0.0046 0.0063 0.86 0.0055 0.0050 0.0060 1.09
Factor
Specific 832 797 631 1096 0.43 863 723 1003 0.39
Surface
RRS % Air 6.48 7.22 5.03 10.54 0.26 7.78 6.12 9.45 0.1
Avg. Air .0047 0.0057 | 0.0039 0.0060 0.37 0.0049 0.0043 0.0056 0.28
Void
Voids per 13.92 13.66 11.54 20.53 0.27 16.03 13.32 18.74 0.1
inch
Spacing .0050 0.0050 | 0.0028 0.0050 0.98 0.0039 0.0032 0.0046 1.30
Factor
Specific 859 761 635 1029 0.57 832 713 951 0.61
Surface
Average 0.48 Average 0.47
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An additional way to view these results is to succinctly present the comparison data as a
graph. This comparison, with the 5 laboratory subset, is shown in Figure 9 where the
range of the NG-ACE derived parameters, and the range of the five laboratory, manually
derived air-void parameters (25 for each method), are shown relative to the five lab 95%
confidence interval. As can be seen from this graph, the values derived by the NG-ACE
system agree quite favorably with the manually derived Round Robin results.

Variance Relative to the Round Robin Results (5 lab)
95% Confidence Interval

95% Low 95% High
+ Round Robin
1 TORCICUCE XK | X X Estimates
x ACE
. AU ID A IIDIEIOSINDI) SO Estimates

-1.00 -0.50 0.00 0.50 1.00 1.50 2.00

Round Robin Scaled 95% Confidence Interval

Figure 9. Comparison of NG-ACE derived parameters and those obtained from
the Round Robin testing.

Figures 10 - 12 show the void chord distributions for RR-2 as measured by Labs 1,4, and
8, while figure 13 shows the void chord distribution for RR-2 as measured by the NG-
ACE system. The void chord distributions shown include the chord data from the
analysis of all five sides of the RR-2 sample, as described below in the section on
repeatability of the NG-ACE system. The chord distribution measured by the NG-ACE
system is consistent with those measured manually in the round robin testing.

Figures 14 and 15 compare the void chord distribution for yet another one of the round
robin samples, RR-5. Figure 14 shows the distribution as measured by labs 1, 4, 8, and 9,
while Figure 15 shows the distribution as measured by the NG-ACE system. Again, the
distribution measured by the NG-ACE system is consistent with those measured
manually in the round robin testing.
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Precision of the NG-ACE System

To evaluate the precision or the repeatability of the ACE system, round robin sample
PFRR-2 was analyzed five times, with the sample rotated 90 degrees between analysis
runs, generating results for each of the four rotations (Sides A, B, C, and D). For the fifth
analysis run, Side A was again processed, but a different set of analysis lines was
selected (Side A1). These results were then compared with the manually derived within-
lab results for RR-2 of the round robin.

Repeatability results for RR2 are shown in Table 2 where either the pooled standard
deviation (SD) or pooled coefficient of variation (CD), as determined for the round robin
five-lab subset, is provided for the listed parameters. NG-ACE results for multiple runs
of RR-2, along with values determined for standard deviation (SD) and coefficient of
variation (CV) for each paramet