THE NATIONAL ACADEMIES PRESS

This PDF is available at http://nap.edu/22927 SHARE o @ u.

Optical Sizing and Roundness Determination of Glass Beads
Used in Traffic Markings

’ NCHRP

‘Wab-Only Documant 156

Optical Sizing and Roundness

Determination of Glass Beads
Used in Traffic Markings

sl DETAILS
R 0 pages | null | PAPERBACK
g ISBN 978-0-309-43538-3 | DOI 10.17226/22927
AUTHORS
FIND RELATED TITLES

Visit the National Academies Press at NAP.edu and login or register to get:

Access to free PDF downloads of thousands of scientific reports

10% off the price of print titles .

Email or social media notifications of new titles related to your interests

Special offers and discounts

Distribution, posting, or copying of this PDF is strictly prohibited without written permission of the National Academies Press.
(Request Permission) Unless otherwise indicated, all materials in this PDF are copyrighted by the National Academy of Sciences.

Copyright © National Academy of Sciences. All rights reserved.


http://nap.edu/22927
http://www.nap.edu/related.php?record_id=22927
http://www.nap.edu/reprint_permission.html
http://nap.edu
http://api.addthis.com/oexchange/0.8/forward/facebook/offer?pco=tbxnj-1.0&url=http://www.nap.edu/22927&pubid=napdigops
http://www.nap.edu/share.php?type=twitter&record_id=22927&title=Optical+Sizing+and+Roundness+Determination+of+Glass+Beads+Used+in+Traffic+Markings
http://api.addthis.com/oexchange/0.8/forward/linkedin/offer?pco=tbxnj-1.0&url=http://www.nap.edu/22927&pubid=napdigops
mailto:?subject=null&body=http://nap.edu/22927

Optical Sizing and Roundness Determination of Glass Beads Used in Traffic Markings

' NCHRP

Web-Only Document 156:

Optical Sizing and Roundness
Determination of Glass Beads
Used in Traffic Markings

Haleh Azari
AASHTO Materials Reference Library
Gaithersburg, MD

Edward Garboczi
National Institute of Standards and Technology
Gaithersburg, MD

Contractor’s Final Report and Appendices A through | for NCHRP Project 20-07, Task 243
Submitted March 2010

National Cooperative Highway Research Program
TRANSPORTATION RESEARCH BOARD

OF THE NATIONAL ACADEMIES

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/22927

Optical Sizing and Roundness Determination of Glass Beads Used in Traffic Markings

ACKNOWLEDGMENT

This work was sponsored by the American Association of State
Highway and Transportation Officials (AASHTO), in cooperation with
the Federal Highway Administration, and was conducted in the
National Cooperative Highway Research Program (NCHRP), which is
administered by the Transportation Research Board (TRB) of the
National Academies.

COPYRIGHT INFORMATION

Authors herein are responsible for the authenticity of their materials
and for obtaining written permissions from publishers or persons who
own the copyright to any previously published or copyrighted material
used herein.

Cooperative Research Programs (CRP) grants permission to reproduce
material in this publication for classroom and not-for-profit purposes.
Permission is given with the understanding that none of the material
will be used to imply TRB, AASHTO, FAA, FHWA, FMCSA, FTA,
Transit Development Corporation, or AOC endorsement of a particular
product, method, or practice. It is expected that those reproducing the
material in this document for educational and not-for-profit uses will
give appropriate acknowledgment of the source of any reprinted or
reproduced material. For other uses of the material, request permission
from CRP.

DISCLAIMER

The opinions and conclusions expressed or implied in this report are
those of the researchers who performed the research. They are not
necessarily those of the Transportation Research Board, the National
Research Council, or the program sponsors.

The information contained in this document was taken directly from
the submission of the author(s). This material has not been edited by
TRB.

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/22927

Optical Sizing and Roundness Determination of Glass Beads Used in Traffic Markings

THE NATIONAL ACADEMIES

Advisers to the Nation on Science, Engineering, and Medicine

The National Academy of Sciences is a private, nonprofit, self-perpetuating society of distinguished scholars engaged in scientific
and engineering research, dedicated to the furtherance of science and technology and to their use for the general welfare. On the
authority of the charter granted to it by the Congress in 1863, the Academy has a mandate that requires it to advise the federal
government on scientific and technical matters. Dr. Ralph J. Cicerone is president of the National Academy of Sciences.

The National Academy of Engineering was established in 1964, under the charter of the National Academy of Sciences, as a parallel
organization of outstanding engineers. It is autonomous in its administration and in the selection of its members, sharing with the
National Academy of Sciences the responsibility for advising the federal government. The National Academy of Engineering also
sponsors engineering programs aimed at meeting national needs, encourages education and research, and recognizes the superior
achievements of engineers. Dr. Charles M. Vest is president of the National Academy of Engineering.

The Institute of Medicine was established in 1970 by the National Academy of Sciences to secure the services of eminent members
of appropriate professions in the examination of policy matters pertaining to the health of the public. The Institute acts under the
responsibility given to the National Academy of Sciences by its congressional charter to be an adviser to the federal government
and, on its own initiative, to identify issues of medical care, research, and education. Dr. Harvey V. Fineberg is president of the
Institute of Medicine.

The National Research Council was organized by the National Academy of Sciences in 1916 to associate the broad community of
science and technology with the Academy’s purposes of furthering knowledge and advising the federal government. Functioning in
accordance with general policies determined by the Academy, the Council has become the principal operating agency of both the
National Academy of Sciences and the National Academy of Engineering in providing services to the government, the public, and
the scientific and engineering communities. The Council is administered jointly by both the Academies and the Institute of
Medicine. Dr. Ralph J. Cicerone and Dr. Charles M. Vest are chair and vice chair, respectively, of the National Research Council.

The Transportation Research Board is one of six major divisions of the National Research Council. The mission of the Transporta-
tion Research Board is to provide leadership in transportation innovation and progress through research and information exchange,
conducted within a setting that is objective, interdisciplinary, and multimodal. The Board’s varied activities annually engage about
7,000 engineers, scientists, and other transportation researchers and practitioners from the public and private sectors and academia,
all of whom contribute their expertise in the public interest. The program is supported by state transportation departments, federal
agencies including the component administrations of the U.S. Department of Transportation, and other organizations and individu-
als interested in the development of transportation. www.TRB.org

www.national-academies.org

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/22927

Optical Sizing and Roundness Determination of Glass Beads Used in Traffic Markings

CONTENTS

ABSTRACT

ACKNOWLEDGMENTS

CHAPTER 1- INTRODUCTION AND RESEARCH APPROACH

1.1

1.2

1.3

1.4

Background

Problem Statement

Research Objectives

Scope of Study

CHAPTER 2- DESIGN AND CONDUCT OF THE ILS

2.1

2.2

23

24

2.5

Materials Selection

Sample Preparation

Methods of Testing Used in ILS

Participating Laboratories

Instructions for Interlaboratory Study

CHAPTER 3- INTERLABORATORY TEST RESULTS AND ANALYSIS

3.1

3.2

33

Test Data

Method of Analysis

Analysis of Results from Traditional Methods

3.3.1

3.3.2

Size Measurements Using Mechanical Sieve

3.3.1.1 Type 1 Samples

3.3.1.2 Type 3 Samples

3.3.1.3 Type 5 Samples

3.3.1.4 Summary of Percent Retained by Mechanical Sieve
Roundness Measurements Using Roundometer

3.3.2.1 Type 1 Samples

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/22927

Optical Sizing and Roundness Determination of Glass Beads Used in Traffic Markings

3322

3323

3324

Type 3 Samples
Type 5 Samples

Summary of Percent Round by Roundometer

3.4  Analysis of Results from COM-A

34.1

34.2

343

344

Size Measurements

34.1.1

34.12

34.13

34.14

Type 1 Samples
Type 3 Samples
Type 5 Samples

Summary of Percent Retained by COM-A

Roundness Measurements Using SPHT Parameter

34.2.1

3422

34.23

3424

Type 1 Samples
Type 3 Samples
Type 5 Samples

Summary of Percent Round by COM-A SPHT

Roundness Measurements Using b/l Parameter

3431

3432

3433

3434

Type 1 Samples
Type 3 Samples
Type 5 Samples

Summary of Percent Round by COM-A b/l

D10, D50, and D90 Measurements

3.4.4.1

3442

3443

3444

Type 1 Samples
Type 3 Samples
Type 5 Samples

Summary of D10, D50, and D90 Measurements by COM-A

3.5 Analysis of Results from COM-B

i

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/22927

Optical Sizing and Roundness Determination of Glass Beads Used in Traffic Markings

3.5.1 Size Measurements

3.5.1.1 Type 1 Samples

3.5.1.2 Type 3 Samples

3.5.1.3 Type 5 Samples

3.5.1.4 Summary of Percent Retained by COM-B
3.5.2 Roundness Measurements

3.5.2.1 Type 1 Samples

3.5.2.2 Type 3 Samples

3.5.2.3 Type 5 Samples

3.5.2.4 Summary of Percent Round by COM-B
3.5.3 D10, D50, and D90 Measurements

3.5.3.1 Type 1 Samples

3.5.3.2 Type 3 Samples

3.5.3.3 Type 5 Samples

3.5.3.4 Summary of D10, D50, and D90 Measurements by COM-B

3.6  Comparison of Precision Estimates of Various Measurement Methods

3.6.1 Size Measurements

3.6.1.1 Type 1 Samples

3.6.1.2 Type 3 Samples

3.6.1.3 Type 5 Samples

3.6.1.4 Summary of Precision in Size Measurement
3.6.2 Roundness Measurements

3.6.2.1 Type 1 Samples

3.6.2.2 Type 3 Samples

3.6.2.3 Type 5 Samples

il

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/22927

Optical Sizing and Roundness Determination of Glass Beads Used in Traffic Markings

3.7

3.6.2.4 Summary of Precision in Roundness Measurement
Comparison of Bias of Various Measurement Methods
3.7.1  Size Measurements

3.7.1.1 Type 1 Samples

3.7.1.2 Type 3 Samples

3.7.1.3 Type 5 Samples

3.7.1.4 Summary of Bias in Size Measurement
3.7.2  Roundness Measurements

3.7.2.1 Type 1 Samples

3.7.2.2 Type 3 Samples

3.7.2.3 Type 5 Samples

3.7.2.4 Summary of Bias in Roundness Measurement

CHAPTER 4- X-RAY TOMOGRAPHY SCANS OF THE GLASS BEADS

4.1

4.2

43

4.4

4.5

4.6

4.7

4.8

4.9

Introduction

Description of X-ray CT

X-ray CT Sample Preparation

Spherical Harmonics

Shape (Roundness) Analysis in 2-D

Exact Results for 2-D Shapes

Shape (Roundness) Analysis in 3-D
Comparison with Mechanical Sieve Analysis

Shape Results

4.10 Dependence of Roundness Cutoff on Particle Size (Sieve Class)

4.11

Further Comparison of 2-D vs. 3-D Shape Parameters

4.12 Images of Non-Round Particles for Different Samples

v

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/22927

Optical Sizing and Roundness Determination of Glass Beads Used in Traffic Markings

CHAPTER 5- CONCLUSIONS AND RECOMMENDATIONS
5.1  Conclusions
5.2 Recommendations
REFERENCES
APPENDIX A- INSTRUCTIONS AND DATA SHEET FOR INTERLABORATORY STUDY
APPENDIX B- RESULTS OF PERCENT RETAINED BY MECHANICAL SIEVE
APPENDIX C- RESULTS OF ROUNDOMETER
APPENDIX D- RESULTS OF PERCENT RETAINED USING COM-A
APPENDIX E- RESULTS OF SPHT ROUNDNESS BY COM-A
APPENDIX F- RESULTS OF B/L ROUNDNESS BY COM-A
APPENDIX G- RESULTS OF SIZE MEAUREMENTS BY COM-B
APPENDIX H- RESULTS OF ROUNDNESS BY COM-B
APPENDIX |- RECOMMENDED TEST METHOD FOR MEASUREMENT OF SIZE

DISTRIBUTION AND ROUNDNESS OF GLASS BEADS USING
COMPUTERIZED OPTICAL EQUIPMENT

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/22927

Optical Sizing and Roundness Determination of Glass Beads Used in Traffic Markings

ABSTRACT

This work presents an interlaboratory study (ILS) culminating in a draft test method in AASHTO format
for optical sizing and roundness determination of glass beads utilized in traffic markings. The ILS was
conducted to determine the precision estimates for computerized optical testing of the glass beads. The
ILS also included testing of the glass beads according to the traditional ASTM sieve analysis and
roundness measurement methods, ASTM D 1214 and D 1155, respectively. Three replicates of three
types of glass beads were prepared and sent to participating laboratories for size and roundness
measurements. The test specimens were blended according to the gradations of Type 1, Type 3, and Type
5 glass beads specified in AASHTO M 247. In addition to gradation, the level of roundness of the glass
beads, as judged by ASTM D 1214, was controlled in such a way that Type 1, Type 3 and Type 5 samples
contained 70 %, 80 %, and 90 % round particles, respectively. The statistical analysis of the ILS results
indicated that the computerized optical methods provided significantly better accuracy and precision than
the traditional methods for the size and roundness measurements of Type 3 and Type 5 samples (larger
glass beads) but not for those of Type 1 samples (smaller glass beads). To provide a baseline evaluation
of the size and roundness parameters used with the computerized optical equipment, samples similar to
those prepared for the ILS were tested using X-ray computed microtomography (X-ray CT). The
mathematical analysis of X-ray CT data indicated that the parameter X.,, the shortest chord out of the
measured set of maximum chords, accurately measures the size of the glass beads relative to traditional
sieve analysis. Among the roundness parameters, the ratio of Xcmin t0 X¢ max (longest Feret diameter) in 2-
D and the ratio of T to L (thickness to length ratio) in 3-D best estimated the intended roundness of the
glass beads. It was also found that for the roundness determination, a single cutoff value, which separates
round from non-round using optical scanning data, would not work for all glass bead types. A separate
cutoff value for each glass bead size class would be more appropriate for classifying the roundness of the
glass beads. In addition, it was determined that the existing cutoff values were overestimating the
intended roundness of the glass beads, which allowed some of the non-round particle to be considered
round. Based on the analysis of X-ray CT data, more accurate cutoff values for the roundness parameters
were determined.

Vi
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CHAPTER 1- INTRODUCTION AND RESEARCH APPROACH

1.1 Background

Glass beads are used to enhance the night time and wet visibility of pavement marking
paints. The size and shape of the beads are important in reflecting the light they receive
from a source. Perfectly round and well distributed beads reflect more light directly
toward the source (retroreflectivity), which is critical for visibility in low-light situations.
Since reflectivity of the glass beads is greatly affected by their size and shape
characteristics, AASHTO M 247 [1] specifies the requirements for the size distribution
and level of roundness of glass beads used for pavement markings.

Measurement of bead size and roundness has traditionally been performed using sieves
following ASTM method D 1214 [2], the roundometer following ASTM D 1155 [3], and
manual microscopy. Computerized optical methods (COM) have for quite some time
been used for characterization of fine particles. Several manufactures of the computerized
optical equipment have developed applications for measuring size and shape of
translucent glass beads. The main advantage of this approach is faster measurement of the
glass bead properties, which is very time consuming if determined traditionally using
manual sieve and roundometer.

1.2 Problem Statement

Fast and accurate characterization of glass beads for pavement marking is very important
for proper quality control (QC) and quality assurance (CA) during the construction
season. Traditional use of sieves and the roundometer following ASTM test methods is
very time consuming. Recently, computerized optical equipment has been increasingly
used as a fast alternative to the traditional methods. The majority of glass bead
manufacturers and distributors and a number of state highway laboratories have
purchased computerized optical equipment to expedite the QC/QA process in using glass
beads in pavement marking paints. Despite the increase in popularity of the computerized
optical equipment, there is no standard test method to be followed. This creates confusion
when comparing the results of one laboratory with another. In addition, the accuracy and
precision of the data obtained with the computerized methods are not yet known.
Furthermore, the data from computerized optical equipment have not been compared with
the data collected according to ASTM methods. It is important that the correlation
between mechanical and computerized methods to be established.

1.3 Research Objectives

The overall goal of this study is to develop a test method for use with the computerized
optical method for measuring the size distribution and roundness of glass beads for
pavement markings. The following objectives follow from this goal:

1. To examine the correlation between the traditional and computerized optical

Copyright National Academy of Sciences. All rights reserved.
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measurement methods.

To evaluate the accuracy and precision of the traditional and computerized
optical measurements for different glass bead types.

To evaluate the effectiveness of various size and shape parameters in
discriminating real shape and size by analysis of X-ray microtomography
images of various glass bead types.

To recommend the most accurate parameter for measuring size and roundness
of glass beads and to determine the best threshold value to be used with the
suggested roundness parameter.

1.4 Scope of Study

The scope of the project involved the following major activities:

L.

II.

I1I.

Design and conduct an interlaboratory study (ILS):

a. Select three different glass bead types with varying gradations (fine,
medium, and coarse) that satisfy the grading requirements of AASHTO M
247 (Chapter 2).

b. Produce specimens with specific properties to be sent to participating
laboratories for the ILS (Chapter 2).

c. Analyze results of the ILS to evaluate accuracy and precision of the
mechanical and computerized optical methods for size distribution and
roundness measurements of the glass beads (Chapter 3).

d. Compare the precision and bias of the various measurement methods
(Chapter 3)

Conduct testing by X-ray microtomography to:

a. Evaluate various parameters and their threshold values that are currently
being used by the computerized optical methods for measuring size and
roundness of glass beads (Chapter 4).

b. Recommend the best parameters for measuring size and roundness of the
glass beads (Chapter 4).

c. Recommend the most effective threshold value for measuring the
roundness level of the glass bead samples (Chapter 4).

Make conclusions and recommendations based on the findings of the study
(Chapter 5).

Copyright National Academy of Sciences. All rights reserved.
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IV.  Prepare a test method in AASHTO format that specifies the computerized
optical equipment setup, parameters, and threshold values for accurate
measurement of size and roundness of glass beads (Appendix H).

CHAPTER 2- DESIGN AND CONDUCT OF THE ILS

Computerized optical methods have recently gained recognition for quick measurement
of size distribution and roundness of glass beads used for pavement markings. Since a
number of state DOTs and a majority of glass bead manufacturers and distributors are
already utilizing various computerized optical equipment, it is important to prepare a
standard test method that would assure accurate and precise measurements of glass bead
properties. To develop a test method for use with the computerized optical methods,
preliminary determination of accuracy and precision of the methods in measuring the size
distribution and roundness of standard glass beads with known size distribution and
roundness is necessary. Since not all laboratories are equipped with this equipment at
present, it would also be helpful to determine the relationship between the size
distribution and percent roundness measured by the computerized optical methods and
the traditional methods (ASTM D 1214 and D 1155).

To evaluate the precision and accuracy of both optical and traditional methods, an
interlaboratory study was designed and conducted. Glass bead samples with specific size
distribution and percent roundness were prepared and sent to participating laboratories

for property measurements. The following sections will report the details of the design of
the ILS based on ASTM E691-07, Standard Practice for Conducting an Interlaboratory
Study to Determine the Precision of a Test Method [4]. The development of a precision
statement required participation of a minimum of 6 laboratories with a preferred number
of 30 as specified in E691.

2.1 Materials Selection

The materials used in this study included glass beads that were manufactured and blended
specifically for pavement markings. Type 1, Type 3, and Type 5 glass beads specified in
AASHTO M 247, “Glass Beads Used in Traffic Paints” [1] were obtained in 23 kg bags

from the Potters and Weissker manufacturers” for preparing the ILS samples.

* Certain commercial equipment and/or materials are identified in this report in order to adequately specify
the experimental procedure. In no case does such identification imply recommendation or endorsement by
the National Institute of Standards and Technology, nor does it imply that the equipment and/or materials
used are necessarily the best available for the purpose.

10
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2.2 Sample Preparation

Using the materials received, three blends of fine, medium, and coarse glass bead
samples were prepared. The gradations of the three blends were selected according to the
Type 1, Type 3, and Type 5 gradings in AASHTO M 247. The roundness of the three
blends was selected as 70 %, 80 %, and 90 % by mass, respectively. Although the
original glass beads in the 23 kg bags had the overall gradation that was required for the
ILS samples, the test specimens could not be directly sampled from the bags. This was
for two reasons: the beads could have become segregated during transportation, and the
test specimens were going to have specified roundness levels, which could not be
achieved by direct sampling from the bags.

Thirty sets of glass bead samples each including three replicates of the three blends were
prepared for the ILS. The first blend, referred to as Y, was prepared according to the
Type 1 gradation. Each size class in the Y samples was a blend of 70 % round and 30 %
non-round glass beads, where the roundness level was according to roundometer and
spiral separator results. The second blend, referred to as P, was prepared according to the
Type 3 gradation. Each size class in the P samples was prepared with 80 % round and 20
% non-round beads. The third blend, referred to as C, was prepared according to the Type
5 gradation. Each size class of in the C samples was prepared with 90 % round and 10

% non-round glass beads. Table 2-1 provides the gradation (percent passing) and Table 2-
2 provides the roundness, which include percent retained round and non-round beads in
each size class.

To ensure that the samples had the required gradation and roundness properties, each
sample was blended individually according to a specific gradation and level of roundness.
For this purpose, the glass beads were first sieved to size classes provided in Table 2-2
using a mechanical sieve shaker. Each size class was then separated into round and non-
round beads. The Type 1 beads were separated using a roundometer and Type 3 and 5
beads were separated using a spiral separator. The separation of Type 1 glass beads into
round and non-round was done by the Virginia Department of Transportation (VDOT)
and the AASHTO Materials Reference Laboratory (AMRL), and the separation of Type 3
and Type 5 beads was done by Weissker (glass bead manufacturer). After sieving and
separating the beads, 18 separate sources of glass beads were available for creating test
specimens (Table 2-2). These sources were blended back to create individual Type 1,
Type 3, and Type 5 samples with 70%, 80%, and 90% round in each size class. As
indicated in Table 2-2, six sources were used to create 50 g Y test samples (3 rounds and
3 non-rounds), eight sources were available to create 100 g P test samples (4 rounds and
4 non-rounds), and eight sources were available to create 200 g C test specimens (4
rounds and 4 non-rounds). Thirty sets of specimens were then sent to the participating
laboratories for property measurements. Depending on the measurement capability of
each laboratory or the willingness to conduct both mechanical and computerized
methods, some laboratories received more than one specimen set.

11
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Table 2-1 Percent passing of the three glass bead Types

Sieve US Sieve Y P C

Opening Size
H (Type 1) (Type 3) (Type 5)

2350 #8

2000 #10 100 %

1700 #12 95 %

1400 #14 100 % 40 %

1180 #16 100 % 95 % 5%

1000 #18 40 % 0%

850 #20 100 % 5%

710 #25 0%

600 # 30 95 %

500 # 35

425 # 40

300 #50 35 %

180 # 80

150 # 100 0%

Table 2-2 Percent retained of round and non-round glass beads for each sample type

Sieve US Sieve Y (Type 1) P (Type 3) C (Type 5)

Opening Size
B
Round Non-Round Round Non-Round Round Non-Round

2000 #10

1700 #12 4.5 % 0.5%

1400 #14 49.5 % 55%

1180 #16 4.0 % 1.0% 315% 35%

1000 #18 44.0 % 11.0% 4.5 % 0.5%

850 # 20 28.0 % 7.0%

710 # 25 4.0 % 1.0%

600 # 30 35% 1.5%

500 # 50 42.0 % 18.0%

425 #100 24.5 % 10.5%

12
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2.3 Methods of Testing Used in ILS

Different methods of testing were utilized for measuring the size distribution and
roundness of the glass beads. The participating laboratories were asked to conduct
traditional sieving and roundometer tests, computerized optical methods, or both. The
traditional methods followed the ASTM D 1214, “Sieve analysis of Glass Spheres” [2]
and ASTM D 1155, ” Roundness of Glass Sphere” test methods [3]. Two types of
computerized optical scanning instruments were used, denoted COM-A and COM-B.
One set of Type 1 samples were also tested by a second type of COM-B device, which
operates exactly the same as the other COM-B devices, so that their results is this report
are both referred to as COM-B and were combined in the precision and bias analysis for
the Type 1 samples.

2.4 Participating Laboratories

The state laboratories, glass bead and equipment manufacturers and distributors were
invited to participate in the ILS for determination of size distribution and roundness of
the glass bead test specimens. Thirty laboratories responded to the invitation from which
15 laboratories returned results using mechanical sieve, eight laboratories returned results
using COM-A, and four laboratories returned results using COM-B.

2.5 Instructions for Interlaboratory Study

Laboratory participants were provided with the testing instructions for performing the
tests and collecting data. The laboratories conducting the mechanical measurements were
requested to follow the instructions prepared according to ASTM D1214 and D1155 and
report the measured retained weights and the corresponding percentages of round and non
round glass beads in specified size classes. The laboratories using computerized optical
equipment were requested to follow the instructions that had been prepared with the help
of the COM-A and COM-B manufacturers. The percent retained and percent round in
each size class of each sample type were requested to be measured using specific
parameters of the COM-A and COM-B instruments as explained in Table 2-3 and Table
2-4. The instructions to the laboratories are provided in Appendix A.

13
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Table 2-3 COM-A parameters for size distribution and roundness measurements

COM-A Description of Parameters
Parameters
Xe min (D) Breadth, particle diameter, which is the shortest chord of the measured set of maximum
chords of a particle. This is thought to be a good measure of the mechanical sieve
opening.
X Fe max (1) The particle diameter, which is the longest Feret diameter of the measured set of Feret

diameters of a particle.

Feret diameter

The distance between two parallel tangents of the particle at an arbitrary angle

b/l Sphericity parameter b/l = Xc min / X Fe max
For an ideal circle, b/l is 1, otherwise it is smaller than 1. The threshold value used for
b/l was 0.83.

SPHT = Sphericity parameter SPHT =47A/U?

U- measured circumference of a particle

A-measured area covered by a particle. For an ideal circle, SPHT is 1, otherwise it is
smaller than 1. The threshold value used for SPHT parameter was 0.9.
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Table 2-4 COM-B parameters for size distribution and sphericity measurements

COM-B Description of Parameters
Parameters

Thickness (T) Thickness of particle. This is used for sieve analysis of particles.

Length (L) The largest length of the particle.

TL=T/L Aspect ratio of thickness /length, which is 1 for a perfect circle. Otherwise it is smaller
than 1.

NSP Ratio Average Ratio of D,/ D, of all particles analyzed , which is the same as (SPHT) ”
D,= Diameter calculated of the imaged area of the particle, as an equivalent circle
D,= Diameter of perimeter calculated of the imaged circumference of the particle, as an
equivalent circle
Aspect ratio of D,/ D, is 1 for a perfect circle. Otherwise it is smaller than 1.
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CHAPTER 3- INTERLABORATORY TEST RESULTS AND
ANALYSIS

3.1 Test Data

Twenty-seven sets of results were received from the 30 sets of glass beads that were
distributed to the laboratories. The data collected include size distribution and percent
roundness by traditional and computerized optical methods. Fifteen laboratories
submitted full sets of size distribution data using sieve analysis, which are provided in
Appendix B. Ten laboratories submitted roundness data using the roundometer, which are
provided in Appendix C. Eight laboratories submitted size distributions and roundness
data using the COM-A device. The COM-A data are provided in Appendices D, E, and F.
Four laboratories submitted size distribution and roundness data using the COM-B
instrument. The results of the COM-B measurements are provided in Appendix G. The
measured data and the computed statistics are provided in the tables of the appendices.
The empty cells in the tables indicate where a laboratory did not submit data. The shaded
cells indicate that the data was considered as an outlier and were eliminated from the
analysis.

The appendices also provide a graphical display of the data and their associated error
bars. For reach replicate set, the bottom bar represents the minimum value, the top bar
represents the maximum value, and middle point represents the median. The spacing
between the median and the top and bottom values indicate the degree of dispersion. This
is a useful technique for summarizing and comparing data from three replicates and for
determining if differences exist between various laboratories.

3.2 Method of Analysis

The ILS test results were analyzed for precision in accordance to ASTM E 691[4]. Prior
to the analysis, any partial sets of data were eliminated by following the procedures
described in E 691 in determining repeatability (S;) and reproducibility (Sg) estimates of
precision. Data exceeding critical h and k values were eliminated as described in
Sections 3.3. Once identified for elimination, the same data were eliminated from any
smaller subsets analyzed. The h and k statistics are provided in the Tables and displayed
in the plots of Appendices B through G.

The data from different analysis methods were also analyzed for bias by comparing them
with the target percent retained and roundness using t-statistics. The rejection probability
of the computed t-statistics for a 5 % level of significance would indicate which of the
utilized methods measured the intended properties of the glass beads most accurately.

3.3 Analysis of Results from Traditional Methods

Sieve analysis and roundness measurements using mechanical sieve and the roundometer
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were conducted following the ASTM D 1214 and ASTM D 1155 test methods,
respectively. The following sections provide the results of the precision and bias analysis
of the measurements using the traditional methods.

3.3.1 Size Measurements Using Mechanical Sieve

The percent retained on various sieves of the three types of glass bead samples measured
using mechanical sieve are provided in Appendix B. The sieve openings and the
corresponding sieve numbers for each glass bead type were provided in Table 2-1. The
average measured values and the repeatability and reproducibility variability of the
measurements are summarized in the following sections. The statistical analysis of the
bias in the measurements will be reported later in the report.

3.3.1.1 Type 1 Samples

The results of mechanical sieve analysis of Y samples were received from 15
laboratories. The percent retained data on three sieve sizes of #30, #50, and #100 and the
h- and k- statistics of the data are provided in Table B-1 and shown in Figure B-1 of
Appendix B with the laboratories identified numerically from 1 to 15. The precision
estimates of the size distribution of Y specimens were determined after eliminating the
outlier data. As indicated from Table B-1 and Figure B-1, based on exceedance of h- and
k- statistics from the critical h- and k- values, the percent retained reported by
laboratories 3 and 6 on sieve #30 and the percent retained reported by laboratory 8 on
sieves #50 and #100 were eliminated from analysis. All remaining data were re-analyzed
according to the E691 method to determine the repeatability and reproducibility statistics
shown in Table 3-1. As indicated from the table, the measured percent retained agrees
relatively well with the target percent retained for all sieve sizes, e.g. measured retained
value of 48.4 % for sieve #50 agrees well with the 50 % target retained value. The
variability of the data as indicated by the repeatability and reproducibility coefficient of
variations is relatively low. The repeatability and reproducibility coefficients of variation
corresponding to the #50 sieve size is lower than those corresponding to the #30 and
#100 sieve sizes. This should be due to the larger mass percentage of beads in the #50
size class than other size classes.
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Table 3-1 Statistics of percent retained of Y (Type 1) samples using mechanical sieve shaker

Target Measured Repeatability Reproducibility
Sieve | #of o %
sizes Labs R ? d Retained,

etained | A verage STD, % CV, % STD, % CV, %
#30 13 5.0 5.0 0.2 3.7 0.4 7.5
#50 14 50.0 48.4 1.0 2.1 1.7 34
#100 14 45.0 46.4 1.1 2.4 1.6 3.5

3.3.1.2 Type 3 Samples

The results of mechanical sieve analysis of the P samples were received from 14
laboratories. The percent retained data on the four sieve sizes, #16, #18, #20, and #25,
and the h- and k- statistics of the data are provided in Table B-2 and shown in Figure B-2
of Appendix B with the laboratories identified numerically from 1 to 14. The precision
estimates for the size distribution of the P specimens were determined after eliminating
the outlier data. As indicated from Table B-2 and Figure B-2, based on exceedance of h-
and k- statistics from the critical h- and k- values, the data reported by laboratory 8 on
sieves #16 and #20 and the data reported by laboratory 7 for sieve #18 and #20 were
eliminated from analysis. All remaining data were re-analyzed according to the E691
method to determine the repeatability and reproducibility statistics shown in Table 3-2.
The table shows that the measured mass percent retained values agrees reasonably well
with the target percent retained for all sieves sizes, e.g. the measured retained value of
58.8 % for the # 18 sieve is compared with the target retained value of 55 %. As indicated
from the table, the repeatability and reproducibility coefficient of variations are
significantly larger for sieves #16 and # 25 than for sieves #18 and #20. This is due to the
smaller mass percentage of beads in the #16 and #25 size classes relative to the mass
percentage of beads in the #18 and #20 size classes.
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Table 3-2 Statistics of percent retained of P (Type 3) samples using mechanical sieve shaker

Tareet Measured
Sieve || #of (yg % Repeatability | Repeatability | Reproducibility | Reproducibility
Sizes || Labs ? Retained STD, % CV, % STD, % CV, %

Retained
Average

#16 13 5.0 6.5 0.4 6.9 2.5 38.0
#18 13 55.0 58.8 1.1 1.9 34 5.7
#20 12 35.0 30.3 1.2 4.0 1.9 6.3
#25 14 5.0 4.3 0.8 18.2 1.1 26.5

3.3.1.3 Type 5 Samples

The results of mechanical sieve analysis of the C samples were received from 14
laboratories. The mass percent retained data for four sieve sizes, #12, #14, #16, and #18,
and the h- and k- statistics of the data are provided in Table B-3 and shown in Figure B-3
of Appendix B with the laboratories identified numerically from 1 to 14. The variability
of the size distribution of the C specimens was determined after eliminating the outlier
data. As indicated in Table B-3 and Figure B-3, based on exceedance of h- and k-
statistics from the critical h and k values, the percent retained on sieve #14 reported by
laboratory 11 and the percent retained on sieve #18 reported by laboratory 13 were
eliminated from the analysis. All remaining data were re-analyzed according to the E691
method to determine the repeatability and reproducibility statistics shown in Table 3-3.
The table indicates that the measured percent retained agrees fairly well with the target
percent retained for all sieves sizes, e.g. the measured percent retained value of 58.5 %
for the # 14 sieve is compared with the target retained value of 55 %. As shown in Table
3-3, the repeatability and reproducibility variability values of all except the #14 size class
are rather large. This is due to the smaller amount of beads in those size classes compared
to the amount of beads in the #14 size class.
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Table 3-3 Statistics of percent retained of C (Type 5) samples using mechanical sieve shaker

Tarcet Measured
Sieve || # of (yg % Repeatability | Repeatability | Reproducibility | Reproducibility
Sizes || Labs 0 Retained, STD, % CV, % STD, % CV, %

Retained
Average

#12 14 5.0 52 0.6 12.4 1.0 18.9
#14 13 55.0 58.5 22 3.7 4.3 7.4
#16 14 35.0 314 2.8 9.0 4.1 13.2
#18 13 5.0 5.0 0.7 14.4 1.2 23.6

3.3.1.4 Summary of Percent Retained by Mechanical Sieve

From the analysis of the traditional sieve mass percent retained data, it can be concluded
that in general the measured percent retained in the most prevalent size class provides
closest agreement with the target value. The measured values also indicate the smallest
repeatability and reproducibility coefficients of variation for the sieves with the largest
number of beads. Furthermore, it is observed that traditional sieve measures mass percent
retained of Type 1 beads more accurately and precisely than that of Type 3 and Type 5
beads.

3.3.2 Roundness Measurements Using Roundometer

The percent roundness values in each size class of the three sample types using a
roundometer are provided in Appendix C. The results of the analysis of percent
roundness data are discussed in the following sections. The statistical significance of the
bias in roundness measurement will be discussed later in the chapter.

3.3.2.1 Type 1 Samples

The results of roundness analysis of Y samples were received from 11 laboratories. The
percent roundness values and the h- and k- statistics of the roundness data are provided in
Table C-1 and displayed in Figure C-1 of Appendix C with the laboratories identified
numerically from 1 to 15, where 11 out of the 15 laboratories that conducted mechanical
sieve analysis returned results on the roundness of the Y beads. The variability of percent
round of Y specimens was determined after eliminating the outlier data. As indicated in
Table C-1 and Figure C-1, based on exceedance of h-statistics from the critical h value,
the percent round reported by Laboratory 10 on sieve #30 was eliminated from the
analysis. All remaining data were re-analyzed according to the E691 method to determine
the repeatability and reproducibility statistics shown in Table 3-4. A review of the
statistics in Table 3-4 indicates that the average roundness of the Y samples were
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overestimated, e.g. the measured percent round of 74.2 % for the #50 beads is larger than
the target roundness of 70 %. Similar to the observation from the size distribution
statistics, both repeatability and reproducibility coefficients of variation of roundness
measurement are significantly smaller for the #50 beads, which was the most prevalent
size in the Y samples.

Table 3-4 Roundness statistics of Y samples (Type 1) using roundometer, target roundness of 70 %

0,
Sieve | #of Mfﬁ;ﬁfg % Repeatability | Repeatability || Reproducibility | Reproducibility
Sizes | Labs ’ STD, % CV, % STD, % CV, %
Average
#30 9 72.2 2.3 32 5.7 7.9
#50 11 74.2 2.5 3.4 3.8 5.1
#100 10 77.7 4.8 6.2 4.6 5.8

3.3.2.2 Type 3 Samples

Nine out of the 14 laboratories that conducted mechanical sieve analysis on the P samples
also returned results on the roundness of the samples. The percent roundness of the P
samples and the h- and k- statistics of the data are provided in Table C-2 and shown in
Figure C-2 of Appendix C with the laboratories identified numerically from 1 to 14. The
variability of percent round of the P samples was determined after eliminating the outlier
data. As indicated in Table C-2 and Figure C-2, based on exceedance of k-statistic from
the critical k value, the percent round reported by Laboratory 11 for all but one size class
were eliminated from the analysis. All remaining data were re-analyzed according to the
E691 method to determine the repeatability and reproducibility statistics shown in Table
3-5. A review of the statistics in Table 3-5 indicates that there is a good agreement
between measured and target roundness for the #18 size class, which is the most
prevalent size class. It is also observed from the table that the percent roundness was
underestimated for all size classes, e.g. the measured percent round of 73.9 % for the #18
beads is smaller than the target roundness of 80 %. This might be due to the difference
between separation methods of the roundometer and the spiral separator, which were both
used in the preparation of ILS samples. Similar to the previous observations, the
repeatability and reproducibility coefficient of variations of roundness measurements
corresponding to the size class with the most amounts of beads (#18 sieve) are smaller
than those of other size classes.
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Table 3-5 Roundness statistics of P samples (Type 3) using roundometer, target roundness of 80 %

Sieve Sizes # of yi‘;ﬁfg Repeatability | Repeatability | Reproducibility | Reproducibility
Labs : ’ STD, % CV,% STD, % CV, %
Average
#16 6 75.1 1.7 23 4.1 5.5
#18 8 78.5 2.3 2.9 4.1 52
#20 7 73.9 1.6 2.1 4.7 6.4
#25 7 65.6 12.5 19.0 11.8 18.0

3.3.2.3 Type 5 Samples

Nine out of the 14 laboratories that conducted mechanical sieve analysis on the C
samples also returned results on the roundness of the samples. The percent roundness of
the C samples and the h- and k- statistics of the data are provided in Table C-3 and shown
in Figure C-3 of Appendix C with the laboratories identified numerically from 1 to 14.
The variability of percent round of the C samples was determined after eliminating the
outlier data. As indicated in Table C-3 and Figure C-3, based on exceedance of h- and k-
statistics from the critical h and k values, the percent round values reported by Laboratory
11 on all sieves but #12 were eliminated from the analysis. All remaining data were re-
analyzed according to the E691 method to determine the repeatability and reproducibility
statistics shown in Table 3-6. A review of the statistics in the table indicates the
roundness of the C beads was underestimated for all size classes, e.g. the measured
percent round of 83.4 % for the #14 beads is smaller than the target roundness of 90 %.
This again could be due to the difference between the method of separating the beads
using the roundometer and the spiral separator. The repeatability and reproducibility
coefficients of variation of the C beads are relatively low for all size classes. This might
indicate better control over the roundness determination of larger beads than of smaller
beads.

Table 3-6 Roundness statistics of C samples (Type 5) using roundometer, target roundness of 90 %

Sieve Sizes #of || Measured | Repeatability | Repeatability | Reproducibility | Reproducibility
Labs % Round, STD, % CV, % STD, % CV, %
Average
#12 7 86.1 3.1 3.6 5.0 5.8
#14 8 83.4 1.8 2.1 4.5 5.3
#16 7 87.0 2.1 2.4 4.1 4.7
#18 7 87.3 29 3.4 4.8 5.4
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3.3.2.4 Summary of Percent Round by Roundometer

From the analysis of the roundometer percent round data, it was observed that for Type 1
samples, the average measured round was larger than the target round. For Type 3 and 5
the average measured round was smaller than the target round value. The reason for this
difference might be the difference between the different methods used for separating the
glass beads. The spiral separator and roundometer were used in the preparation of the
samples but only roundometer was used for testing of the ILS samples. The measured
values indicated that the smallest repeatability and reproducibility coefficients of
variation correspond to the sieve with largest number of beads.

3.4 Analysis of Results from COM-A

A total of eight laboratories returned measurements by COM-A. The measurements
included size distribution and percent roundness. The roundness measurement was made
using two parameters of b/l and SPHT as explained in Table 2-3. The measurements
using COM-A were conducted following the instructions provided by the COM-A
manufacturer. The data were analyzed to evaluate the precision and bias of each
measured property and to compare with the precision and bias of the properties measured
using the traditional methods and COM-B computerized optical method.

3.4.1 Size Measurements

The size distributions of the three sample types were measured using 2-D analysis of the
images of the glass beads going through the COM-A measurement unit. The percent
retained in various size classes of each sample type are provided in Appendix D. The
results of the analysis of percent retained data are discussed in the following sections.
The statistical significance of the bias in the COM-A mass percent retained
measurements will be discussed later in the chapter.

3.4.1.1 Type 1 Samples

The mass percent retained on each size class of the Y samples according to the COM-A
unit and the h- and k- statistics of the data are provided in Table D-1 of Appendix D and
shown in Figure D-1 with the laboratories identified numerically from 1 to 8. The
variability of percent retained of the Y specimens was determined after eliminating the
outlier data. As indicated in Table D-1 and Figure D-1, based on exceedance of h- and k-
statistics from the critical h and k values, the percent retained reported by Laboratory 1
and 3 on sieve #30 were eliminated from the analysis. All remaining data were re-
analyzed according to the E691 method to determine the repeatability and reproducibility
statistics shown in Table 3-7. As indicated from Table 3-7, the measured mass percent
retained are relatively in good agreement with the target value. The average retained of
46.4 % is compared with the target retained of 50 %. Similar to the mechanical sieve
analysis of Type 1 samples, the repeatability and reproducibility coefficients of variation
of all class sizes are relatively small.
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Table 3-7 Percent retained statistics of Y samples (Type 1) using COM-A

Tarcet Measured
Sieve || #of ‘Vg % Repeatability | Repeatability | Reproducibility | Reproducibility
Sizes | Labs y Retained, | STD, % CV, % STD, % CV, %

Retained
Average

#30 6 5 4.5 0.3 5.6 0.3 7.1
#50 8 50 46.4 1.4 3.0 3.0 6.5
#100 8 45 48.6 1.6 3.3 33 6.7

3.4.1.2 Type 3 Samples

The mass percent retained data on four sieves - #16, #18, #20, and #25 - of the P samples
and the h- and k- statistics of the data are provided in Table D-2 and shown in Figure D-2
of Appendix D with the laboratories identified numerically from 1 to 8. The precision
estimates for size distribution of P specimens were determined after eliminating the
outlier data. As indicated from Table D-2 and Figure D-2, based on exceedance of k-
statistics from the critical k, the data reported by laboratory 3 on sieve #16 was
eliminated from the analysis. All remaining data were re-analyzed according to the E691
method to determine the repeatability and reproducibility statistics shown in Table 3-8. A
comparison of the measured and target percent retained in Table 3-8 indicates a good
agreement between the measured percent retained and the target percent retained in the
#18 size class, which has the most number of beads. The measured retained value of 57.2
% compares relatively well with the target retained value of 55 %. The repeatability and
reproducibility coefficient of variations for the #18 sieve is smaller than those for the
other sieves.

Table 3-8 Percent retained statistics of P samples (Type 3) using COM-A

Taroet Measured
Sieve | #of ‘Vg % Repeatability | Repeatability | Reproducibility | Reproducibility
Sizes | Labs iy Retained, | STD, % CV, % STD, % CV, %

Retained
Average

#16 7 5 10.3 0.4 4.0 34 32.6
#18 8 55 57.2 0.7 1.2 2.1 3.7
#20 8 35 26.8 0.8 3.0 1.8 6.7
#25 8 5 4.6 0.7 15.4 0.9 19.6

3.4.1.3 Type 5 Samples

The percent retained data on the four sieve sizes, #12, #14, #16, and #18, of the C
samples and their corresponding h- and k- statistics are provided in Table D-3 and shown
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in Figure D-3 of Appendix D with the laboratories identified numerically from 1 to 8.
The precision estimates for size distribution of the specimens were determined after
eliminating the outlier data. As indicated from Table D-3 and Figure D-3, based on
exceedance of h and k- statistics from the critical h and k values, the data reported by
laboratory 2 on sieve #18 and the data reported by laboratory 8 on Sieves #14 and #16
were eliminated from the analysis. All remaining data were re-analyzed according to the
E691 method to determine the repeatability and reproducibility statistics shown in Table
3-9. A very good agreement between the measured and target percent retained is
observed for the #14 size class, which has the most number of beads. The measured
retained value of 55.5 % compares very well with the target retained value of 55 %. It is
also indicated from the table that the smallest repeatability and reproducibility coefficient
of variations for the percent retained corresponds to #14 sieve.

Table 3-9 Percent retained statistics of C samples (Type 5) using COM-A

Sieve || #of | Target [ Measured || Repeatability | Repeatability | Reproducibility | Reproducibility
sizes || Labs % % STD, % CV, % STD, % CV, %
Retained || Retained,
Average
#12 8 5 6.9 0.7 10.2 1.4 19.6
#14 7 55 55.5 0.9 1.5 1.2 2.1
#16 7 35 30.1 1.7 5.7 2.1 6.9
#18 7 5 6.5 0.3 4.2 0.7 10.3

3.4.1.4 Summary of Percent Retained by COM-A

From the analysis of COM-A mass percent retained data, it can be concluded that in
general the measured percent retained in the size class with the most number of beads
provides closest agreement with the target value. Looking at the percent retained in the
size classes with the most number of beads in the Y, P, and C samples indicates that both
accuracy and precision of measurements improved with the coarseness of the glass bead

types.

3.4.2 Roundness Measurements Using SPHT Parameter

A total of four laboratories reported the percent roundness of the three sample types
measured by the SPHT parameter using the COM-A device. A cut off value of 0.9 was
used for roundness determination using the SPHT parameter, meaning that any particle
with a SPHT value of 0.9 and above was considered to be round. The percent roundness
of the glass beads in each size class of the three sample types are provided in Appendix
E. The statistical significance of the bias in roundness measurement using SPHT
parameter will be discussed later in the chapter.
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3.4.2.1 Type 1 Samples

The mass percent roundness of the Y samples and the corresponding h- and k- statistics
are provided in Table E-1 and shown in Figure E-1 of Appendix E with the laboratories
identified numerically from 1 to 4. As indicated in Table E-1 and Figure E-1, the h-
statistic of the percent round in the #50 size class received from laboratory 1 exceeded
the critical statistic and the data were eliminated from the analysis. All remaining data
were re-analyzed according to the E691 method to determine the repeatability and
reproducibility statistics shown in Table 3-10. Table 3-10 indicates that the roundness of
all size classes are overestimated by the SPHT parameter, e.g. the measured percent
round of 84.5 % for the #50 beads is significantly larger than the target roundness of 70
%. This might indicate the unsuitableness of the SPHT threshold value that allows non
round beads to be classified as round. Despite the inaccuracy of the SPHT parameter,
both the repeatability and reproducibility coefficients of variation of the SPHT parameter
are relatively small for all size classes.

Table 3-10 Statistics of percent round of Y samples using SPHT parameter of COM-A- target 70 %

Measured
Sieve sizes # of % Repeatability | Repeatability | Reproducibility | Reproducibility
Labs Round, STD, % CV, % STD, % CV, %
Average
#30 4 80.8 1.9 2.3 5.8 7.2
#50 3 84.5 0.7 0.8 1.5 1.8
#100 4 84.8 2.5 2.9 2.2 2.6

3.4.2.2 Type 3 Samples

The percent roundness according to the SPHT parameter of the P samples and the
corresponding h- and k- statistics are provided in Table E-2 and shown in Figure E-2 of
Appendix E with the laboratories identified numerically from 1 to 4. Table E-2 and
Figure E-2 indicate that the k- statistic of the percent round in the #20 size class measured
by Laboratory 1 exceeded the critical statistics and the data were eliminated from the
analysis. All remaining data were re-analyzed according to the E691 method to determine
the repeatability and reproducibility statistics shown in Table 3-11. A review of the
statistics in Table 3-11 indicates that the percent round of the size classes with the most
number of beads (#18 and # 20) were overestimated by the SPHT parameter. The
measured percent round of 86.3 % for the #18 beads is compared with the target
roundness of 80 %. This might indicate that the SPHT threshold value is too low, which
allows non round beads to be classified as round. The repeatability and reproducibility
coefficients of variation of the roundness data obtained based on the SPHT parameter are
relatively small for all size classes.
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Table 3-11 Statistics of percent round of P sample using SPHT parameter of COM-A- target 80 %

Measured
Sieve Sizes # of % Repeatability | Repeatability | Reproducibility | Reproducibility
Labs Round, STD, % CV, % STD, % CV, %

Average

#16 4 77.7 2.6 34 2.9 3.7

#18 4 86.3 0.9 1.0 1.0 1.2

#20 3 92.1 0.4 0.4 0.8 0.8

#25 4 85.1 3.4 4.0 4.1 4.9

3.4.2.3 Type 5 Samples

The percent round according to the SPHT parameter of the C samples and the
corresponding h- and k- statistics are provided in Table E-3 and shown in Figure E-3 of
Appendix E with the laboratories identified numerically from 1 to 4. As indicated in
Table E-3 and Figure E-3, none of the h and k values exceeded the critical statistics.
Therefore, no data were eliminated from the analysis. The computed repeatability and
reproducibility statistics of the C sample roundness are shown in Table 3-12. A review of
the statistics in Table 3-12 indicates that the roundness of all size classes was measured
reasonably correctly by the SPHT parameter. The measured percent round of 92.2 % for
the #14 beads agrees well with the target roundness of 90 %. In addition, a review of the
variability values in Table 3-12 indicates that both the repeatability and reproducibility
coefficients of variation of the SPHT parameter are very small for all size classes. This
might indicate that the threshold value of 0.9 is more appropriate for larger beads than for
the smaller beads. A higher threshold value is needed for measuring the roundness of
smaller glass beads more accurately.

Table 3-12 Statistics of percent round of C samples using SPHT parameter of COM-A- target 90 %

Copyright National Academy of Sciences. All rights reserved.

Measured
Sieve sizes # of % Repeatability | Repeatability | Reproducibility | Reproducibility
Labs || Retained, STD, % CV, % STD, % CV, %
Average
#12 4 88.5 1.0 1.1 2.6 2.9
#14 4 92.1 0.6 0.7 1.2 1.4
#16 4 91.2 1.7 1.8 5.7 6.2
#18 4 92.1 0.7 0.7 0.7 0.7
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3.4.2.4 Summary of Percent Round by COM-A SPHT

From the analysis of mass percent round by COM-A SPHT parameter, it can be
concluded that the measured percent round in the most prevalent size classes provided
closest agreement with the target value. However, the level of agreement between
measured and target percent round differs for the Y, P, and C samples. It can then be
concluded that the threshold value for all glass bead types are not the same and need to be
adjusted according to the glass bead type. As shown here, while the threshold value of 0.9
seems to work for Type 5 beads, it did not measure the intended roundness of Type 1 and
3 beads accurately. The results of statistical t-test on the bias in roundness measurement
will be provided later in this chapter. Based on analysis of X-ray computed
microtomography images, a range of SPHT threshold values that are appropriate for the
three types of glass beads will be determined in Chapter 4.

3.4.3 Roundness Measurements Using b/l Parameter

A total of eight laboratories reported the percent roundness of the three sample types
measured by the COM-A b/l parameter. The cut off value for measuring percent
roundness by the b/l parameter was 0.83, meaning that any particle with b/l > 0.83 was
considered to be round. The percent round in various size classes of each sample type are
provided in Appendix F. The statistical significance of the bias in measuring percent
round using b/l parameter will be discussed later in the chapter.

3.4.3.1 Type 1 Samples

The percent round according to the b/l parameter and the corresponding h- and k-
statistics of the Y samples are provided in Table F-1 and shown in Figure F-1 of
Appendix F with the laboratories identified numerically from 1 to 8. The variability of
percent round of Y specimens was determined after eliminating the outlier data. As
indicated in Table F-1 and Figure F-1, based on exceedance of h- and k- statistics from
the critical h- and k- values, the percent round reported by Laboratory 5 on sieves #50
and #100 and percent round reported by Laboratory 8 on sieve #50 were eliminated from
the analysis. All remaining data were re-analyzed according to the E691 method to
determine the repeatability and reproducibility statistics shown in Table 3-13. A review
of the statistics in Table 3-13 indicates that the roundness of all size classes of the Y
samples is overestimated by the b/l parameter. The measured percent round of 78.6 % for
the #50 beads is larger than the target roundness of 70 %. The reason for this might be an
artifact of two- dimensional image analyses. A single or even several 2-D projections of a
non-spherical object cannot fully capture its 3-D shape, which would tend to bias the
percent round results. This is also an indication that the threshold value for the b/l
parameter is not large enough to eliminate all particles considered to be non-round by the
roundometer. Similar to the observations made on the roundometer data, both the
repeatability and reproducibility coefficients of variation of the b/l parameter are
significantly smaller for the #50 beads, which are the most prevalent size in the Y
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samples.

Table 3-13 Statistics of percent round of Y samples using b/l parameter of COM-A- target 70 %

Measured . o i eqe ey eqe
Average
#30 8 76.8 2.5 32 6.1 8.0
#50 6 78.6 1.2 1.6 1.7 2.1
#100 7 80.9 3.1 3.8 3.5 4.3

3.4.3.2 Type 3 Samples

The percent roundness according to the b/l parameter and the corresponding h- and k-
statistics of the P samples are provided in Table F-2 and shown in Figure F-2 of
Appendix F with the laboratories identified numerically from 1 to 8. As indicated in
Table F-2 and Figure F-2, based on exceedance of h- statistics from the critical h- value,
the percent round reported by Laboratory 8 on sieve #20 was eliminated from the
analysis. All remaining data were re-analyzed according to the E691 method to determine
the repeatability and reproducibility statistics shown in Table 3-14. A review of the
statistics in Table 3-14 indicates that the measured percent round of the #18 glass beads
(80.1 %), which is the most prevalent size, agrees very well with the target roundness of
80 %. The percent round of the #20 sieve is slightly overestimated, which could be due
to 2-D image analysis artifacts. It is also observed in Table 3-14 that the repeatability
and reproducibility coefficients of variation of percent round according to the b/l
parameter for the #18 and #20 beads, which are the most prevalent sizes, are very small.
This indicates that b/l is a reliable parameter for measuring the roundness of the most
prevalent size classes of Type 3 glass beads.

Table 3-14 Statistics of percent round of P samples using b/l parameter of COM-A- target 80 %

Copyright National Academy of Sciences. All rights reserved.

Measured e o [ e eqe
Average
#16 8 66.5 22 3.3 34 5.0
#18 8 80.1 0.9 1.1 1.1 1.4
#20 7 84.3 0.9 1.0 1.1 1.3
#25 8 76.6 4.7 6.1 9.5 12.4
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3.4.3.3 Type 5 Samples

The percent round according to the b/l parameter and the corresponding h- and k-
statistics of the C samples are provided in Table F-3 and shown in Figure F-3 of
Appendix F with the laboratories identified numerically from 1 to 8. As indicated in
Table F-3 and Figure F-3, based on exceedance of h- statistics from the critical h- value,
the percent round reported by Laboratory 8 on sieve #16 was eliminated from the
analysis. All remaining data were re-analyzed according to the E691 method to determine
the repeatability and reproducibility statistics shown in Table 3-15. A review of the
statistics in Table 3-15 indicates that the measured roundness of the #14 and #16 glass
beads, which are the most prevalent sizes, agree very well with the target roundness of 90
%. The repeatability and reproducibility coefficients of variation corresponding to the
#14 and #16 size classes are also very small. This indicates that b/l is a reliable parameter
for measuring the roundness of the most prevalent size classes of Type 5 glass beads.

Table 3-15 Statistics of % round of C samples using b/l parameter of COM-A- target 90 %

Measured . o L eqe e eqe
Average
#12 8 80.8 1.2 1.5 3.0 3.7
#14 8 89.2 1.1 1.2 1.5 1.7
#16 7 91.4 1.9 2.1 23 2.6
#18 8 89.8 1.1 1.2 1.4 1.5

3.4.3.4 Summary of Percent Round by COM-A b/l

From the analysis of mass percent round of COM-A b/1 data, it can be concluded that the
b/l parameter captured the roundness of Type 3 and Type 5 glass beads very well but
overestimated the roundness of Type 1 beads. This indicates that the threshold value for
b/l should not be the same for all glass bead types. While the threshold value of 0.83
seems adequate for Type 3 and Type 5 glass beads it need to be increased for Type 1
beads. The appropriate threshold value for b/l parameter determined using X-ray
microtomography will be discussed in Chapter 4.

3.4.4 D10, D50, and D90 Measurements

In this section, the accuracy of COM-A in measuring the size distribution of glass beads
will be evaluated. For that purpose, the three diameters where 10 %, 50 %, and 90 % of
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the particles, by mass, are smaller than these diameters (D10, D50, D90) will be
compared with the sieve sizes and the mass percent passing that were used to build the
bead samples. Table 3-16, Table 3-17, and Table 3-18 provide the measured diameters
corresponding to 10 %, 50 %, and 90 % of particles having diameter less than the given
diameter. These tables also provides the sieve sizes and the percent passing of Types 1, 3,
and 5 glass beads prepared in this study.

3.4.4.1 Type 1 Samples

Column 4 of Table 3-16 shows the values of D10, D50, and D90 of Type 1 samples
according to COM-A data. The numbers in Column 4 are averaged from the COM-A
measurements received from 7 laboratories. The comparison of the measured and target
values of particle size with respect to percent smaller and percent passing values indicates
that the COM-A instrument has measured the size distribution of the Type 1 samples
reasonably well. For example, bead samples were prepared to have 95 % passing a 0.6
mm sieve opening (#30 sieve) and the COM-A data measured that 90 % of the beads are
smaller than 0.53 mm. The same logic is applied to other sieve sizes of Type 1 samples,
which indicates that the COM-A device, using the width (b or X nin) parameter, has
measured the size distribution of Type 1 beads reasonably well.

Table 3-16 Comparison of measured and target particle sizes of Type 1 beads for 10 %, 50 %, and 90

% passing
# of Labs Sieve Size Target Particle Percent
(mm) Percent Diameter-xcmin Smaller
Passing (mm)
0.15 0 0.20 10
0.30 45 0.31 50
0.60 95 0.53 90

3.4.4.2 Type 3 Samples

Column 4 of Table 3-17 provides the values of D10, D50, and D90, in terms of Xmin, for
the Type 3 particles. Columns 2 and 3 provide the sieve openings and the corresponding
percent passing used in making the Type 3 samples. The comparison of the measured and
target values of particle size with respect to percent smaller and percent passing values
indicates that the COM-A instrument has measured the size distribution of the Type 3
samples reasonably well. Other than the percent smaller for D90, which is expected to be
95 % but not 90 %, the percent smaller than D10 and D50 are reasonable. For example,
40 % of the beads were prepared to pass through 1.0 mm opening (sieve #18) and the
COM-A predicted that 50 % of the beads have diameter smaller than 1.07 mm, which is
reasonable agreement.
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Table 3-17 Comparison of measured and target particle sizes of Type 3 beads for 10 %, 50 %, and 90

% passing
# of Labs Sieve Size Target Particle Percent
(mm) Percent Diameter-xcmin Smaller
Passing (mm)
7 0.85 5 0.89 10
1.00 40 1.07 50
1.18 95 1.18 90

3.4.4.3 Type 5 Samples

Column 4 of Table 3-18 provides the sizes in mm for D10, D50, and D90, as determined
from the COM-A results. Columns 2 and 3 provide the sieve openings and the
corresponding percent passing used in building the Type 5 bead samples. The comparison
of the measured and target values of particle size with respect to the percent smaller and
percent passing indicates that the COM-A device has measured the size distribution of
the Type 5 samples reasonably well. For example, 40 % of the beads were prepared to
pass through 1.40 mm opening (sieve #14) and the COM-A results is that by mass 50 %
of the beads have diameters smaller than 1.49 mm.

Table 3-18 Comparison of measured and target particle sizes of Type 5 beads for 10 %, 50 %, and 90

% passing
# of Labs Sieve Size Target Particle Percent
(mm) Percent Diameter-xcmin Smaller
Passing (mm)
1.18 5 1.21 10
1.40 40 1.49 50
1.70 95 1.66 90

3.4.4.4 Summary of D10, D50, and D90 Measurements by COM-A

The analysis of D10, D50, and D90 data measured by COM-A indicated that COM-A
measured the size distribution of the three types of glass bead samples relatively well.
Only one out of nine measurements (D90 of Type 3) was not logical when compared to
the target sieve opening and its corresponding percent passing.

3.5 Analysis of Results from COM-B

A total of four computerized optical systems from the COM-B manufacturer were
available for measuring the size and roundness of the glass bead samples. These include
three of one system and another system that uses the same measuring system and
software as does the other COM-B equipment but is exclusively built for use with fine
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particles and powders. Therefore, only properties of the Y samples (Type 1) were
measured using this second instrument. Although the COM-B device has the capability of
measuring properties of large particles (Type 3 and Type 5 samples), two of the three
COM-B systems used in the study were not calibrated for use with large particles and
therefore were not used for the P and C samples (Type 3 and Type 5). As a result, the
properties of the Y samples were reported by four laboratories but the properties of the P
and C samples were measured by only one laboratory. For convenience, the data
measured using the two different kinds of COM-B equipment are jointly referred to as
COM-B data.

The COM-B measurements are provided in Appendix G. The measurements were
conducted following the instructions provided by the manufacturer. The data were
analyzed to evaluate the precision and bias for the COM-B method and to compare with
the precision and bias for the traditional methods and for the COM-A method. The size
distribution and roundness of the three sample types were measured by analysis of two-
dimensional (2-D) images of the glass beads. Multiple images of single particles were
taken from different angles as they tumbled through the measuring unit of the equipment.

3.5.1 Size Measurements

The size of the glass beads, using the COM-B devices, was determined based on the
thickness (T) of the glass beads as described in Table 2-4. The percent retained in various
size classes of each sample type are provided in Appendix G. The results of the analysis
of percent retained data are discussed in the following sections. The statistical
comparison of the measured and target retained values will be discussed later in the
chapter.

3.5.1.1 Type 1 Samples

The percent retained in various size classes of the Y samples were reported by four
laboratories. The percent retained values and the h- and k- statistics of the data are
provided in Table G-1 and shown in Figure G-1 of Appendix G with the laboratories
identified numerically from 1 to 4. As indicated in Table G-1 and Figure G-1, based on
exceedance of k- statistics from the critical k value, the percent retained reported by
Laboratory 2 on sieves #30 and #100 were eliminated from the analysis. All remaining
data were re-analyzed according to the E691 method to determine the repeatability and
reproducibility statistics shown in Table 3-19. As indicated in Table 3-22, the measured
and target percent retained values agree relatively well with the target retained values.
The repeatability and reproducibility coefficients of variation corresponding to these size
classes are relatively small.
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Table 3-19 Percent retained statistics of Y samples (Type 1) using COM-B

Measured Tareet
Sieve | #of % O/g Repeatability | Repeatability | Reproducibility | Reproducibility
sizes | Labs | Retained, ; STD, % CV, % STD, % CV, %
Retained
Average
#30 3 5.1 5.0 0.3 5.5 0.5 10.8
#50 4 46.7 50.0 2.1 4.6 3.5 7.4
#100 3 46.8 45.0 1.2 2.5 2.0 4.2

3.5.1.2 Type 3 Samples

As was explained earlier, only one of the laboratories equipped with COM-B equipment
had the capability of measuring the properties of the large glass beads. The percent
retained data reported on various size classes of the P samples are provided in Table G-2
of Appendix G and are summarized in Table 3-20. As shown in Table 3-20, there is
reasonable agreement between the measured and target percent retained in the size class
with the largest mass percentage of the beads. The measured retained value of 52.5 % for
the #18 size class is relatively close to the target retained value of 55 %. This size class

also provided the smallest coefficient of variation.

Table 3-20 Percent retained statistics of P samples (Type 3) using COM-B

Sieve Sizes # of Labs Mﬁ:f;;eedd% Targ.et 7 Stgndard Coefﬁ({ient of
’ Retained Deviation, % Variation, %
Average
#16 1 13.1 5.0 1.3 10.0
#18 1 52.5 55.0 0.8 1.5
#20 1 25.6 35.0 2.1 8.2
#25 1 4.1 5.0 0.8 19.5

3.5.1.3 Type 5 Samples

The percent retained data on various size classes of the C samples were reported by one
laboratory. The data are provided in Table G-3 of Appendix G and are summarized in
Table 3-21. As shown in 3-21, there is a fair agreement between the measured and target
percent retained. The measured retained value of 51.9 % for the #14 size class agreed
fairly well with the target retained value of 55 %. The coefficient of variation indicated
by this size class, which has the highest mass percentage of the beads, was also relatively

small.
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Table 3-21 Percent retained statistics of C samples (Type 5) using COM-B

Measured %

. . . Target % Standard Coefficient of
SISVE Sizes # of Labs Retained, Retiined Deviation, % Variation, %
Average
#12 1 9.9 5.0 0.3 2.8
#14 1 51.9 55.0 2.6 49
#16 1 29.4 35.0 2.4 8.3
#18 1 4.8 5.0 0.4 7.9

3.5.1.4 Summary of Percent Retained by COM-B

Despite the small number of laboratories reporting COM-B results, the measured percent
retained in the most prevalent size classes provided reasonable agreement with the target
values. The measurements in the most prevalent size classes also indicated small
repeatability and reproducibility coefficient of variations for Type 1 samples and small

coefficient of variation for the Type 3 and Type 5 samples.

3.5.2 Roundness Measurements

The roundness of the glass beads by COM-B were determined based on the T/L
parameter described in Table 2-4. COM-B also measures roundness using the NSP
parameter defined in Table 2-4; however, the NSP results of roundness measurement
were not complete and therefore, were not included in the statistical analysis. The percent
roundness in various size classes of each sample type using T/L parameter are provided
in Appendix H. The results of the analysis of percent round data are discussed in the
following sections. The statistical comparison of the measured and target roundness
values will be discussed later in the chapter.

3.5.2.1 Type 1 Samples

The percent round of the Y samples and the corresponding h- and k- statistics are
provided in Table H-1 and shown in Figure H-1 of Appendix H with the laboratories
identified numerically from 1 to 4. As indicated in Table H-1 and Figure H-1, no data
were eliminated from the analysis; therefore, all the reported data were included in
determining the repeatability and reproducibility statistics according to the E691 method
as shown in Table 3-22. Table 3-22 indicates that the roundness of the most prevalent
size class is overestimated by the T/L parameter. The measured percent round of 77.2 %
for the #50 beads is larger than the target roundness of 70 %. The reason for this might
be 2-D image analysis artifacts or a wrong cutoff value for the T/L parameter. The
repeatability and reproducibility coefficient of variations for the most prevalent size class
of the Type 1 beads are relatively large.
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Table 3-22 Percent round of Y samples using T/L parameter of COM-B- target round of 70 %

Sive sies | #of Labs | % Round, | ReBasblty | Repeaabilty | Reproducbity | Reproducbis
Average
#30 4 69.0 24 35 7.2 10.5
#50 4 77.2 43 5.6 7.0 9.1
#100 4 78.2 3.8 4.8 5.8 7.4

3.5.2.2 Type 3 Samples

The percent round data in various size classes of the P samples were reported by one

laboratory. The data are provided in Table H-2 of Appendix H and summarized in Table
3-23. Table 3-23 shows that the roundness of the P samples is significantly over
estimated. The percent round of 86.8 % in the #18 size class, which has the highest mass
percentage of the beads, is compared with the target percent round of 80 %. Despite the
significant bias, the coefficient of variation corresponding to the #18 size class is
relatively small.

Table 3-23 Percent round of P samples using T/L parameter of COM-B- target round of 80 %

Measured % .
Sieve Sizes # of Labs Round, Standard Coefficient of
Deviation, % Variation, %
Average
#16 1 79.9 32 4.0
#18 1 86.8 2.7 3.1
#20 1 84.6 9.0 10.7
#25 1 85.2 22 2.6

3.5.2.3 Type 5 Samples

The percent round of the C samples are provided in Table H-3 of Appendix H and
summarized in Table 3-24. As shown in Table 3-24, there is a very good agreement
between the measured and target roundness of the C samples. The percent round of 91.0
% in the #14 size class, which has the most mass percentage of the beads, is compared
with the 90 % target percent round. The coefficient of variation corresponding to this size
class is also the smallest.
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Table 3-24 Percent round of C samples using T/L parameter of COM-B- target round of 90 %

0,
. . Measured % Standard Coefficient of
Sieve sizes # of Labs Round, .. .
Deviation, % Variation, %
Average
#12 1 84.2 3.6 43
#14 1 91.0 0.3 0.3
#16 1 91.9 0.6 0.6
#18 1 91.0 2.8 3.1

3.5.2.4 Summary of Percent Round by COM-B

From the analysis of mass percent round by T/L of COM-B, it can be concluded that the
threshold value for the T/L parameter is not the same for all glass bead types. While the
threshold value of 0.83 seems adequate for Type 5 glass beads, it did not correctly
determine the percent round of Type 1 and Type 3 beads. In Chapter 4, the
appropriateness of the threshold value for the 3-D version of the T/L parameter, based on
3-D analysis of X-ray microtomography images, will be determined.

3.5.3 D10, D50, and D90 Measurements

In this section, the accuracy of the COM-B method in measuring the size distribution of
the beads will be evaluated. For this purpose, the values of D10, D50, and D90 were
computed and compared with the sieve sizes and their percent passing used in making the
bead samples. Table 3-25, Table 3-26, and Table 3-27 provide the measured values of
D10, D50, and D90; the target diameters and their corresponding percent passing for the
three glass bead types.

3.5.3.1 Type 1 Samples

The D10, D50, and D90 values of Type 1 samples were received from two COM-B
instruments. Column 4 of Table 3-25 shows the average D10, D 50, and D 90 values
from the two COM-B devices. Columns 2 and 3 provide the sieve openings and the
corresponding target percent passing for the samples. The comparison of the measured
and target values of particle size with respect to percent smaller and percent passing
values indicates that COM-B instrument has measured the size distribution of the Type 1
samples reasonably well. As shown in Table 3-25, 95 % of Type 1 particles would pass a
0.6 mm sieve opening (#30 sieve) and the COM-B device measured D90 to be 0.55 mm,
meaning that 90 % of the beads are smaller than 0.52 mm. This is reasonable, since less
particles would pass through an opening smaller than 0.6 mm. The same trend is
observed from the other sieve classes for the Type 1 samples.
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Table 3-25 Comparison of measured and target particle size of Type 1 samples for 10 %, 50 %, and
90 % passing

# of Labs || sieve size (mm) || Target Percent Passing || Particle Diameter-T (mm) || Percent Smaller
2 0.15 0 0.20 10
2 0.30 45 0.32 50
2 0.60 95 0.52 90

3.5.3.2 Type 3 Samples

The D10, D50, and D90 values of Type 3 samples were received from one COM-B
instrument. Column 4 of Table 3-26 shows the D10, D50, and D90 values and Columns 2
and 3 provide the sieve openings and the corresponding target percent passing for the
Type 3 samples. The comparison of the measured and target values of particle size with
respect to percent smaller and percent passing indicates that COM-B instrument has
correctly measured D10 and D50 but not D90. As shown in Table 3-26, 95 % of the Type
3 particles, by mass, should be smaller than the 1.18 mm sieve opening (#18 sieve),
however, COM-B measured that 90 % of particles are smaller than 1.43 mm.

Table 3-26 Comparison of measured and target particle size of Type 3 samples for 10 %, 50 %, and
90 % passing

Target Percent Particle
# of Labs sieve size (mm) get b Diameter-X, Percent Smaller
Passing
(mm)
1 0.85 5 0.91 10
1 1.00 40 1.09 50
1 1.18 95 1.43 90

3.5.3.3 Type 5 Samples

The D10, D50, and D90 values of Type 3 samples were available from one COM-B
instrument. Column 4 of Table 3-27 shows the values of D10, D50, and D90 and
Columns 2 and 3 provide the sieve openings and the corresponding target percent passing
for Type 5 samples. The comparison of the measured values of D10, D50, and D90 with
the target sieve sizes and their corresponding percent passing indicates that COM-B has
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correctly measured D10 and D 50 for the Type 5 samples but not D90. As shown in Table
3-27, 95 % of the Type 5 particles should be smaller than a 1.70 mm sieve opening (#14
sieve), while COM-B measured 90 % to be smaller than 1.84 mm.

Table 3-27 Comparison of measured and target particle size of Type 5 samples for 10 %, 50 %, and
90 % passing

# of Labs sieve size (mm) Target Pgrcent Particle Diameter-T Percent Smaller
Passing (mm)
1 1.18 5 1.22 10
1 1.40 40 1.54 50
1 1.70 95 1.84 90

3.5.3.4 Summary of D10, D50, and D90 Measurements by COM-B

Since enough laboratories did not submit D10, D50, and D90 data, a firm conclusion
regarding the accuracy of COM-B for measuring size distribution of glass bead samples
cannot be made. However, analysis of the limited sets of data in this study indicated that
for all size classes of Type 1 samples and for 4 out of 6 size classes of Type 3 and Type 5
samples, COM-B predicted the D10, D50, and D90 values of the glass beads correctly.

3.6 Comparison of Precision Estimates of Various Measurement Methods

The comparison of the precision estimates for size and roundness measurements by
various methods would indicate which method provided the most precise measurements.
The comparison of precisions was conducted on the size class of each glass bead type
that contained the largest mass percentage of the beads. These are: the #50 size class for
the Y samples, the #18 size class for the P samples, and the #14 size class for the C
samples.

3.6.1 Size Measurements
3.6.1.1 Type 1 Samples

The precision estimates for measuring the mass percent retained in the #50 size class for
the Type 1 samples by various methods of measurements are provided in Table 3-28. The
precision estimates are based on the size distribution of three 50-g Type 1 glass bead
replicates measured by participating laboratories. It is indicated from Table 3-28 that for
Type 1 beads the mechanical sieve provided the smallest and COM-B provided the
largest within-laboratory (repeatability) and between- laboratory (reproducibility)
precisions. The better precision in size measurement of Type 1 beads using mechanical
sieve might be due to the agglomeration of the small beads due to static forces.
Mechanical shaking would force separating the beads while they stay clustered passing
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through computerized optical equipment.

Table 3-28 Precision estimates for measuring percent retained for Type 1 samples by various

methods
Method of Measurement- No. of Repeatability Std, % Reproducibility Std, %
Sample Type Labs Is d2s Is d2s
Mechanical Sieve- Type 1 14 1.0 2.8 1.7 4.6
COM-A- Type 1 8 1.3 3.8 3.0 8.3
COM-B- Type 1 4 2.1 59 3.5 9.7

3.6.1.2 Type 3 Samples

The precision estimates for measuring the percent retained in the #18 size class of the
Type 3 samples by mechanical sieving and by COM-A are provided in Table 3-29. The
comparison does not include COM-B results since only one set of measurements on Type
3 samples were available by COM-B. The precision estimates are based on the size
distribution of three 100-g Type 3 glass bead replicates measured by participating
laboratories. As shown in Table 3-29, the COM-A data provided significantly smaller
repeatability and reproducibility standard deviations of Type 3 glass beads than did the
mechanical sieve.

Table 3-29 Precision estimates for measuring percent retained for Type 3 samples by various
methods

Method of Measurement- No. of Repeatability Std, % Reproducibility Std, %
Sample Type Labs Is s Is s
Mechanical Sieve- Type 3 13 1.1 3.1 34 94
COM-A- Type 3 8 0.7 1.9 2.1 59

3.6.1.3 Type 5 Samples

The precision estimates for the percent retained in the #14 size class of the Type 5
samples by mechanical sieve and COM-A are provided in Table 3-30. There were no
precision estimates available for COM-B measurements since only one set of data was
provided on Type 5 glass beads by COM-B. The precision estimates are based on the size
distribution of three 200-g Type 5 glass bead replicates measured by the participating
laboratories. As shown in Table 3-30, the COM-A data provided significantly smaller
repeatability and reproducibility standard deviations of Type 5 glass beads than did the
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mechanical sieves.

Table 3-30 Precision estimates for measuring percent retained for Type 5 samples by various

methods
Method of Measurement- | No. of Repeatability Std, % Reproducibility Std, %
S le T Lab
ampie 1ype s Is d2s Is d2s
Mechanical Sieve- Type 5 13 2.2 6.0 43 12.0
COM-A- Type 5 7 0.9 2.4 1.2 33

3.6.1.4 Summary of Precision in Size Measurement

The comparison of the precision estimates for measuring the percent retained in the most
prevalent size classes of Type 1, Type 3, and Type 5 glass beads revealed important
information about the methods of measurement. It was indicated that for Type 1 samples,
the mechanical sieves provided the least within and between variability. However, for the
Type 3 and Type 5 glass beads, COM-A provided significantly lower variability than the
mechanical sieve. The reason for this observation might be the tendency of fine glass
bead particles to agglomerate. The agglomerated glass beads might breakdown during the
sieving process but stay clustered when passed through computerized optical measuring
unit. A definite conclusion about the variability of the COM-B results cannot be made at
this point since only small number of laboratories reported size measurement of Type 1
glass beads and only one laboratory reported size measurements of Type 3 and Type 5
glass beads.

3.6.2 Roundness Measurements
3.6.2.1 Type 1 Samples

The precision for measuring the percent round in the #50 size class for the Type 1
samples by various methods of measurements are provided in Table 3-31. The precision
estimates are based on the roundness of three 50-g Type 1 glass bead replicates measured
by participating laboratories. As indicated from Table 3-31, the COM-A b/l parameter
provided the least within- and between-laboratory variability among the four methods of
measurement.
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Table 3-31 Precision estimates for measuring percent round in Type 1 samples by various methods

Method of Measurement- No. of Repeatability Std, % Reproducibility Std, %
Sample Type Labs Is d2s Is d2s
Mechanical Sieve- Type 1 11 25 7.1 3.8 10.6
COM-A b/l- Type 1 6 0.7 2.0 1.5 4.2
COM-A SPHT- Type 1 3 1.2 34 1.7 4.7
COM-B- Type 1 4 43 12.1 7.0 19.7

3.6.2.2 Type 3 Samples

The precision for measuring the percent round in the #18 size class for the Type 3
samples by various methods of measurements is provided in Table 3-32. The precision
estimates are based on the mass percent round of three 100-g Type 3 glass bead replicates
measured by participating laboratories. Since precisions for the Type 3 glass beads as
measured by the COM-B device could not be developed with only one set of data
available, the comparison of the precision estimates was made between the mechanical
roundometer and the COM-A SPHT and b/l parameters. As shown in Table 3-32, the
COM-A b/l and SPHT parameters provided comparable repeatability and reproducibility
precisions and they were both significantly smaller than those for the roundometer.

Table 3-32 Precision estimates for measuring percent round in Type 3 samples by various methods

Method of Measurement- No. of Repeatability Std, % Reproducibility Std, %
Sample Type Labs Is d2s Is d2s
Mechanical Sieve- Type 3 8 23 6.4 4.1 11.5
COM-A b/l- Type 3 8 0.9 2.5 1.0 2.9
COM-A SPHT- Type 3 4 0.9 2.4 1.1 3.1

3.6.2.3 Type 5 Samples

The precision for the percent round in the #14 size class of Type 5 samples by various
methods of measurements are provided in Table 3-33. The precision estimates are based
on the percent round of three 200-g Type 5 glass bead replicates measured by the
participating laboratories. Since the precision for the Type 5 glass beads as measured by
the single COM-B instrument could not be developed with only set of data available, the
comparison of the precision estimates was made between the mechanical roundometer
and the COM-A SPHT and b/l parameters. As shown in Table 3-33, both the COM-A
SPHT and b/l parameters provided lower variability than did the roundometer;
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nevertheless, the b/l parameter provided better repeatability and reproducibility precision
than did the SPHT parameter for measuring the roundness of the Type 5 glass beads.

Table 3-33 Precision estimates for measuring percent round in Type 5 samples by various methods

Method of No. of Repeatability Std, % Reproducibility Std, %
Measurement-
Sample Type LabS 15 dZS 1S d2$
Mechanical Sieve- ] 1.8 49 45 125
Type 5
COM-A b/l- Type 5 8 0.6 1.7 1.2 3.5
COM-A SgHT' Type 4 11 3.0 15 42

3.6.2.4 Summary of Precision in Roundness Measurement

From the above observations, it might be concluded that use of COM-A device is a
preferred method over the roundometer for measuring roundness of the glass beads. The
COM-A b/l parameter consistently provided the smallest repeatability and reproducibility
standard deviations for roundness of the three types of glass beads samples examined in
this study. Although the SPHT precisions surpassed the roundometer precisions for all
three sample types, the SPHT precisions were consistently lower than the b/l precisions.
The accuracy of the COM-A b/l and SPHT parameters for judging roundness will be
further examined in Chapter 4. A definite conclusion about the variability of the COM-B
results cannot be made at this point since only one set of results on the roundness of each
Type 3 and Type 5 were provided. In addition, the number of data sets reported for Type
1 glass beads was much smaller than the number of results reported by the roundometer
and the COM-A device.

3.7 Comparison of Bias of Various Measurement Methods

The statistical comparison of the average measured properties with the target values
would indicate which method provided the most accurate measurement. A student t- test
was utilized to test the significance of the difference between the measured and target
properties. The analysis of bias included t-test on the size and roundness measurements of
the most prevalent size class of each glass bead type. These are #50 size class for Type 1
samples, # 18 size class for Type 3 samples, and # 14 size class for Type 5 samples.

3.7.1 Size Measurements

Table 3-34 through Table 3-36 provide a summary of percent retained statistics for the
three sample types. The computed and critical t values for 5 % level of significance are
utilized to compute the rejection probabilities provided in the last column of the tables. A
rejection probability smaller than 0.05 would indicate that measured and target retained
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values are significantly different.

3.7.1.1 Type 1 Samples

The comparison of the percent retained measurements on sieve #50 from various
measuring methods is provided in Table 3-34. As indicated from Table 3-34, the
mechanical sieve and COM-A did not provide very accurate measurements of the size
distribution of Type 1 samples. The P values of 0.001 and 0.007 shows that the
mechanical sieve and COM-A were statistically different from the target percent retained

value of 50 %. The COM-B measurement on the other hand was not significantly
different from the target sieve size as indicated by the rejection probability of 0.111.

Table 3-34 Results of t-test for comparison of measured and target percent retained on #50 sieve of

Type 1 samples

Method of No. Average
- 0 .
Measurement of % A’ Computed | Critical . Reject
. Retained, Sy Decision | Prob.
Sample Type Labs Retained, Target t t (p)
Measured
Mechanical 14 48.4 500 | 1.350 | 4.435 2.160 | Reject | 0.001
Sieve-Type 1
COM-A -Type 1 8 46.4 50.0 2.697 3.775 2.365 Reject 0.007
COM-B-Type 1 4 46.7 50.0 2.945 2.241 3.182 Accept 0.111

3.7.1.2 Type 3 Samples

The comparison of the percent retained measurements on sieve #18 for the Type 3
samples from various measuring methods is provided in Table 3-35. The COM-B

measurements could not be compared statistically since only one set of size
measurements of the Type 3 samples was available. The exceedance of the computed t
values from the critical t statistics for both the COM-A and the mechanical sieve data

indicates that both measurements were statistically different from the target value.

However, the COM-A measurements were closer to the target value than the mechanical
sieve measurement. This is indicated by the larger rejection probability for the COM-A
data (0.018) when compared with the rejection probability from the mechanical sieve

data (0.001).

Copyright National Academy of Sciences. All rights reserved.
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Table 3-35 Results of t-test for comparison of measured and target percent retained on #18 sieve of
Type 3 samples

Method of No.

Measurement- of Average % o Reject
% Round, | Retained, Sy Com{)uted Crl?cal Decision | Prob.

Sample Type Labs | Measured Target (p)
Mechanical Sieve- | = 5 58.8 550 | 3.197 | 4286 2179 | Reject | 0.001

Type 3

COM-A -Type 3 8 57.2 55.0 2.026 3.071 2.365 Reject 0.018

COM-B-Type 3 1 525 55.0 B B ~ ~ ~

3.7.1.3 Type 5 Samples

The comparison of the percent retained measurements on sieve #14 for the Type 5
samples from various measurement methods is provided in Table 3-36. As indicated from
Table 3-36, the COM-A percent retained measurements were in very good agreement
with the target value of 55 % (rejection probability of 0.167) while the mechanical sieve
significantly overestimated the percent retained (rejection probability of 0.006).

Table 3-36 Results of t-test for comparison of measured and target percent retained on #14 sieve of
Type 5 samples

No. A
Method of of vz:/rage % Computed | Critical Rejection
Measurement- ° Retained, S« P Decision | Probability
Sample Type Labs Round, Target t t (p)
pie 1yp Measured & p
Mechanical 13 58.5 550 |3.771| 3313 | 2201 | Reject 0.006
Sieve-Type 5
COM-A -Type 5 7 55.5 55.0 0.876 1.571 2.447 | Accept 0.167
COM-B-Type 5 1 51.9 55.0 B B B B B

3.7.1.4 Summary of Bias in Size Measurement

The t-test results for the size measurement of the glass bead samples revealed that
computerized optical methods in general provided more accurate measurements of the
size than the mechanical sieve. For Type 1 beads COM-B provided more accurate
measurement than did the mechanical sieve and for the larger beads, COM-A was more
accurate than the mechanical sieves. It was also indicated that the level of accuracy and
precision of COM-A measurements increased with the increase in the size of the beads.
Therefore, it might be concluded that computerized optical equipment are especially
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suitable for measuring the size distribution of the larger sized glass beads.

3.7.2 Roundness Measurements

Table 3-37 through Table 3-39 provide a summary of percent round statistics of the three
sample types. The computed and critical t values for a 5 % level of significance are
utilized to compute the rejection probabilities. A rejection probability greater than 0.05
would indicate that the measured and target roundness of a sample are the same.

3.7.2.1 Type 1 Samples

The comparison of the percent round measurements with the target roundness on sieve
#50 for the Type 1 samples from various measuring methods and using different
parameters are provided in Table 3-37. Other than the rejection probability for the COM-
B measurements, the rejection probabilities corresponding to all other measurements are
smaller than 0.05, indicating that only COM-B measured the roundness of Type 1
samples correctly. Despite its accuracy, COM-B provided the most variable
measurements as indicated by the standard deviation of the laboratory means (Sx = 5.95).
The least variable measurement was provided by the COM-A b/l parameter.

Table 3-37 Results of t-test for comparison of measured and target percent round on #50 sieve of
Type 1 samples

Method of No.

Measurement- of Average % . Reject
% Round, | Round, Sy C0m$ uted Cnttlcal Decision | Prob.

Sample Type Labs | Measured | Target (p)
Roundometer -Type 1 11 74.2 70.0 2.89 4.776 2.228 Reject 0.001
COM-A-b/13 -Type 1 6 78.6 70.0 1.26 16.833 2.571 Reject 0.000
COM-A-SPHT3 - | 4 84.5 700 | 138 | 18231 | 4303 | Reject | 0.003

Type 1

COM-B-NSP-Type 1 4 713 70.0 595 2.435 3.182 Accept | 0.093

3.7.2.2 Type 3 Samples

The comparison of the percent round measurements with the target roundness on sieve
#18 for the Type 3 samples is provided in Table 3-38. There was no t-statistics calculated
for the COM-B measurements since only one set of roundness data was available for
Type 3 samples. The most accurate roundness measurement was provided by the COM-A
b/l parameter (p = 0.616). The roundometer also measured the roundness of the Type 3
samples correctly (p = 0.257), although with the highest variability (Sx = 3.52). The
lowest rejection probability (p = 0.000) in Table 3-38 corresponds to the SPHT
parameter, indicating that the measured roundness as judged by this parameter was
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significantly different from the target roundness.

Table 3-38 Results of t-test for comparison of measured and target percent round on #18 sieve of
Type 3 samples

Method of

No. of .

Measurement- % . Reject
Average Computed | Critical .

Round, Sx Decision Prob.

Sample Type Labs | % Round, Target ¢ t (p)

pic 1yp Measured & p
Roundometer -Type 3 8 78.5 80.0 3.52 1.233 2.365 Accept 0.257
COM-A-b/13 -Type 3 8 80.1 80.0 0.77 0.525 2.365 Accept 0.616
COM-A-SPHTS - 4 86.3 80.0 0.70 17.898 3.182 Reject 0.000

Type 3
COM-B-NSP-Type 3 1 86.8 80.0 _ _ _ _ _

3.7.2.3 Type 5 Samples

The comparison of the percent round measurements with the target roundness on sieve
#14 of Type 5 samples are provided in Table 3-39. There was no t-statistics calculated for
the COM-B measurements since only one set of Type 5 roundness data was available. As
indicated from Table 3-39, the roundness measurement using b/l parameter agreed very
well with the target roundness of 90 % (p = 0.08). The b/l parameter also had a very small
standard deviation compared to that of the roundometer (Sx = 1.13 vs. Sy =4.14).
Although both SPHT and roundometer measurements were significantly different from
the target roundness, the results from the SPHT parameter were closer to the target value
than those from the roundometer (p = 0.036 and 0.003). The SPHT measurements were
also less variable than the roundometer measurements (Sx = 1.13 and 4.14).

Table 3-39 Results of t-test for comparison of measured and target percent round on #14 sieve of
Type 5 samples

Copyright National Academy of Sciences. All rights reserved.

Method of
No. of .

Measurement- A % C ted Reject
L o verage Round, Sx ompute Critical t | Decision Prob.

Sample Type abs | % Round, Target t (p)

Measured
Roundometer -Type 5 8 83.4 90.0 4.14 4.534 2.365 Reject 0.003
COM-A-b/13 -Type 5 8 89.2 90.0 1.13 2.049 2.365 Accept 0.080
COM-A-SPHTS3 - 4 92.1 90.0 1.13 3.621 3.182 Reject 0.036
Type 5
COM-B-NSP-Type 5 1 91.0 90.0 _ _ _ _ _
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3.7.2.4 Summary of Bias in Roundness Measurement

The Student t-test results on the glass bead roundness measurements indicated that the
computerized optical methods provided more accurate measurements than did the
mechanical roundometer. For Type 1 beads the COM-B device provided the most
accurate roundness measurement and for Type 3 and 5 beads the COM-A b/l parameter
provided significantly more accurate roundness measurement than did the mechanical
roundometer. However, the SPHT parameter of COM-A failed to measure the roundness
of any of the glass bead types correctly. This might be associated with the shortcomings
of the parameter or the unsuitability of the threshold value, which will be investigated by
analysis of X-ray microtomography images in Chapter 4.
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CHAPTER 4- X-RAY TOMOGRAPHY SCANS OF THE GLASS
BEADS

4.1 Introduction

The mechanical roundness results from the roundometer give some information about the
roundness of the particles. However, exact shape information cannot be extracted from
the roundometer results. The computerized optical scanning data gives more information
on shape, from which roundness parameters can be built. However, this information on
shape is based on image analysis of 2-D projections of 3-D particles. A 2-D vs. 3-D
correspondence is almost never exact, but it does always work better for near-spherical
objects [5]. In fact, only for spherical particles is the correspondence exact between 2-D
projections and 3-D geometry.

The focus of this project was to look at how computerized optical equipment can be used
to determine non-roundness (i.e. particle shape) and replace the mechanical roundometer
test. Shape determination from 2-D projections of 3-D particles is inherently biased for
non-spherical particles, which is an important fact to remember when using 2-D
information to determine the non-round vs. round quality of particles. Therefore, this part
of the report discusses how true 3-D shape and size results from X-ray computed
tomography (CT) can be used to critique the mechanical and computerized optical results
and better understand their similarities and differences. The questions to be explored are:
(1) can one define a critical value for a shape parameter, as measured by 2-D optical
scanning, that will give the same results as the roundometer, (2) if this critical value
exists, is it robust or sensitive, and if sensitive, what does it depend on? Auxiliary
questions that will also be addressed include how do the 2-D optical shape parameters
compare to true 3-D shape results and is there a “best” or most “robust” choice of 2-D
shape parameter? The reliance on the roundometer results are for two reasons — first, the
roundometer is the current standard, so new results should be compared back to it, and
second, there is no fundamental definition of how “round” or how “spherical” an object
is. Therefore, various parameters are compared and always refer back to the
Roundometer results as the “standard.”

Saying that there is no fundamental definition of “roundness” deserves more discussion.
There are many, many definitions of sphericity or roundness in the literature (e.g., [6, 7]).
They combine different geometrical aspects of a particle like volume or surface area to
form an expression that is usually unity for a sphere and less than or greater than one
otherwise. If a particle has a certain value of a certain roundness parameter, one cannot
say definitely that if the value exceeds (or is less than) a critical value then the particle is
“round.” For a certain application, one computes or measures what is the critical value of
this roundness parameter for which the particle is still useful for the purpose being
considered. However, a determination of how round glass beads need to be in order to
still have an adequate retroreflective function does not appear to exist in the open
literature.
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There are definite advantages to having X-ray CT data on the same glass bead samples as
were used for mechanical sieve analysis and optical scanning. X-ray CT data, along with
the mathematical analysis that will be described later, gives true 3-D shape information or
3-D “ground truth”. In no other way could this information be generated and used to
critique and analyze the 2-D optical scanning data.

The outline for this long section is as follows. After an introduction to X-ray CT and
spherical harmonic mathematical analysis, the various 2-D and 3-D shape parameters are
discussed together and the meaning and limitations of the 2-D shape parameters are
illustrated on analytical shapes like ellipses and rectangles. The X-ray CT data is
presented next and compared with the mechanical sieve analysis for validation purposes.
It is then shown how the 3-D X-ray CT data can be used to generate 2-D projections that
are equivalent to the 2-D computerized optical scanning measurements. The X-ray CT 2-
D projections are then quantitatively compared to the computerized optical results and
mechanical sieve analyses.

The discussion then turns to roundness/non-roundness (R or NR) analysis in 3-D and 2-
D, comparing the various roundness parameters, with an attempt to determine the “best”
parameters and the “best” cutoff values for these parameters and how they can vary based
on particle size. Some more general comparison is then done between 2-D and 3-D for
different shape parameters, followed by presentation of some images of non-round
particles in various shape classes with some qualitative discussion of what kinds of
shapes can be expected for non-round particles.

4.2 Description of X-ray CT

In X-ray CT, X-rays penetrate a 3-D sample at many different angles and the absorption
is measured [8]. The 3-D sample is usually cylindrical, but it does not have to be. A
computer-based reconstruction technique then makes gray level images, where each
image is a slice of the sample and the contrast in gray levels is caused by the different X-
ray absorption properties of the materials in the sample, which usually are caused by
density differences [8]. Cubic voxels of size ranging from 28 pm to 1 pm in dimension
were used for the CT results in this paper. The voxel size is chosen based on several
factors, including the distances of the X-ray source and camera to the sample.

The resulting 3-D image, made by stacking the many 2-D images of the sample, is a gray-
scale image that needs to be segmented to produce the final 3-D image. In this report, the
3-D images considered are of a dispersion of glass beads in a cylindrical sample. In the
segmented 3-D image, details below the voxel size have been lost, and it is possible that
the volume of the particles in the image could be a little smaller or a little larger than
reality, due to the choice of threshold used in the segmentation process. However, for
larger particles whose volumes could be easily experimentally measured, this technique
did give an accurate value (1 % to 2 % uncertainty) of particle volume [9].
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4.3 X-ray CT Sample Preparation

Glass beads were spread out on an adhesive polymer sheet with some attempt at
dispersion. When the glass beads appear to touch in the X-ray CT image slices, then it is
difficult to “separate” them in the computer and analyze only true particles. Since some
fraction of the non-round particles are composed of two or more spheres that have been
fused together, the desire was not to make any more artificially touching spheres that
might be confused with actual bonded spheres. The sheets were then rolled up into tubes
approximately 50 mm long and 10 mm to 20 mm in diameter, depending on the size of
particles in the sample. The tubes were stood upright in the X-ray CT scanner, affixed to
a brass sample stage with ordinary putty. The polymer sheet and adhesive gave the
samples sufficient rigidity so that the samples could be rotated in the X-ray CT scanner
and not experience excessive vibration or particle movement during scanning.

All three size ranges of glass bead particles used in the ILS were prepared for
examination by the X-ray CT: 1 (Y), 3 (P), and 5 (C). For size class 1, three particle sets,
a, b, and c, were each made into three cylindrical samples, labeled by 1,2, or 3, giving
nine samples in all. For size class 3, five samples were made, labeled a, b, c, d, and e. For
size class 5, five samples were made, labeled a, b, ¢, d, and e.

Table 4-1 gives a detailed description of the X-ray CT samples used. The second column
shows the mass of beads used to construct the X-ray CT samples. The third column
shows the mass used in a single round robin sample, showing that these two values were
roughly equivalent. That is the reason why all the X-ray CT individual samples for a
given size class (e.g. C) were lumped together to form a single sample that would be
approximately equivalent to a single round robin sample. The fourth column shows the
mass of particles that were actually used in the X-ray CT — spherical harmonic analysis.
Not all the height of each sample was scanned, due to sample size limitations in the X-ray
CT scanner, and not all the scanned particles were analyzed due to particles artificially
touching and other sampling errors. The software used to analyze the X-ray CT results
contains error-correcting algorithms in it, and these eliminated some particles [10, 11].
The fifth column of Table 4-1 shows the number of particles analyzed in each size class,
and the sixth column shows the percent by mass of non-round particles, as judged by the
roundometer, that were included in each of the samples.
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Table 4-1 Description of samples used in X-ray CT work

Mass of all X- Mass of single Mass of particles # particles % nominal
Sample . . .
Name ray CT sample supphf:d for | scanned in X-ray | found in X-ray non-r.ound
samples round robin CT CT particles
5(C) 75¢g 200 g 50.7 g 16 378 10
3(P) 50¢g 100 g 3496 ¢ 29 769 20
1(Y) 30¢g 50g 1524 ¢ 634 980 30

The mass of particles that were scanned in the X-ray CT was computed by adding up the
volumes of all the particles contained in a sample type and multiplying this sum by the
density of glass, 2200 Kg/m’. The total number of glass bead particles in the X-ray CT
database, about 700 000, is well beyond anything that has been done before in the world
in the way of 3-D particle classification.

4.4 Spherical Harmonics

The X-ray CT gives a single 3-D structure. Once this gray scale structure is segmented
into two phases, the glass beads become white and the background (air or polymer sheet)
becomes black. A program is then run that identifies individual particles and pulls them
out of the structure for analysis. The 3-D voxel data for a single particle is then used to
generate the function r(0,$),which is the distance from the center of volume of the
particle to the surface in the direction given by the spherical polar angles (0,¢), which are
similar to latitude and longitude. For a sphere, 1(0,0) = R, the radius of the sphere. For a
non-spherical object, r(0,), varies with the spherical polar angles. Spherical harmonic
functions [10] are then used to create a smooth approximation to the function r(0,¢),
Once this process is done, an analytical mathematical function exists that accurately
represents a random-shaped particle. Using this function, one can compute any geometric
quantity of the particle like volume, surface area, or moment of inertia [9-12]. One caveat
is that the particle must be star-shaped [10], which means that a line segment that
connects any point on the particle with its center of volume must be completely contained
in the particle. The glass beads studied were all star-shaped, except perhaps a very few
very odd shapes that may have been encountered.

The spherical harmonic mathematical analysis relies on eq. (1), which states that any
sufficiently smooth function r(0,$), where 6 and ¢ are the azimuthal and polar angles of
3-D spherical coordinates, can be written as a series of spherical harmonic functions,
where the Y, are the complex spherical harmonic (SH) functions and the a,, are
complex coefficients [13]:

(0= Y anYu(6.9)

n=0 m=-n

(M
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Strictly speaking, the series in eq. (1) becomes exact only as N —o. However, like 2-D
Fourier series, a finite value of N is usually found to give an adequate approximation of a
given function, within some specified uncertainty limit.

Using a numerically determined r(0,$) function from a 3-D voxel image of a single
particle, derived from the CT images, one can accurately determine the first N = 20 or so
coefficients in eq. (1), which are usually enough to satisfactorily represent the particle. In
the cases studied in this report, the values of accurate N range from N =16 to N = 26,
with most cases having a value of N of about 20.

4.5 Shape (Roundness) Analysis in 2-D

Shape analysis is a general term for mathematically determining the shape of a particle,
in 3-D. It is not a particularly easy thing to do. This report focuses on particles that are
mostly round, and all that needs to be known about the particle shape is how much it
varies from a spherical shape. This approach is called roundness analysis. However, the
mathematical parameters used in roundness analysis come from general shape analysis. It
will first be useful to look at some of the roundness parameters to be used in 2-D, to
understand what they give for exact shapes.

L(2D) is defined as the longest surface point to surface point distance on the 2-D shape,
and is equivalent to the longest Feret diameter, which has been denoted in Table 2-4 as
Xremax- These two terms will be used interchangeably in Chapter 4, with L(2D) used more
often for simplicity of notation. W(2D) is defined as the longest surface point to surface
point distance that is also perpendicular to L(2D). W(2D) can be the same as the Xcmin
definition, but is generally not so. In the definition of Xcmin given above in Table 2-4,
there is no guarantee that it is perpendicular to Xpemax = L(2D). Two 2-D roundness
parameter is defined as Xcmin/L(2D) (= b/l parameter used in Chapters 2 and 3) and
W(2D)/L(2D) ratios. Another 2-D roundness parameter is the 2-D sphericity, used by the
optical scanning instruments in this study:

47A
SPHT 2D = (2)

P
where A is the area of the 2-D particle projection and P is its perimeter. SPHT2D is the
same as SPHT, which was defined in Table 2-4. This notation is used in Chapter 4 since
SPHT3D, a similar parameter but defined using 3-D quantities, is also used in Chapter 4.

4.6 Exact Results for 2-D Shapes

An intuitive feel for the value of the 2-D shape parameters can be gained by considering
their values for various regular objects. First consider ellipses, with long axis = 2a and
short axis = 2b. For ellipses, it is simple to see, by the definition of X¢min, W(2D), and
L(2D) that the X min/L(2D) and W(2D)/L(2D) ratios are the same as the usual aspect ratio
for the ellipse, b/a. The intuitive aspect ratio and the computed ratio are the same for
ellipses. To compute the value of SPHT2D for an ellipse, a formula is required for the
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perimeter of a regular ellipse. The exact result for the perimeter of an ellipse involves
elliptic integrals [14-16]. Instead, a high-order approximate expression using Pade
approximants [17] is used. The expression is exact for circles and has its maximum error,
-0.04 %, when the ellipse degenerates to a straight line (b = 0). Even so, the value of
SPHT2D is also zero at this point, since the area is zero and the perimeter is 4a, so the
SPHT2D parameter is still exact at b = 0, even if the perimeter is not. The perimeter
formula is given in terms of h = (a-b)*/(a+b)*:

_ _ 2 3
Perim:”(am)(msms 85760h —5568h” +3867h ) 3)

135168 —119552h +22208h* —345h’

The small extra accuracy arising from calculating the exact formula with elliptic integrals
was not deemed to be worth the additional mathematical effort.
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Figure 4-1 The X min//L(2D) = W(2D)/L(2D) = b/a aspect ratios and the SPHT2D parameters plotted
vs. the exact aspect ratio of an ellipse.

Figure 4-1 shows the analytical results plotted against the intuitive ellipse aspect ratio,
b/a. When b/a = 0.90, which is the nominal cut-off considered for round vs/ non-round
glass beads, the SPHT2D parameter is still close to unity, since it is very flat near b/a = 1.
The shape of the graph in Figure 4-1 leads one to the conclusion that the SPHT2D
parameter may not be very useful for discriminating the shape of ellipse-shaped objects
from spheres, since it is very flat in the area of interest for glass beads.

Another kind of non-round particle that is often encountered in these kind of glass beads
(see pictures later in report) is formed from two touching spheres that have been fused
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together. They can be idealized by two just-touching spheres, with radii R; and Ry, giving
the exact value of the SPHT2D parameter, for x = Ry/R;, where R; > R»:

2x 1+ x?
1+x)* (1+x)°

SPHT2D =1- “4)

When R; = R,, which is the case of two equal-size spheres that are just slightly welded
together, SPHT2D = 0.5. The Xcmin/L(2D) construction clearly also gives, for this case,
0.5, so the two parameters are equal for this case and equally useful. For the general case,
the Xcmin/Femax construction will simply give Ri/(R;+R;), where R; > R,. Both formulas
are plotted in Figure 4-2. The curvature of the two parameters, plotted vs. x, are not much
different from each other, so both are probably equally useful as roundness parameters
for this class of shape. The W(2D)-L(2D) construction will give the same formula.

l T T T
» 09 ]
S
q') - =
d— | -
3 [ ]
E o8 —
cU - -
S - -
@ B ]
Q i ]
o 07 =
Q C ]
w - -~
= . i
P os | ~
0.5 e
0 0.2 0.4 0.6 0.8 1

Figure 4-2 The exact shape parameters for aspect ratio construction and for SPHT2D for the case of
two touching spheres, with radius R; > radius R, and x = R,/R;.

The case of the rectangular box, 2b x 2a, is interesting. The SPHT2D equation for this
case is (x=b/a):

SPHT2D =% (5)

(1+x)’

The L(2D) construction, however, will not give 2a, as in the case of the ellipse, since
L(2D) is the maximum surface point to surface point distance. In this case, the longest

55

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/22927

Optical Sizing and Roundness Determination of Glass Beads Used in Traffic Markings

such distance is across two opposite corners, so that L(2D) = 2a (1+x*)" but the Xemin
construction will still pick out 2b, so the aspect ratio Xcmin/L(2D) = x (1+x2)'1/ 2 not x as
one might suppose. The L(2D)-W(2D) construction forces W(2D) to be perpendicular to
L(2D), so that W(2D) = 2b (1+x%)""? so that the aspect ratio W(2D)/L(2D) is still equal to
b/a. This result argues that W(2D)/L(2D) could be a somewhat more robust aspect ratio
to use than the X.nin/L(2D) construction, since it gives the expected intuitive result for
single spheres, double spheres, ellipses, and rectangular boxes, while the X min/L(2D)
construction only gives the expected intuitive aspect ratio result for single and double
spheres and ellipsoids.

4.7 Shape (Roundness) Analysis in 3-D

Several shape parameters in 3-D are defined next. One computation, of the many
possible, that has been found useful is the length-width-thickness computation for each
particle (ASTM D4791) [17]. The length (L) is defined as the largest straight-line
surface-to-surface distance on the particle. The width (W) is defined similarly, except that
it must be perpendicular to the length. The thickness (T) is also defined similarly, except
that it must be perpendicular to both the length and the width. If L *W = T, then the
particle is similar in some way to a sphere or a cube, i.e., it is equiaxed. By definition, T
<W<L.If W>T,and L =W, then the particle tends to be oblate. f W =T and L > W,
then the particle is somewhat prolate. The spherical harmonic-based mathematical
approximation of the particle can be used in a simple algorithm to find approximations
for L, W, and T by searching for pairs of surface points that satisfy the length and
direction criteria [18]. This is a well-defined and unique way to obtain three orthogonal
lengths from an irregular body. These values are well defined and unique for each
particle, but these three measures do not necessarily represent the particle shape as a
whole. Previous work has validated the accuracy of this computation by checking the
computed lengths against digital caliper measurements on particles that were large
enough to handle easily [9]. In the rest of this report, the notation L(3D), W(3D), and
T(3D) will be used for these quantities.

The sphericity, SPHT3D, in 3-D, can be defined in an equivalent fashion as the 2-D
definition used by the optical scanners as:

1/ 2
SPHT3D = 6;” v (6)

AI.S

which equals unity for a sphere and is always less than one for any other shape. This is
the direct analog of the 2-D definition that was given in Eq. (2).

To be able to directly compare 3-D X-ray CT results to 2-D optical scanning results, it is
only necessary to develop an algorithm that computes the 2-D projections from the true
3-D results. Since the complete mathematical function for each particle scanned in the X-
ray CT exists, it is relatively straightforward to compute the average 2-D projection. For a
sphere, all projections are the same — a circle with the same diameter as the sphere. For
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non-spherical particles, each projection is in principle different from each other. All the
2-D parameters were calculated from the X-ray CT results by taking an average over
projections in nine directions that covered the range of angles possible, approximating the
tumbling that the particles received in the optical scanners. Presumably, the results in
these devices are averaged over several orientations of each particle, so the process is
equivalent. The 2-D projection consists of the exact outline of the 3-D shape in the
direction of view. Details of these algorithms are given elsewhere [18, 19]. The 2-D
parameters were computed exactly like the computerized optical equipment software did,
except for the 2-D perimeter, which difference is explained next.

On a 2-D digital object, the simplest way to compute the perimeter of an object is to
count pixel edges on surface pixels, pixels that have at least one nearest-neighbor that is
non-object. If one draws a circle of diameter D on a square pixel grid, then there are D
pixel edges on all four sides of the circle, so that the perimeter is 4D. In this case, 1 =4
[20]. A simple correction is then to just count the pixel edges and then multiply by the
factor /4. In Figure 4-1, a diameter = 9 pixel digital circle is shown, with its edges
highlighted by a bold line. It is simple to see that from each of the four principal
directions, the perimeter is the same as a square with a side length of 9 pixels. If,
however, we make the correction, then the estimated perimeter is /4 x 36 = the exact
result.

Figure 4-3 A digital circle of diameter 9 pixels, with the center in the center of the black pixel

This correction works exactly for circles and fairly well for general objects with curving
edges. That will be the case for the glass beads considered in this report. Even when two
glass beads are joined together, a common source of non-roundedness, this correction
will still work well, since the perimeter of the dual-circle object will just approximately
be the sum of the two circle perimeters. However, this correction will be wrong for a
rectangular box aligned with the pixel grid, since there the number of boundary pixel
edges is actually the correct perimeter and does not need a correction factor. Fortunately,
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this shape does not appear to be very common in this class of glass beads. There are more
sophisticated ways of measuring perimeter [13] for general objects, possibly used by the
computerized optical equipment in this report, but for the rounded glass beads considered
here, using a simple correction factor of /4 times the number of pixel edges on the
object boundary was deemed to work well enough for the 2-D projections from the 3-D
particles as captured by the X-ray CT measurements. Later results will show that the
perimeter is only underestimated by this construction by at most about 3 % to 5 %.

As a simple check that the 2-D projections are measuring the same quantities as the 2-D
optical scanners, the values of Xcmin(10), Xemin(50), and Xemin(90), where Xemin(S) means
that S % by mass of all the particles have values of X¢min < Xemin(S), have been computed
(these parameters are equivalent to the D10, D50, D90 parameters used in Chapter 3).
This is a simple way of approximately characterizing the complete distribution of X¢pin
values for each class of particle. The good agreement between the computerized optical
equipment and the X-ray CT and spherical harmonic results, shown in Table 4-2, give
evidence that the projection algorithm used gives a 2-D shape that is closely similar to
that captured by the optical scanners.

Table 4-2 X min (10), (50), and (90), X-ray CT results vs. optical scanning results.

1(Y) 3P 5(©)

Particle diameter, mm X-ray CT Optical X-ray Optical X-ray Optical
CT CT
Xcmin(10) 0.207 0.205 0.890 0.895 1.200 1.207
Xcemin(50) 0.3155 0.309 1.058 1.065 1.507 1.510
Xcemin(90) 0.537 0.529 1.153 1.183 1.615 1.665
Total number of particles in 634 980 29 769 16 378
X-ray CT

4.8 Comparison with Mechanical Sieve Analysis

During sieving, the glass beads, under some kind of mechanical forces, pass through the
square openings in the wire mesh in each screen. Since the actual movement of real
particles through these square holes is not being computed, assumptions have to be made
to generate a sieve analysis from the X-ray CT results, even though the results are in 3-D.
Four different assumptions were used to compute the sieve analysis results for the X-ray
CT particles: (1) the 3-D length, L(3D), had to pass the nominal sieve opening, (2) the 3-
D width, W(3D), had to pass the nominal sieve opening, (3) the 3-D thickness, T(3D),
had to pass the nominal sieve opening, and (4) the value of Xcmin as computed from the
X-ray CT results had to pass the sieve opening. By comparing to the averages obtained
from mechanical sieve analysis, these assumptions could be evaluated as to their
accuracy. The results are first presented separately for each size parameter used to
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compute the sieve analysis, so as to compare mass retained to the actual number of
particles and the particle number fraction retained on each sieve, and to see the
differences between the four assumptions. The results for the size class in Sample 5 are
presented first.

Comparing Table 4-3 through Table 4-5, one can see the sieve analysis gradually shifts to
having more particles at smaller sieve openings as smaller particle dimensions are
compared to the sieve openings. Since these are model results, there is no uncertainty in
the numbers — however, there is a few percent uncertainty in obtaining the correct
spherical harmonic coefficients from the X-ray CT image.

Table 4-3 Sample 5 — used L(3D) for sieve analysis computation

Sieve # Sieve Size, mm % Mass Retained # Particles Retained %Rl:;i;lgs
8 2.36 6.8 460 2.81
10 2 2.57 253 1.54
12 1.7 11.31 1175 7.17
14 1.4 49.1 6497 39.67
16 1.18 27.84 6714 40.99
18 1 2.32 922 5.63
Pan <1.0 0.049 357 2.18
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Table 4-4 Sample 5 — used W(3D) for sieve analysis computation

% Particles

Sieve # Sieve Size, mm % Mass Retained # Particles Retained Retained
8 2.36 0.088 5 0.03
10 2.00 0.5 31 0.19
12 1.7 7.48 567 3.46
14 1.40 54.47 6447 39.36
16 1.18 333 7460 45.55
18 1.0 4.09 1497 9.14
Pan <1.0 0.07 371 227

Table 4-5 Sample 5 — T(3D) used for sieve analysis computation

% Particles

Sieve # Sieve Size, mm % Mass Retained # Particles Retained Retained
8 2.36 0 0 0
10 2.00 0.02 1 0.006
12 1.7 4.61 337 2.06
14 1.40 54.77 6295 38.44
16 1.18 33.54 7172 43.79
18 1.0 6.65 2106 12.86
Pan <1.0 0.41 467 2.85

In Table 4-6, the parameter X.nmin is used to generate the sieve analysis. A particle would
go through a square sieve size of F if its value of Xcmin < F. Table 4-6 is most like Table
4-5, which used T(3D) to generate the sieve analysis. The last two columns also contain
the 2-D roundness parameters, showing the percentage of particles with values greater
than the cutoff values shown. Remember that for Sample 5, 90 % of the particles were
designed to be round. Table 4-6 shows that the apparent percentage of round particles
changes with sieve size — more discussion of this point will come later in this report.

Copyright National Academy of Sciences. All rights reserved.
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Table 4-6 Sample 5-used 2-D X, for sieve analysis computation

() o,
. Sieve Size, % Mass # Particles % Particles % Round % Round
Sieve # . . . (Xemin/F,, > | (SPHT >
mm Retained Retained Retained
0.83) 0.9)
8 2.36 0 0 0
10 2 0.02 1 0.006 100 100
12 1.7 4.85 343 2.1 84.7 94.7
14 14 55.64 6370 38.9 90.4 94
16 1.18 32.97 7113 434 91.5 95.1
18 1 6.18 2054 12.5 92.1 934
Pan <1.0 0.34 497 3 76.2 77.1

In Table 4-7, the sieve analysis data for Sample 5 are summarized and direct comparison
to the average ILS data is made. It appears that the sieve analysis computed with T(3D)
(Table 4-5) and with X min (Table 4-6) come closest to the mechanical sieve analysis
results for Sample 5, although the W(3D) data is also nearly as close as the T(3D) data.
This is an interesting point, as usually width is thought to be the best sample dimension to
use for predicting sieve analyses [21] and has been successfully used before with respect
to sieve analysis and laser diffraction results [22]. The error bars shown in the last
column are one standard deviation computed for the interlaboratory results. The
parameter X.min should only work well for particles that are close to being spherical,
since 2-D projections of 3-D particles have lost information in the projection process. But
for these glass beads, which are close to being spherical and only have a fairly small
percentage of non-rounds mixed in, computational sieve analysis using Xcmin appears to
work reasonable well judging by its agreement to experiment.
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Table 4-7 A summary of the Sample 5 data, comparing L, W, T, Xcmin, and ILS mechanical sieve
analysis values for percent mass retained on each sieve. The last column is the results of the ILS

mechanical sieve analysis.

% Mass Retained
Sieve # Sieve size Siove
L w T Xcmin :
Analysis
8 2.36 6.80 0.09 0.00 0.00 0
10 2 2.57 0.50 0.02 0.02 0
12 1.7 11.31 7.48 4.61 4.85 5.20+0.76
14 1.4 49.10 54.47 54.77 55.64 58.46 +3.77
16 1.18 27.84 33.30 33.54 32.97 31.37 +3.11
18 1 2.32 4.09 6.65 6.18 5.03+0.96
Pan <1.0 0.05 0.07 0.41 0.34

The Sample 3 data is presented in a similar manner. Table 4-8 through Table 4-10, for
L(3D), W(3D), and T(3D), show trends similar to those in Table 4-3 through Table 4-5.

Table 4-8 Sample 3 — used L(3D) for sieve analysis computation

Sieve # Sieve Size, mm % Mass Retained # Particles Retained %Rfe)?;jlzlgs
12 1.70 10.47 1348 4.53
14 1.40 6.23 1256 4.22
16 1.18 26.52 5675 19.06
18 1.00 42.8 12724 42.74
20 0.85 10.49 4748 15.95
25 0.71 3.37 2936 9.86
Pan <0.71 0.11 1082 3.63
62

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/22927

Optical Sizing and Roundness Determination of Glass Beads Used in Traffic Markings

Table 4-9 Sample 3 — used W(3D) for sieve analysis computation

% Particles

Sieve # Sieve Size, mm % Mass Retained | # Particles Retained Retained
12 1.70 0.012 1 0.003
14 1.40 0.96 94 0.32
16 1.18 17.4 3099 10.4
18 1.00 56.1 13814 46.4
20 0.85 21.23 8144 27.36
25 0.71 4.13 3441 11.56
Pan <0.71 0.16 1176 3.95

Table 4-10 Sample 3 — used T(3D) for sieve analysis computation

Sieve # Sieve Size, mm % Mass Retained # Particles Retained %Rfe)?;jlzlgs

12 1.70 0 0 0

14 1.40 0.29 23 0.077
16 1.18 6.32 958 3.22
18 1.00 56.55 12580 42.26
20 0.85 31.18 11038 37.08
25 0.71 4.45 3096 10.4
Pan <0.71 1.21 2074 6.97

Table 4-11, which shows the computational sieve results for Xcmin, is closest to Table 4-
10, where T(3D) was used. The last two columns also contain the 2-D roundness

parameters, showing the percentage of particles with values greater than the cutoff values
shown. Remember that for Sample 3, 80 % of the particles were designed to be round.
Table 4-11 shows that the apparent percentage of round particles changes with sieve size,
similarly to the Sample 5 results.

Copyright National Academy of Sciences. All rights reserved.
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Table 4-11 Sample 3 - used 2-D X¢min for sieve analysis computation

Siver | Smesin | M| pwkles | SR | o, | G -

(b/1)> 0.83) 0.9)
12.00 1.70 0.00 0 0.0 0.0 0.0
14.00 1.40 0.41 32 0.1 57.7 71.6
16.00 1.18 5.56 744 2.5 71.6 91.4
18.00 1.00 57.91 12789 43.0 84.8 91.5
20.00 0.85 31.04 11188 37.6 83.0 91.7
25.00 0.71 3.34 2346 7.9 853 84.8
Pan <0.71 1.74 2670 9.0 78.3 61.3

In Table 4-12, the sieve analysis data for Sample 3 is summarized and a direct
comparison to ILS data is made. It appears that the sieve analysis computed with T(3D)
(Table 4-10) and with X.min (Table 4-11) come closest to the mechanical sieve analysis
results for Sample 3, although the W(3D) data is also nearly as close as the T(3D) data.
The error bars shown in the last column are one standard deviation computed for the
round robin results.

Table 4-12 Summary for Sample 3, comparing L(3D), W(3D), T(3D), Xcmin, and round-robin
experimental values for percent mass retained

% Mass Retained
. Sieve size,
Sieve # ) )
mm L \\% T Xemin Sieve Analysis
12 1.70 10.47 0.01 0.00 0.00 0
14 1.40 6.23 0.96 0.29 0.41 0
16 1.18 26.52 17.40 6.32 5.56 6.46+2.42
18 1.00 42.80 56.10 56.55 57.91 58.80 £3.20
20 0.85 10.49 21.23 31.18 31.04 30.35+1.52
25 0.71 3.37 4.13 445 3.34 430+ 0.85
Pan <0.71 0.11 0.16 1.21 1.74

The Sample 1 (Y) data is presented in a similar manner. Tables 4-13 to Table 4-15, for
L(3D), W(3D), and T(3D), show trends similar to those in Tables 4-3 to 4-5 and Tables
4-8 to 4-10.
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Table 4-13 Sample 1 — used L (3D) length for sieve analysis computation

Sieve # Sieve Size, mm % Mass Retained | # Particles Retained %Rl:;i;lgs
16 1.18 0.46 143 0.023
20 0.85 4.56 2621 0.41
30 0.60 12.41 11742 1.85
50 0.30 51.26 187911 29.59
100 0.15 313 430909 67.86
Pan <0.71 0.014 1654 0.26

Table 4-14 Sample 1 — used W (3D) width for sieve analysis computation

Sieve # Sieve Size, mm | % Mass Retained # Particles % Particles
Retained Retained

16 1.18 0 0 0

20 0.85 0.24 70 0.011
30 0.60 6.52 3272 0.52
50 0.30 52.78 130365 20.53
100 0.15 40.31 488019 76.86
Pan <0.71 0.15 13254 2.09

Table 4-15 Sample 1 — used T(3D) thickness for sieve analysis computation

Copyright National Academy of Sciences. All rights reserved.

Sieve # Sieve Size, mm % Mass Retained # Par'FicIes % Par.ticles

Retained Retained

16 1.18 0 0 0

20 0.85 0.005 1 0.00016

30 0.60 4.52 1945 0.31

50 0.30 49.49 102608 16.16

100 0.15 45.2 496706 78.22

Pan <0.71 0.78 33720 5.31
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Table 4-16, which shows the computational sieve results for Xcmin, is closest to Table 4-
15, where T(3D) was used. The last two columns also contain the 2-D roundness
parameters, showing the percentage of particles with values greater than the cutoff values
shown. Remember that for Sample I, 70 % of the particles were designed to be round
according to the roundometer. Table 4-16 shows that the apparent percentage of round
particles changes with sieve size, similarly to the Sample 5 and Sample 3 results.

Table 4-16 Sample 1 — used 2-D X nin for sieve analysis computation

% Round %
. Sieve Size, % Mass # Particles % Particles ’ Round
Sieve # . . . (Xcmin/Fmax
mm Retained Retained Retained (SPHT >
(b/1)>0.83)
0.9)
16.00 1.18 0.00 0 0.0
20.00 0.85 0.01 2 0.0 100.0 100.0
30.00 0.60 4.74 2038 0.3 60.1 69.0
50.00 0.30 48.80 98711 15.6 72.2 80.7
100.00 0.15 46.00 506370 79.8 78.5 76.7
Pan <0.71 0.45 27859 4.4 4.0 6.6

In Table 4-17, the sieve analysis data for Sample 1 are summarized and direct
comparison to the round robin average data is made. It appears that the sieve analysis
computed with T(3D) (Table 4-15) and with X i, (Table 4-16) come closest to the
mechanical sieve analysis results for Sample 1, although the W(3D) data is also nearly as
close as the T(3D) data. The error bars shown in the last column are one standard
deviation computed for the ILS results.

Table 4-17 Summary for Sample 1, comparing L(3D), W(3D), T(3D), Xcmin, and ILS experimental
values for percent mass retained

) ) % Mass Retained
Sieve # Sieve size, S
mm L W T Xermin eve
Analysis
16.00 1.18 0.46 0.00 0.00 0.00 0.0
20.00 0.85 4.56 0.24 0.01 0.01 0.0
30.00 0.60 12.41 6.52 4.52 4.74 4.95+0.33
50.00 0.30 51.26 52.78 49.49 48.80 48.40 +1.35
100.00 0.15 31.30 40.31 45.20 46.00 46.41 + 1.22
Pan <0.71 0.01 0.15 0.78 0.45
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4.9 Shape Results

The shape or roundness results will now be studied in more detail. The twin goals are to
see if there are “best” values of the parameters that will reproduce the roundometer
results, and to compare parameters against each other to see if any one is preferred. The
shape parameters used in 3-D to analyze the X-ray CT data mostly involved the L(3D),
W(3D), and T(3D) parameters. Note that using these three independent parameters, there
are only two independent “aspect ratios” for each particle. In the section below, all three
possible aspect ratios are used, defined in such a way as to be less than unity:
W(@3D)/L(3D), T(3D)/L(3D), and T(3D)/W(3D). Averaging over several 2-D projections,
the 2-D equivalents, L(2D) and W(2D), to define W(2D)/L(2D) were computed, along
with X¢min in order to define X¢min/L(2D), which is equivalent to the b/l parameter
computed by the optical scanners in 2-D that was studied extensively in Chapter 3. All of
these parameters were computed for every particle and for a varying cutoff value. That is,
the mass fraction of particles with shape parameter less than or equal to a given value was
computed and plotted vs. cutoff value.

An intuitive feel for how the non-roundness determinations depend on the cutoff values
used can be obtained by looking at the plots of the cumulative distribution functions for
each shape parameter. What will be plotted are the fraction of particles with shape
parameter values less than a cutoff value (so non-round), plotted against the cutoff value.
These plots must start at zero at a cutoff value of zero, and increase to unity as the cutoff
value approaches the value for a sphere = 1. Figure 4-4 is for Sample 5, Figure 4-5 shows
the results for Sample 3, and Figure 4-6 displays the data for Sample 1. On each graph, a
horizontal line displayed represents the fraction of non-round particles as targeted for
each sample. So when a distribution function crosses that horizontal line, the value of the
cutoff at that point, found by dropping vertically to the x-axis, is that value that would be
needed to make the fraction of non-round particles, as judged by that particular shape
parameter, to be the same as that used in the sample preparation.
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Figure 4-4 Showing the non-round fraction of the Sample 5 glass beads as a function of the cutoff
value used, for seven different 3-D and 2-D shape parameters. The horizontal dashed line shows the
0.1 (10 %) line marking the mass fraction of non-rounds that should be contained in the sample.
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Figure 4-5 Showing the non-round fraction of the Sample 3 glass beads as a function of the cutoff
value used, for seven different 3-D and 2-D shape parameters. The horizontal dashed line shows the
0.2 (20 %) line marking the mass fraction of non-rounds that should be contained in the sample.
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Figure 4-6 Showing the non-round fraction of the Sample 1 glass beads as a function of the cutoff
value used, for seven different 3-D and 2-D shape parameters. The horizontal dashed line shows the
0.3 (30 %) line marking the mass fraction of non-rounds that should be contained in the sample.

Qualitatively, considering the shapes of Figure 4-4 through Figure 4-6, it is clear that
three of the shape parameters, SPHT2D, SPHT3D, and T(3D)/W(3D), are much steeper
than the other four parameters near the nominal value corresponding to the percentage of
non-rounds that were incorporated into the samples. This steepness means that small
errors in the cutoff value used will produce large errors in the percent of non-round
particles determined. That is not a good quality to have in a shape parameter. The other
four shape parameters displayed in the figures: T(3D)/L(3D), W(3D)/L(3D),
W(2D)/L(2D), and Xcmin/L(2D), are significantly less steep near the nominal value but
there is no reason, only based on Figure 4-4 through Figure 4-6, to choose between them.

However, the parameter W(3D)/L(3D) can be eliminated based on the following single
example taken from the real particles examined in the X-ray CT. Figure 4-7 shows a
picture of one of the particles from the Type 5 sample. From the picture, it is quite clearly
non-round. It is clear that the particle is similar to a flat disk or pie, with one wedge-
shaped “piece” cut from it. Its values of L and W are therefore close to each other, giving
it a value of W(3D)/L(3D) close to unity. Its actual values of L-W-T in 3-D are: 2.52-
2.39-1.0. Using W/L as the determination of roundness, this ratio is 0.948. Using
T(3D)/L(3D) or T(3D)/W(3D) as the roundness determinator would give 0.397 and
0.418, respectively, which would not be considered round, since the W/L cutoff for Type
5 was 0.866 (see Table 4-18). Therefore, on this basis the use of W(3D)/L(3D) is
rejected, as it would improperly classify some clearly non-round particles as round.
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Figure 4-7 A VRML image of particle number 5-b-01604 from the Sample 5 particles. The
numbering system was one used internally in the X-ray CT work.

Just to make this case even more clearly, for prolate ellipsoids in 3-D, T(3D)/W(3D)
should be close to one, while W(3D)/L(3D) should be less than one. For oblate ellipsoids,
W(3D)/L(3D) should be close to one, while T(3D)/W(3D) or T(3D)/L(3D) should be less
than one. The parameter W(3D)/L(3D) will correctly distinguish non-roundedness for the
prolate case, but not for the oblate case, as is seen in Figure 4-7 above. This particle was
judged to be round based on the W(3D)/L(3D) parameter. Therefore, T(3D)/L(3D) is
always less than one for either prolate or oblate particles, and is the 3-D shape parameter
of choice for these kinds of particles.

Three of the original seven shape parameters are still worth considering further,
W(2D)/L(2D), Xcmin/L(2D), and T(3D)/L(3D). Of the two 2-D shape parameters, it has
been shown before that W(2D)/L(2D) gives the intuitive aspect ratio correctly for
rectangles, while Xcmin/L(2D) does not. Otherwise, they are not much different from each
other. Since the glass beads in this study do not, for the most part, resemble rectangles,
Xemin/L(2D) will be considered to be the only 2-D shape parameter and T(3D)/L(3D) as
the only 3-D shape parameter still to be studied.

Now that the overall appearance of the shape parameter distribution functions have been
shown, the investigation can now become more quantitative to examine how the cutoff
values for the various shape parameters vary and what they depend on. Table 4-18
contains the value of the cutoff that gave the exact experimental percent of non-rounds
(by mass) for each sample type, using all particles found in that sample type. The
experimental values come from the sample preparation as described earlier. The two
shape parameters of most interest as mentioned above are shown in bold in Tables 4-18
and 4-19.
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Table 4-18 Roundness cutoffs using various parameters

5(C, 10 % non-rounds) 3 (P, 20 % non-rounds) 1 (Y, 30 % non-rounds)
Parameter Cutoff value | Parameter | Cutoffvalue | Parameter | Cutoff value

W(3D)/L(3D) 0.858 W(3D)/L(3D) 0.896 W(3D)/L(3D) 0.895
T(3D)/L(3D) 0.796 T(3D)/L(3D) 0.838 T(3D)/L(3D) 0.819
T(3D)/W(3D) 0.928 T(3D)/W(3D) 0.937 T(3D)/W(3D) 0.948

SPHT3D 0.842 SPHT3D 0.839 SPHT3D 0.818
W(2D)/L(2D) 0.866 W(2D)/L(2D) 0.899 W(2D)/L(2D) 0.885
Xcmin/L(2D) 0.848 Xcmin/L(2D) 0.871 Xcmin/L(2D) 0.852

SPHT2D 0.935 SPHT2D 0.937 SPHT2D 0.918

Note that in Table 4-18 there are different values of the cutoff value for each sample type
(size class) and each shape parameter. Based on the target roundness of the three glass
bead types, it is clear that using a nominal cutoff value of 0.83 for the X min/L (2D)
parameter will not give correct results.

By taking the range found for the cutoff values for each roundness parameter, the range
of non-round fractions that would have been found using this range of cutoff values can
be computed. This is an illustration of the sensitivity in the non-roundness computed
fraction to the actual cutoff value used. For example, for the T(3D)/L(3D) shape
parameter, the cutoff values that gave the correct results for each sample were 0.796,
0.838, and 0.8185 or a range of 0.796 — 0.838. So the percent of non-rounds were
computed for each sample using all three values, giving a range of results. Results for all
the samples and all seven shape parameters are shown in Table 4-19.
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Table 4-19 For each roundness parameter, the range found over the three sample types is shown, as
well as the range of non-round fractions that would be obtained using this range

Ezranr:r;te:: Rang\(/aacl)ljecsutoff Non-Round Fractions

Sample 5 (C) Sample 3 (P) Sample 1 (Y)

W(3D)/L(3D) 0.8575-0.8955 || 0.0999-0.1173 0.1777 —0.2002 0.256 — 0.3006
T(3D)/L(3D) 0.796 —0.838 0.100-0.1136 0.1763 —0.2003 0.2787 -0.3216
T(3D)/W(3D) 0.928 —0.9475 0.09945 -0.1922 0.1547-0.2874 0.2105-0.2994
SPHT3D 0.818 - 0.842 0.062 -0.100 0.130-0.217 0.299 -0.406
W(2D)/L(2D) 0.866 —0.899 0.1000-0.1137 0.1738 — 0.2005 0.2762-0.3231
Xcmin/L(2D) 0.8475-0.8705 || 0.1001-0.1105 0.1772-0.1999 0.2931 -0.3446
SPHT2D 0.918 - 0.937 0.0727 - 0.1059 0.1298 - 0.1990 0.3007 —0.4085

The results listed in Table 4-18 and Table 4-19 clearly imply that there is no one value of
the cutoff for T(3D)/L(3D) or for X¢min/L(2D) that will give the correct value of non-
roundness for all three different size classes. However, suppose one was forced to
estimate what the “best” value of a constant would be, which minimized the total error
across the three samples for X¢min/L(2D). If one minimized the sum of the errors in each
of the three samples, one would get 0.8556, which gives an error of 3.8 % for Sample 5
(C), an error of -7.4 % for Sample 3 (P), and an error of 3.7 % for Sample 1 (Y). These
errors are calculated assuming that the experimental results are exact. If these errors are
acceptable, one might be able to recommend this cutoff value for the Xcmin/L(2D)
parameter. But this cutoff value really does depend on particle size, as will be shown
more clearly later in this report. The same calculation done for the T(3D)/L(3D)
parameter would give 0.8160, which gives an error of 6.5 % for Sample 5 (C), an error
of -6.1 % for Sample 3 (P), and an error of -0.3 % for Sample 1 (Y).

Figure 4-8 through Figure 4-10 below show how X in/L(2D) and T(3D)/L(3D) relate for
the particles tested in the X-ray CT scans by plotting the 2-D parameter against the 3-D
parameter. In this way of plotting the data, we are thinking of the 3-D parameter as being
correct, and seeing how well the 2-D parameter can predict its value. This kind of
graphical analysis will better show how the 2-D and 3-D parameters relate. A line has
been fit through each cloud of points, which has a slope of well less than one. However,
the fitted slopes and intercepts are fairly consistent for all three samples. One can
understand why Xcmin/L(2D) is usually greater than T(3D)/L(3D) especially at lower
values by considering a single example. Consider a prolate ellipsoid in 3D with L = 10,
and T=W = 1. Then T(3D)/L(3D) = 0.1. However, if a 2-D projection was taken along

the long axis, then Xcmin/L(2D) = 1, which would make the average over several views be
greater than 0.1.
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Figure 4-8 X¢min/L(2D) plotted vs. T(3D)/L(3D), for Sample 1 particles.
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Figure 4-9 X¢min/L(2D) plotted vs. T(3D)/L(3D), for Sample 3 particles
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Figure 4-10 X ,in/L(2D) plotted vs. T(3D)/L(3D), for Sample 5 particles

To investigate the robustness of the X min/L(2D) shape parameter, it is informative to
compare the results for the Sample 1 particles vs. a sample that was totally made up of
particles that had been declared to be “non-round” by the mechanical roundometer. The
average particle size was similar, roughly 0.3 mm. The sample that was made up of these
particles was denoted Sample A. An X-ray CT sample was made for the Sample A
particles, similar to those used for the other samples. A total of 5217 particles (1.2 g)
were extracted from the X-ray CT images. The ratio Xcmin/L(2D) was calculated.

In Figure 4-11 below, the mass fraction of particles with X nin/L(2D) less than a cutoff
value was plotted vs. the cutoff value for Sample A and for the Sample 1 (Y) particles.
The two sets of particles are enormously different in terms of shape as measured by the 2-
D parameter Xcmin/L(2D). The vertical dashed line is drawn at a cutoff value of 0.83, the
nominal value used in the optical studies. The intersection of this line with the two curves
shows that fraction of particles with values of Xcmin/L(2D) less than 0.83: about 0.25 for
the Sample 1 (Y) particles and about 0.80 for the Sample A particles. The horizontal line
is drawn at 0.3, since Sample 1 was designed to contain 30 %, by mass, of particles that
were judged to be non-round by the Roundometer. The cutoff value at which the Sample
1 particles achieve 30 % is at about 0.85, while the Sample A particles achieve 30 % non-
round with respect to this parameter at a cutoff value of about 0.66. Clearly the Sample A
particles are much more “non-round” than are the Sample 1 (Y) particles, as the case
should be, and the parameter X min/L(2D) clearly shows that difference.
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Figure 4-11 Showing the non-round mass fraction of the Sample 1 () glass beads and the Sample A
glass beads, as a function of the cutoff value used, using the 2-D shape parameter X¢min/L(2D). The
horizontal dashed line shows the 0.3 (30 %) line marking the mass percent of non-rounds that should
be contained in the sample, as determined by the roundometer and sample preparation. The vertical
dashed line is drawn at a cutoff value of 0.83, which was used in the round robin optical scanning
results.

4.10 Dependence of Roundness Cutoff on Particle Size (Sieve Class)

When discussing Table 4-6, Table 4-11, and Table 4-16, it was mentioned that the
computed results for X.min/L(2d) appeared to depend on sieve number (particle size). The
ILS experimental data also shows this behavior. Therefore, it was of interest to compute
the non-round mass fraction for the X-ray CT data for different sieve classes. For each
sample type, two sieve size classes were chosen, the two that contained most of the
particles. The mass fraction of non-rounds was computed for various values of the cutoff
in terms of X¢min/L(2D), and the results plotted below, in a format similar to that of
Figure 4-4 through Figure 4-6.

75

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/22927

Optical Sizing and Roundness Determination of Glass Beads Used in Traffic Markings

06 LI B B | LI LI LI LI I I | LI T i LI
C I ]
S C 1 ]
05 - i =
2 B All ! .
3 C ==== Retained on #14 ! -
&= o4 [ ——Retain_ed on #16 ! _'
) C | — 10 % line 1 ]
2] L H i
o - 1! .
e 03rp y! E
g C ]
> — 5(C ]
3 o2} (©) .
% - -
g C ]
0.1
< C ]
= ]
11 1 1 | 111 1 | 1111 | 111 1 | 1111 | 111 1 | 11 1 1 | 11 1 1

AN

0.6 0.65 0.7 0.75 0.8 0.85 0.9 0.95
Cutoff value

Figure 4-12 Showing the mass fraction of non-rounds vs. the cutoff value used to define the mass
fraction, for the Sample 5 particles. The non-round data is computed separately for particles
retained on the #14 sieve, the #16 sieve, and all the particles averaged together.
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Figure 4-13 Showing the mass fraction of non-rounds vs. the cutoff value used to define the mass
fraction, for the Sample 3 particles. The non-round data is computed separately for particles
retained on the #18 sieve, the #20 sieve, and all the particles averaged together.
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Figure 4-14 Showing the mass fraction of non-rounds vs. the cutoff value used to define the mass
fraction, for the Sample 1 particles. The non-round data is computed separately for particles
retained on the #50 sieve, the #100 sieve, and all the particles averaged together.

Figure 4-12 through Figure 4-14 clearly show that there is not only variation in the cutoff
value that makes the 2-D results agree with the roundometer, but that there is also some
degree of variation in the shape of the curves. This is an interesting result that might
indicate some processes (e.g. melting together, chipping) at work that act to make non-
round particles more or less common at different size classes.

4.11 Further Comparison of 2-D vs. 3-D Shape Parameters

Another way to compare 2-D to true 3-D results, round or non-round, is to look at how
the Volume Equivalent Spherical Diameter (VESD) in 2-D compares to the VESD in 3-
D. The VESD is the diameter of the sphere (circle) with equivalent volume (area) to the
real particle. For a perfect sphere, its 2-D projection is a circle with the same radius and
so the 2-D VESD would be the same as the 3-D VESD. For non-round particles, this is
no longer true. In the following, the VESD (2D) is plotted against the VESD (3D) for
round and non-round particles, as determined by either T(3D)/L(3D) or Xcmin/L(2D), to
see how effective these two parameters are at discriminating between round and non-
round particles. The idea is that the particles considered to be round should have VESD
values in 2-D and 3-D that are nearly equal, while a greater difference between 2-D and
3-D should be seen for the non-round particles, since the VESD values are only truly
equivalent in 2-D and 3-D for spherical particles.
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Figure 4-15 Showing VESD (2D) vs. VESD (3D) for the Sample 5 particles, for the 10 % by mass that
were judged to be non-round by the T(3D)/L(3D) shape parameter. The dashed line is fit through the

points; the dotted line is the line of equality.
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Figure 4-16 Showing VESD (2D) vs. VESD (3D) for the Sample 5 particles, for the 10 % by mass that
were judged to be non-round by the X,in/L(2D) shape parameter. The dashed line is fit through the

points; the dotted line is the line of equality.
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Note that Figure 4-15 and Figure 4-16 are for Sample 5, where only the 10 % of the
particles were used that were judged to be non-round by T(3D)/L(3D) (Figure 4-15) and
Xemin/L(2D) (Figure 4-16). The two figures are almost identical, with practically the same
slope on the fitted line, which implies that T(3D)/L(3D) and Xcmin/L(2D) are measuring
practically the same thing, but with slightly different numerical values.
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Figure 4-17 Showing VESD (2D) vs. VESD (3D) for the Sample 5 particles, for the 90 % by mass that
were judged to be round by the T(3D)/L(3D) shape parameter. The dashed line is fit through the
points; the dotted line is the line of equality.
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Figure 4-18 Showing VESD (2D) vs. VESD (3D) for the Sample 5 particles, for the 90 % by mass that
were judged to be round by the X min/L(2D) shape parameter. The dashed line is fit through the
points; the dotted line is the line of equality.

Note that Figure 4-17 and Figure 4-18 are for Sample 5, where now the 90 % of the
particles were used that were judged to be round by T(3D)/L(3D) (Figure 4-17) and
Xemin/L(2D) (Figure 4-18). The two figures are almost identical, with practically the same
slope on the fitted line, which implies that T(3D)/L(3D) and Xmin/L(2D) are measuring
practically the same thing, but with slightly different numerical values. Also, the data
falls much closer to the line of equality, which is another indication that the particles are
more spherical.
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Figure 4-19 Showing VESD (2D) vs. VESD (3D) for the Sample 3 particles, for the 20 % by mass that
were judged to be non-round by the T(3D)/L(3D) shape parameter. The dashed line is fit through the
points; the dotted line is the line of equality.
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Figure 4-20 Showing VESD (2D) vs. VESD (3D) for the Sample 3 particles, for the 20 % by mass that
were judged to be non-round by the X,in/L(2D) shape parameter. The dashed line is fit through the
points; the dotted line is the line of equality.

Note that Figure 4-19 and Figure 4-20 are for Sample 3, where only the 20 % of the
particles were used that were judged to be non-round by T(3D)/L(3D) (Figure 4-19) and
Xemin/L(2D) (Figure 4-20). The two figures are almost identical, with practically the same
slope on the fitted line, which implies that T(3D)/L(3D) and Xmin/L(2D) are measuring
practically the same thing, but with slightly different numerical values.
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Figure 4-21 Showing VESD (2D) vs. VESD (3D) for the Sample 3 particles, for the 80 % by mass that
were judged to be round by the T(3D)/L(3D) shape parameter. The dashed line is fit through the
points; the dotted line is the line of equality.
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Figure 4-22 Showing VESD (2D) vs. VESD (3D) for the Sample 3 particles, for the 80 % by mass that
were judged to be round by the X mi,/L(2D) shape parameter. The dashed line is fit through the
points; the dotted line is the line of equality.
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Note that Figure 4-21 and Figure 4-22 are for Sample 3, where now the 80 % of the
particles were used that were judged to be round by T(3D)/L(3D) (Figure 4-21) and
Xemin/L(2D) (Figure 4-22). The two figures are almost identical, with practically the same
slope on the fitted line, which implies that T(3D)/L(3D) and Xcmin/L(2D) are measuring
practically the same thing, but with slightly different numerical values. Also, the data
falls much closer to the line of equality, which is another indication that the particles are
more spherical.

Figure 4-23 is for Sample 1, where the 30 % of the particles were used that were judged
to be non-round by X¢min/L(2D). The equivalent figure using T(3D)/L(3D) is omitted — it
was very similar.
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Figure 4-23 Showing VESD (2D) vs. VESD (3D) for the Sample 1 particles, for the 30 % by mass that
were judged to be non-round by the X.in/L(2D) shape parameter. The dashed line is fit through the
points; the dotted line is the line of equality.
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Figure 4-24 Showing VESD (2D) vs. VESD (3D) for the Sample 1 particles, for the 70 % by mass that
were judged to be round by the X min/L(2D) shape parameter. The dashed line is fit through the
points; the dotted line is the line of equality.

Figure 4-24 is for Sample 1, where 70 % of the particles by mass were used that were
judged to be round by Xcmin/L(2D). The equivalent figure using T(3D)/L(3d) is omitted —
it was very similar. Clearly the data falls much closer to the line of equality than in Figure
4-23, which is another indication that the particles are more spherical.

A final way to link 2-D quantities with 3-D quantities is to compare the sphericity
parameter, Egs. (2) and (6), as defined in 2-D and 3-D, for the same particles. This can be
done since the X-ray CT and spherical harmonic analysis computes both 2-D and 3-D
parameters on the same particle. These were compared for all the particles, not the round
and non-round (as judged by some shape parameter) separately.
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Figure 4-25 Showing the 2-D sphericity vs. the 3-D sphericity for Sample 1. Only a random 1 % of
the possible data points are shown.

Figure 4-25 shows the 2-D sphericity vs. the 3-D sphericity for Sample 1. As indicated
from the figure, the 2-D values are slightly overestimated, since the perimeter correction
made, a multiplication of the pixel perimeter by a factor of /4, will tend to make the
perimeter too small and hence the 2-D sphericity too large. This is not a large error, 5 %
at the most, as the largest 2-D sphericity was only 1.05, instead of having one as a
maximum value. Therefore, Figure 4-25 clearly shows, for the Sample 1 (Y) particles,
that the 2-D values of sphericity, as optically measured, tend to overestimate the actual 3-
D sphericity. The average of (2D-3D)/3D = 14 % + 6 %. Even if the 2-D values were to
be dropped by 5 %, as indicated above, it would still mean on average, the 2-D sphericity
overestimates the 3-D value by about 10 % and this overestimation can be more. Figure
4-26 and Figure 4-27 show similar results for Samples 3 and 5, again with only some of
the points shown. The results are similar to those for Sample 1. All three figures are
showing that the SPHT2D and SPHT3D parameters, although both are defined as
sphericities, are not measuring the same thing because of the non-round particles present
and because of the difference in dimensionality.
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Figure 4-26 Showing the 2-D sphericity vs. the 3-D sphericity for Sample 3. Only a random fraction
of the possible data points are shown.
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Figure 4-27 Showing the 2-D sphericity vs. the 3-D sphericity for Sample 5. Only a random fraction
of the possible data points are shown.
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4.12 Images of Non-Round Particles for Different Samples

For each sample (1, 3, 5, and A), images of a few non-round particles have been selected
in order to qualitatively illustrate the range of non-round particles that can be
encountered. For each sample, a table gives the approximate particle size in terms of the
VESD, and the shape in terms of several shape parameters. The number label for each
particle is from an internal numbering system for the X-ray CT data, and has no special
significance. The images are approximately to the same scale, but magnified for easier
viewing.

Table 4-20 shows the properties of four non-round particles from Sample 2 pictured in

Figure 4-28. Sample A was the sample of particles that were all judged to be non-round
by roundometer results.

Table 4-20 For Sample A, the geometric details for four typical particles, pictured in Figure 4-28.

Bead # VESD (mm) SPHT3D T(3D)/L(3d)
1 0.336 0.83 0.46
3 0.253 0.77 0.68
20 0.255 0.85 0.71
87 0.289 0.70 0.43

Figure 4-28 Showing four typical particles from Sample A. Their geometrical parameters are listed
in Table 4-20.

Sample 1 contained the smallest particles, where 30 % of the particles by mass were
judged to be non-round by the roundometer. Note that particle no. 14526 in Table 4-21
and Figure 4-29 is probably a real double particle, and not an artificially touching particle
in the image analysis of the X-ray CT results.
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Table 4-21 Sample 1 “non-round” particles — three with X.in/L(2D) < 0.475, and four with
Xemin/L(2D) = 0.600

Copyright National Academy of Sciences. All rights reserved.

Bead # VESD (mm) SPHT3D Xcmin/L(2D) T(3D)/L(3D)
37 0.163 0.62 0.454 0.35
13601 0.113 0.50 0.446 0.27
31891 0.159 0.53 0.470 0.27
9633 0.117 0.64 0.600 0.42
14526 0.421 0.71 0.600 0.51
29021 0.246 0.68 0.600 0.54
50211 0.204 0.64 0.600 0.41
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13601

Figure 4-29 Typical non-round particles in Sample 1. Geometrical details are in Table 4-21.

Table 4-22 Sample 3 “non-round” particles — one with X in/L(2D) < 0.475, and four with X /L (2D)
=0.600. “3a” and “3b” are internal labels indicating from which of the five Type 3 sub-samples these

images were taken.

Copyright National Academy of Sciences. All rights reserved.

Bead # VESD (mm) SPHT3D Xcmin/L(2D) T(3D)/L(3D)
253 1.420 0.71 0.472 0.42
53 1.110 0.78 0.600 0.44
1182 1.110 0.77 0.601 0.52
3169 1.210 0.78 0.600 0.52
4450 0.810 0.69 0.600 0.56
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3169

Figure 4-30 Typical non-round particles in Sample 3. Geometrical details are given in Table 4-22.

Table 4-22 Sample 5 “non-round” particles — one with Xqmin/L(2D) < 0.475, and five with X min/L(2D)
= 0.600. The particles are shown in Figure 4-31.

Bead # VESD (mm) SPHT3D SPHT2D Xemi/L(2D) | T(3D)/L(3D)
1582 2.25 0.65 0.71 0.44 0.31
2421 1.98 0.87 0.99 0.69 0.57

57 1.79 0.88 0.96 0.62 0.50

2 1.74 0.85 0.89 0.69 0.61

616 1.04 0.81 0.82 0.70 0.59

427 2.10 0.77 0.84 0.61 0.55
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Figure 4-31 Some typical non-round particles in Sample 5. Geometrical details are in Table 4-23.
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CHAPTER 5- CONCLUSIONS AND RECOMMENDATIONS

5.1 Conclusions

Manufacturers of computerized optical equipment have developed various applications
for the analysis of glass beads used in traffic markings. However, there are no standard
test methods to be followed for the use of this equipment. Furthermore, the precision and
bias of the computerized methods, and how they are compared with the precision and
bias of the current manual ASTM methods, are not known. This study involved design
and conduct of an interlaboratory study to determine the precision and bias of both
optical and traditional methods, to make a comparison of the precision and bias of
various measurement methods, and to develop a test method for use with the
computerized method that is provided in Appendix H. An important part of the study was
to validate the collected optical data using an independent analysis in 3-D of glass bead
size and shape distribution using X-ray microtomography.

Three methods were used in this study for each size and roundness measurements: two
computerized optical methods (COM-A and COM-B) and the traditional mechanical
methods (sieving, roundometer) following ASTM C 1139 and ASTM C 1048. The most
number of datasets were provided using mechanical sieving and the roundometer, which
included 14 sets of size distribution and 11 sets of roundness data. COM-A users
provided 8 sets of data, which included both size and roundness data. COM-B data were
received from 4 laboratories on small size glass beads (Type 1) and from only one
laboratory on larger glass beads (Types 3 and 5). Recall that the samples upon which
these tests were run were carefully prepared via mechanical sieving and mechanical
roundness measurement, so “accuracy’ in the ILS for the roundometer, COM-A, COM-
B, and X-ray tomography results means how close did these measurement methods come
to the original mechanical sieving and roundness measurements, allowing for some
uncertainty to be introduced in the sample preparation process.

The interlaboratory study data that were received from participating laboratories were
statistically analyzed for accuracy and precision. The significance of the bias for each
method between measured and target values were evaluated separately for each sieve size
of each glass type using the Student t-test. Following the ASTM E 691 methodology,
both within and between laboratory variability of the computerized and mechanical
methods was also determined for each sieve size of each glass bead type.

The computed t values and the computed within- and between- laboratory standard
deviations for each glass bead type were compared to examine the accuracy and precision
of the different methods in measuring the properties of the glass beads. For each glass
bead type, comparison was made between the statistics corresponding to the sieve sizes
retaining the highest mass percentage of the beads. This was because these sieves
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provided more precise measurements of the glass bead type.

Since only one laboratory provided size and roundness measurements of Type 3 and 5
glass beads using the COM-B instrument, the discussion of precision and bias for
measuring properties of Type 3 and Type 5 glass beads does not involve the COM-B
results. The results of the comparison are summarized as follows:

e Mechanical sieving, the COM-A device, and the COM-B instrument were used
for measuring the size of Type 1 glass beads. Analysis of the mass percent
retained in the largest size class of the Type 1 samples indicated that among the
three methods of measurements, the COM-B device provided the most accurate
measurement of the size of Type 1 glass beads. With respect to variability, the
mechanical sieve provided the smallest within-laboratory standard deviation for
measuring the size of the small beads. However, the between- laboratory
precisions of the three methods were very similar.

e Data from mechanical sieving and the COM-A device were used to develop
precision and bias assessments for size measurement of the Type 3 and Type 5
beads. Between the two methods, the COM-A instrument measured the size of
the Type 3 and Type 5 glass beads with more accuracy than the mechanical
sieves. In addition, the COM-A device provided smaller within- and between-
laboratory variability than did the mechanical sieves.

e A combination of four methods/parameters was used for measuring the roundness
of Type 1 glass beads: the mechanical roundometer, the COM-A b/l and SPHT
parameters, and the COM-B T/L parameter. Among the four methods/parameters,
the COM-B parameter provided the most accurate measurement of roundness of
small glass beads. However, the COM-A b/l parameter provided the most precise
within- and between-laboratory measurements. The mechanical roundometer did
not provide equivalent accuracy and precision for measuring the roundness of
Type 1 glass beads.

e A combination of three methods/parameters was used for measuring the
roundness of Type 3 and Type 5 glass beads: the mechanical roundometer and
the COM-A b/l and SPHT parameters. Among the three methods/parameters, the
COM-A b/l parameter provided the most accurate and precise measurement of the
roundness of Type 3 and Type 5 glass beads. The mechanical roundometer did not
provide equivalent accuracy and precision in measuring the mass percent round of
Type 3 and Type 5 glass beads.

From analysis of the results of the interlaboratory study, it can be concluded that
computerized optical methods are preferred over the traditional mechanical methods for
measuring the size and roundness of glass beads. The improved statistics of the b/l
parameter for the larger glass beads indicated the advantage of COM-A over the
roundometer for roundness measurement of the larger glass beads. Although a smaller
number of laboratories provided data using the COM-B device, both size and roundness
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of the Type 1 glass beads were correctly measured by the COM-B instrument.
The following are results of 2-D and 3-D analysis of the X-ray microtomography data:

e Of the three 2-D shape parameters considered, X.min/L(2D), which is equivalent to
b/l, works well for predicting the mechanical roundness analysis and seems to be
adequate for making distinctions between round and non-round particles, as
judged by the roundometer. However, this is only true because the majority of the
glass beads is mainly near-spherical particles, and if the roundness cutoff value is
adjusted as recommended below.

e A single cutoff value for the X min/L(2D) parameter is not adequate to classify all
the glass beads into round and non-round categories. Rather, the cutoff value
seems to depend on particle size as determined by the different sieve classes.

e In general, the values of 2-D and 3-D shape parameters are not analytically related
for the glass bead particles. However, there are reasonable empirical correlations
between them that are obviously useful.

5.2 Recommendations

A ruggedness study for the developed computerized optical test method seems necessary.
This would detect the parameters of the test procedure that cause significant variability in
the test results and determine the controls necessary for the parameters in the test method.
For example, the effect of image analysis threshold value on the size distribution should
be evaluated for the optical measurements. The number and direction of images taken
from falling particles on the correlation of 2-D and 3-D measurements is another factor
that should be examined.

Since there is an effect of particle size on the shape parameter cutoff value, there is a
need to use the results of this report or perhaps the results of a further study to make
better recommendations for how to use 2-D optical scanning results in glass bead
roundness classification. The approximately 700 000 particles in the X-ray CT and
spherical harmonic database can be used to analyze any new results, and the techniques
are in place to generate new X-ray CT data as needed. This database can certainly be
mined further.

The results of the ILS and analysis of X-ray images implied that the existing cutoff
values for the 2-D roundness parameters were not large enough for detecting the intended
roundness of the prepared glass beads. This was clearly shown by the overestimation of
the roundness of the ILS samples by participating laboratories and from the comparison
of 2-D with 3-D roundness results of X-ray images of the glass beads. Based on the
results of the shape analysis in Chapter 4, it is recommended that the threshold value of
b/l parameter to be increased from 0.83 to 0.85 and that of the SPHT parameter to be
increased from 0.90 to 0.93. The threshold value of 0.83 was found to be adequate for
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T/L parameter.

What is the glass bead shape that is actually needed to have good retroreflectivity? It
seems intuitively clear that spheres are best, but how much and what kind of non-
roundness can be tolerated? Having such a physical criteria would help move the
community beyond the roundometer results and allow a true performance-based glass
bead specification to be formulated and issued. This question can be addressed through
direct computation of light reflection on X-ray CT spherical harmonic images [23].

Using a computational technique like Discrete Element Mechanics (DEM), the actual
dynamics of the roundometer could be simulated, using the same particles that were
imaged in the X-ray CT and their geometric shape determined directly. That way the
shapes that are judged to be non-round and round by the roundometer would be known
exactly. This would lend an element of increased accuracy to the roundometer, which
would strengthen any new optical light-reflection results.
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APPENDIX A—INSTRUCTIONS AND DATA SHEET FOR
INTERLABORATORY STUDY
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Instructions to the Laboratories Participating in the AASHTO
Interlaboratory Study for Development of Test Method for Optical
Sizing and Roundness Determination of Glass Beads Utilized in Traffic
Markings

Dear participating laboratories, you should have received the following glass bead samples:
0 YO010-a, YO10-b, and YO10-c
0 YO020-a, Y020-b, and Y020-c
o P020-a, P020-b, and P020-c
o (C020-a, C020-b, and C020-c

Please follow the instructions below for testing the beads.

Instructions for using ASTM Sieve Analysis Method

e Tare a 600 ml beaker.

e Pour the entire content of one bottle into the beaker.

e Record the sample weight.

e Place the beaker in an 110°C £ 5°C oven for one hour to dry them out.

e Let the beads cool to room temperature for 15 min before sieving.

e For the beads labeled as Y series use #16, #20, #30, #50, and #100 sieve sizes.

e For the beads labeled as P series use #12, #14, #16, #18, #20, and #25 sieve sizes.

e For the beads labeled as C series use #8, #10, #12, #14, #16, and #18 sieve sizes.

e Follow the instructions in Section 7.1.2 through 7.1.5 of ASTM D 1214 to hand sieve the
beads or follow Section 7.2 to machine sieve the beads. Record all the weights to the
nearest 0.01 g instead of 0.1g.

e Report the following information:

0 Weight of materials retained on each sieve to the nearest 0.01 g.

0 Percent passing each sieve, expressed to the nearest 0.1 %.
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0 The method of sieving used.

¢ Email the results to hazari@amrl.net.

Instructions for Using ASTM Round-O-Meter

e Tare a 250 ml beaker.
e Pour glass beads of one size class from previous section into the beaker.
e Record the sample weight to the nearest 0.01 g.

e Ifitis humid, place the beaker of sieved beads in the drying oven at 110°C + 5°C for one
hour to dry them out.

e C(lean the inclined glass surface plate of the round-o-meter by wiping it with 2-propanol.
e Using a digital level, approximately 12-24 inches long, set the plate angle as follows:

0 1.0° for testing #20 and larger glass beads.

0 1.1° for testing # 30 glass beads.

0 2.3°for # 50 glass beads.

0 3.9°for # 100 glass beads.

e Pour the beads slowly from a height of /% in. to a point in the center of the plate 1/3 down
from the uphill end.

e Turn on the switch to start the plate vibrator and follow Section 8.3 through 8.6 of ASTM
D1155.

e  When each size class has been separated, pour the beads from each pan into separate
beakers. You will end up with two beakers for each sieve size.

e When all the size classes have been separated, weigh the rounds and non rounds in each
size group to the nearest 0.01 g. (Weigh the beaker+ beads, and then subtract the beaker
weight).

e Record the weights to the nearest 0.01 g. Calculate the percent rounds and nonrounds in
each size group to the nearest 0.1 %.

e For each size class, report the original weights and the weights of the round and nonround
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beads to the nearest 0.01 g. Report the percentages of round and nonround beads to the
nearest 0.1

Instructions for Using COM-B

e Before testing the samples:

0 Be sure that the COM-B backlight of the strobe assembly and the glass plate
between the sample chamber and instrument optics chamber of the cabinet are
clean.

0 Verify system calibration by performing a new scaling and threshold, (see
scaling procedure manual). Recheck that the threshold is set to its maximum,

without any optical noise being generated in the images.

0 When feeding particles adjust the vibrator rate to be sure that there are not
overlapping particles.

e Measure glass beads:

0 Tare a 600 ml beaker.

0 Pour the entire content of one bottle into the beaker. Record the sample weight.
0 Place the beaker in an 110°C + 5°C oven for one hour to dry them out.

0 Let the beads cool to room temperature for 15 min before testing.

0 Set up a correlation (method) with the desired sieves sizes for each different
glass bead to be measured.

e For the beads labeled as Y series use #16, #20, #30, #50, and #100 sieve sizes.
e For the beads labeled as P series use #12, #14, #16, #18, #20, and #25 sieve sizes.

e For the beads labeled as C series use #8, #10, #12, #14, #16, and #18 sieve sizes.
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0 Save the correlation (method) under separate folders as described in the User
Manual.

0 Put a sample, of approximately 20 to 50g depending on the particle size of the
material, into the Tray.

0 Use a low vibrator power output for start feeding of the sample, so that the
sample slide slowly on the trough (vibrating tray).

0 Start the measurement. Minimum 20 000 to30 000 particles should be analyzed
for each sample.

0 Check that all falling beads have a red ring around the outlet. Alternatively,
adjust the threshold so that all particles are marked with a red circle.

0 Select “Thickness” classification for the particle size- and shape Distribution.

0 To get the results for the particle shape, set the following columns to RND
Ration for roundness and L/T Ratio for the length to thickness Ration.

0 Save all this settings in correlation information under “save correlation”.
0 Report the percent passing/retained on each sieve size and percentages of
round and non-round beads based on RND and L/T parameters to the nearest

0.1 percent.

0 Email the results to hazari@amrl.net.
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Instructions for Using COM-A Version 2003

Before measurement:
e Tare a 600 ml beaker.
e Pour the entire content of one bottle into the beaker. Record the sample weight.
e Place the beaker in an 110°C £ 5°C oven for one hour to dry them out.
e Let the beads cool to room temperature for 15 min before testing.
e Open the COM-A software.
e From the menu bar, under “Options” choose “Load task file.”

e Choose a task file to modify from drop down list & Press “Edit.”

Load task file [z]
T azk: file name: |Erik.afg j
FP3E Type 3.afg
E dit Greenville Test afg
mezsl.afg
by 3 i rrn.afg

e Choose Basic & Zoom cameras, 40mm chute, Choose “With guidance sheet” (sample
director).
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X

Measurement parameters

[+ CCD - Basic: Stop measurement after;

for thape
characteristics

—

Frequency of images: [ rnumber of images:

Min. particle [mm): |D |IJ ¥ number of emphy images; (100
Max. particle [mm]: |1DIJ |1UD Dizplay interval: ]
[ Automatic cleaning
v CCD - Zoan:
for shape

charactenistics:

i

Frequency of images: Wwidth of feeder [mm]:

Min. particle [mm); |D |':' Funnel position [cm]:
M ax. particle [mm]: |1E |1B [t quidance sheek
Image rate: 11 -
Settingz | Feeder ‘
(]9 | Cancel ‘

e Press Feeder Button, then Choose Nominal covered area (%) 0.5, Check “include in

measurement, if”” covered areca CCD Basic % < 3, covered area CCD Zoom % < 5.

]

Feeder control

Fast farward M eazurement Funnel pozitioning
Caontral level for Starting level B

fast fonmard: a0 for meagzurement: 45

Max. duration

of fast fonward [z]: 30 tax. contral level: 1]

W Include in measurement, if Mominal covered area %] |05 r

covered area
CCD - Basic [%] <

covered area

Baze of contral:

P o

2 tawimal covered area
CCD -Zaom[Z] < |D r BHEl
CCD - Basic [%): |7
Clzaning feedsr = b arimal covered area

CCD - Zoom [%]:

tax. covered area [%]:

o

Max. conrol level

T

Cancel

e Next Press Settings Button, Choose min(xc) model for sizing, Fill transparent particles,
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Choose Q(threshold) b/l and SPHT3 — both.

Particle model Faw data limits Shape characteristics = —
1 l > ] 3 | ity Hiave o o ERE e eeie ] Ignore particles for classifying
Size definition: ™ onscreen i < l) ]
minx) - LR i Characteristics, Characteristics, Characteristic Threshald
| - | o Fec | e
reshol
N ¥ e W GPHT ™ Symm =
" no shape parameter vl
o ]— vV Ma A [ bA ]
o A i ™ (Bl )
¥ wFe_min e NEA) e
v xMa_min 2 Sigmalv)
. i n:in W [bAlrec
e I - v B
IV xFe_max W T i
i i — = areRity
shape parameter; SRl T | H = convesiv ’—
1 a3 ] Qo ] W wcmas Mean value over
o all particles
v Fi i ¥ SPHT o
¥ Fill ranzparent particles ™ Lower limit 7 P oAl S 10—.
v SPHT W b
= m Compute
_Llpdij v Symm ¥ [BAL)rec g
= : ¥ b ¥ Sigmalv)
_— W Birec W (b/lrec Q[threshold), depending
™ Upper limit: ¥ Sigmalv) ¥ B/ on classes:
’“—‘ W (bl rec ¥ Corwesity
ot setal | il |
2] ¥ Corwesity
Cancel - . Clear all I SPHT3 j
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e In the Define size classes window, choose the sieves sizes you need:

0 For the beads labeled as Y series use 1180, 850, 600, 300, 150 micron for the
openings of #16, #20, #30, #50, and #100 sieves.

0 For the beads labeled as P series use 1700, 1400, 1180, 1000, and 850, and 710
micron for openings of #12, #14, #16, #18, #20, and #25 sieves.

0 For the beads labeled as C series use 2350, 2000, 1700, 1400, 1180, 1000
micron for the openings of #8, #10, #12, #14, #16, and #18 sieves.

Define size classes P§|

" Read size claszes: | J Lower limit of the

lowest zize clazs: 0o
" Sieve sefies

. . pper limitz of all clazzes:
" Linear division 22

" Logarithmic division 7100 8500 10000 11300 14000
1700.0
f Edit

Mumber of clazzes:

I rit: " mim

Cancel

s ILE

Save | I pdate * um

e Next in the set table parameters window, under “View” choose “Characteristics,” and
make the table column selections as shown.
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Columns for table and text files g|
. Bazed on mumber  Based on volume l Qthreshold), depending
W retained oh clazzes:
[ passing Shape characteristics:
; 3 I WFe3  FD3 | e
93 [ xMad -
o 3 Threshold
R W SPHT3
[~ &0 [ #Fe_min3 ™ Symm3 ¥ Q3(SPHT)
™ 140 r 3 W b3
g0 [ s mind [ [B/Ljrec3 Threshold
[ Sigrna3v]
¥ mm [ xFe_max3 [ [bArec3
W ST s [ wMa_max3 [~ B/L3
& [ xc_max3 [ Conv3
[ Tyler Mesh
¥ Reverse lv Colared [ L/B and b v without upper lirit
Catcel Remaove data o ez
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e Select both b/l and SPHT3 and a Threshold of 0.83 for both.

Threshold X

(¢ for all classes: b/ = (0.83

" different thresholds

e Your table layout should look like this:
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B Table - ...\type_4_2007\fp96 ty 4 (LA)009.rdf

File Edit View Help
8| S| [on m| 1[5 [ L[ [in| 2]
MSize class [um] retained SPHT3 b3 FDO 1-03(kM1y  Q3(SPHT)
[%4] 0.8300 0.8300
= 2800 1379 0.986 0.883 286 61.18 473
2360 - 2800 16.34 0.949 0.801 528 4458 6.91
2000 - 2360 16.09 0.980 0.813 1112 46.11 344
1700 - 2000 14.84 0.947 0.787 1308 41.56 570
1400 - 1700 11.24 0.959 0.805 2016 37.39 3.28
1180 - 1400 9.52 0.957 0.788 2713 39.87 245
1000 - 1180 5.94 0.9681 0.805 3363 3974 1.97
850 - 1000 an 0.953 0.814 2494 45.21 210
710 - 850 20 0.962 0.834 2351 56.04 177
G00 - 710 241 0.959 0.828 G166 3992 0.81
500 - 500 1.45 0.870 0.809 3184 28.30 0.54
425 - 500 0.86 0.949 0.939 2057 86.00 1.29
355 - 425 0.57 0.956 0.785 245 3147 0.00
300 - 355 0.37 0.956 0.791 293 I 0.65
250 - 300 0.15 0.952 0.806 193 45.02 0.00
212 - 250 0.14 0.984 0.815 279 47.92 0.00
180 - 212 0.1 0.9681 0.798 352 38.09 0.00
130 - 180 0.04 0.955 0.794 308 34 0.00
0- 150 0.02 0.956 0.767 144 17.50 0.00
MuM

e To display desired characteristics in the “Set characteristics” screen, choose “View” then
“Characteristics.”

e In the “Characteristics” window select: x10, x50, x90, Mw(x) sample mean, Sigma(x)
standard deviation, Specific surface area Sv, Mean value SPHT3, and Mean value b/I1.
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M Set characteristics

File Edit View Help

Q3 [%] ¥ [pm]
10.0 875
50.0 1917
90.0 2941
MW3(x) = 1931 pm

Sigma3(x) =775 um

Time: 14.7.2008 ,

Yolume based distribution

6:46
Duration of measurement: 0 min 19 s

CCD-B =114043 particles (1504 images)
CCD-Z = 3102 particles (1503 images)

Taskfile: 16-18.afg , min{xc}, shape parameter=1.0000 , A_dens=05% ,

40 mm feeder

Bazed on number  Based on volume 1

Mean valus over

Threshald all particles:

ET=TT) R R ¥ Mean valus SPHT3
[ Symm J ’— [ Mean value Symm3
b S5 M Meanvalue bz

[~ [BAL)rec J ’— ™ Mean value [B/L)rec3
[ Sigmalv] J ’7 ™ Mean value Sigma3()
[ [bA) rec J ’— [ Mean value [bA)iec3
™ B S0 T Meanvalue BAL3

[ Convexity J ’7 ™ Mean value Conv3

Characteristics
Shape characteristics
B asic charactenstic:
#[0] values:
¥ 01=)10 % Part of particles:
v 0z=50 % Characteristic
ol T % 3ISPHT):
™ Span value Q3 [Symm) :
I Nonurifarmity 103 (b1 -
&+ Qfx] values
3 ([B/LIrec) :
1G] values: US[(B/LJrec]
1-63 [Sigmal1):
I~ «=
e ’— 03 [[brec)
- ’— 103 (BA):
Further characteristics U3 (Cony):
v [ Print in report
¥ Specific suface area Sv
™ Specific suface area Sm BRSE characteristics
™ Relative density (0 ~ nandd
-
[” Calculate x(3] and Q{x) based on Q0 -
¥ Calculate <(0) and Q(x) based on 03
ok |

k4
Femove data

Cancel |

]
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e Choose the Histogram for your graph type.

M Set graph parameters
File Edit View Exiras Help

3] Ral ] [ [T tleafwe] (851 |=] [ l|n]in] ]

retained [%] P TR Lt Ty S =3

45
40
A A A A A A - S
e SRS SOUUR SOUOES S |
25
SO S O S ek
IS G . e e

L oo oo oo - e R s

] 200 400 600 a0o 1000 1200 1400 1600 1800 x[pm]

~fhom [

e Give your task file a unique name, choose a unique directory for your data.
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X

Save task file
Task file: : |erik.afg ﬂ Result files
) } [ Faw data [*rdf)
Size-class fle: |FF'SE Type 3.gkl ﬂ [ E®CEL- readable, German [ =1d]
[ Fitting file W EACEL- readable, English [ xle]
| J [ Retsch - formatted [*.ceg)
Directany: |F'otters_T_l,lpe_3_Apri|_2DD? ﬂ
File: name: |T wpe_ 3
W Changeable in measurement mode
Head of report; |PDTTEHS QuUALITY REPORT ¥ Fle number l_li
Campany: || ¥  Changeable in measursment made
User: | [~ Dual saving
I aterial: |
Density: ’7 g/om? - ’7 g [~ Prink repart after measurement
Commert; | Attention]
| The actual gettings of measurement and
presentation parameters will be saved
in the measuremnent task file.

e Here is an example of a report layout for glass beads.

e Send the results to hazari@amrl.net .
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B AN140 Glass Beads.pdf - Adobe Reader

Ele Edit View Doaument Tools window Help

8 & @ 08

I! Particle model: min(xc)
No. of particles: ~ CCD-B = 227015, CCD-Z = 17467
Fiting: no
Iu Matenal
ASTM(+} Nof-) refained  passing  SPHT3 I3 particle  1-Q3(b/l)
[%6] (%] count  0.8300
> #12 000 10000 0533 1409 3 0.00
#14 #12 000 10000 0887 1107 &1 6284
#16 #14 1156 9991 0977 1028 21551 9334
#13 #18 6182  88.35 0986 1033 118736 97.96
#20 #18 2386 2653 0983 1041 95648 9734
#25 #20 262 267 0572 1112 660 81.26
PAN #25 005 0.8 0642 1237 4573 5718
c
i Q3 %] X [um]
passnglel [ | | [ | [ |7~ retained [%] 10.0 297
g Texas Ill__xc_min_004.rdf — | 50.0 1112
T 90.0 1185
20 ] 80 SPANZ= 0250
u3= 1250
]
o T 0 MW3G)= 1075 um
50 80 Sigma3( = 112 um
50 50
40 40
0 30
20 20
. 10 10
&
0
0 200 400 60D 50D 1000 1200 1400  x[um]
L]
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Instructions for Using COM-A Version 2006

Before measurements:
e Tare a 600 ml beaker.
e Pour the entire content of one bottle into the beaker. Record the sample weight.
e Place the beaker in an 110°C £ 5°C oven for one hour to dry them out.
e Let the beads cool to room temperature for 15 min before testing.
Prepare a Task file using the software wizard:
e Open the COM-A software.
e From the menu bar, under “Options” choose “Load task file.”

e Choose a task file to modify from drop down list & Press “Edit.”

Load task file X
Task file name: | BASHTO ghiss beads_afy |
Edit

Cancel |
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e Input the width of the feeder chute as 40mm. Set nominal covered area at 0.5 %. Be sure
to check “guidance sheet” (sample director) and “vacuum”. Check “include in
measurement, if”” covered area CCD-Basic % < 3, CCD-Zoom % < 5.

Funnel pozitioning Feeder
I”f Fagt forward Measurement
£
Starting level
Control level for . S,
[ Funnelto position 0 oo s for measurement: 45

Iax. duraticn Max. control level:

of fast forward [=]: 30

[T Include in meagurement, if

o
[l

TP

Mominal coversd area [%e):

Base of control:

Maximum covered area

r CCD - Basic [%]:

Maximum covered area

r CCO - Zoom [%]:

Cleaning fesder
Width of feeder [mm]: 40 g

[~ Automatic cleaning

[v With guidance sheet

V¥ vacuum

e Select the maximum image rate of 100 % (1:1). Activate both Basic & Zoom cameras,
Check Fill transparent particles.
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: [V CCD-Zoom:
lgnore particlez lgnere particles
s
for size for size l : ]
TEEEEEIE characteristics Characteristic Threshaold
smaller than (mm): 0 0 [~ SPHT
coarser than (mm): 100 16 ™ Symm
[ bBA
[~ Conv

Image rate: 100% (1:1) - ¥ Filltranzparent particles

[ Warning if image rate factor < 85 %

Stop meazurement after

[T number of images:

Dizplay interval: 50
Ii

¥ number of empty images: 100

e In the “Settings” window, choose xc_min size model; Select “Q(threshold), depending on
classes” b/l and SPHT3 for rounds per sieve.

Particle model Shape characteriztics
1 ]2 |3 |+ |5 | Based on number Based on volume
Size definition:
Characteristics, depending on clazses Characteristics, Mean value owver
m hd depending on all particles:
threzhold
&3 SPHTZ SPHT3 SAHT?
Size-clazs file for meazurement: o - == B =k B =k
[vw xMa3 v Symm3 Vv Symm3 W Symm3
| whitshouse XX025 gkl | ¥ xc3 W b3 W bil3 W bil3
[¥ xFe_min3 ¥ Conv3 ¥ Conv3 ¥ Conv3
Q(threzhold), depending on clazzes: -
[+ xMa_min3
k)
i1z jv [v xc_min3
SPHT3 - [v xFe_max3
[v xMa_max3
[¥ xc_max3
SPHT fitting: 0 -
[+ PD3
oy =
r—— [ s Setall ‘ Clear all ‘

¢ In the “Define size classes” window select the sieves you are using for the measurement

o Edit the displayed file as the following.

0 For the beads labeled as Y series use 1180, 850, 600, 300, 150 micron for the
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openings of #16, #20, #30, #50, and #100 sieves.

For the beads labeled as P series use 1700, 1400, 1180, 1000, and 850, and 710
micron for openings of #12, #14, #16, #18, #20, and #25 sieves.

For the beads labeled as C series use 2350, 2000, 1700, 1400, 1180, 1000
micron for the openings of #8, #10, #12, #14, #16, and #18 sieves.

e When done click “OK” to move to the “Set table parameters” window.

Define size classes

™ Sieve seres:

" Linear divizion

fe Edi

Mumber of clazzes:

" Read size claszes: | J Lower limit of the

" Logarithmic division 100 8500 10000 1180.0 14000

lowest size class: oo

Upper limits of all clazses:

s =

1700.0

[t " mm

Cancel “ pm

s LLE

Save | pdate
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e Next in the set table parameters window, under “View” choose “Characteristics,”
make the table column selections as shown.

Columns for table and text files E|
. Based on number  Based on valume ] Qthreshold], depending
W rstained oh classes:
[ passing Shape characteristics:
[~ 103 ™ 4Fed ™~ PD3 v 1-Q3[bA)
[ a3 [ whad -
Threshold
- 0 [ wc3
P W SPHT3
[ Qo r [~ Symm3 v O3(5PHT]
[~ 100 [~ b W b3
o - ;c_minS-m [ [B/Llec3 Threshold
I Sigma3(¥)
v mm [ wFe_max3 [ [bArec3
W T e [ #Ma_max3 I BAZ
= I wc_max3 | Comvd
[~ Tyler Mesh
[V Reverse v Colared [~ L/Bandlib v fithout upper limit
Cancel Remove data A ez

e Select both b/l and SPHT3 and a Threshold of 0.83 for both.
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Threshold

+  for all claszes: b/ = (0.83

" different thresholds

Cancel

|

e Your table layout should look like this:
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M Table - ...\type_4_2007\fp96 ty 4 (LA)009.rdf =T
File Edit View Help
| 5[5 [om o] 1[5 [ | |1n] @]
Size class [um] retained SPHT3 i3 PDO 1-Q3hi)  QIHSPHT)
[%] 0.8200 0.8300
= 2800 13.78 0.968 0.863 286 61.18 473
23680 - 2800 16.34 0.949 0.801 528 44 53 6.91
2000 - 2360 16.08 0.960 0.813 1112 4611 344
1700 - 2000 14.84 0.947 0.787 1306 4156 870
1400 - 1700 11.24 0.959 0.805 2014 e 1] 328
1180 - 1400 9.52 0.957 0.798 27132 39.57 2.46
1000 - 1180 5.04 0.961 0.805 3363 3974 1.97
aa0 - 1000 321 0.953 0.814 2494 45341 210
710 - as0 2.1 0.9a62 0.834 23581 56.04 1.77
g00 - 710 2.41 0.959 0.828 G166 3992 0.81
500 - 500 1.45 0.970 0.808 8184 28.30 0.54
425 - 500 0.88 0.949 0.938 2857 26.00 1.29
355 - 425 0.57 0,958 0.786 245 3147 0.00
300 - 355 0.37 0.958 0791 283 37 0.65
250 - 300 018 0.9a62 0.808 183 45.02 0.00
212 - 250 0.14 0.964 0.818 279 47,92 0.00
180 - 212 011 0.961 0.798 352 38.09 0.00
150 - 180 0.04 0.955 0.794 306 34! 0.00
a- 150 0.02 0,958 0.767 144 17.50 0.00
MUM

e To display desired characteristics in the “Set characteristics” screen, choose
“View” then “Characteristics.”

e In the “Characteristics” window select: x10, x50, x90, Mw(x) sample mean,
Sigma(x) standard deviation, Specific surface area Sv, Mean value SPHT3, and
Mean value b/l
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Ml Set characteristics
File Edit View Help

Taskfile: 16-18.afg , min(xc), shape parameter=1.0000 , A_dens=0.8% , 40 mm feeder
Yolume based distribution

Q3 %] ¥ [pm]
10,0 875
0.0 1917
90.0 2941

MW3(x) = 1931 pm
Sigmasfg =775 um

Time: 14.7.2008, G:46
Duration of measurement: Omin 195

CCD-B = 114043 particles (1504 images)
CCD-Z = 3102 particles (1503 images)

Characteristics

. - Shape characteristics
Basic characteristics

(0] values: Based on number  Based on volume l
V¥ B1=|10 Z Part of particles: Mean value over
W 02=|50 % Eherstatls Thieshold all particles:
b G3=]30 % 03 [SPHT): moseHT <] ¥ Mean value SPHT3
[ Span value Q3 [Symm] : I~ Symm [=]] ’— I~ Mean value Symm3
[ Nonunifomity 193 (b1 Y 2l ¥ Mean vale b/i3
= .
- 1Q[S][ \u]'alutles. Q3 [(B/Llrec) : I~ A | ’— ™ Mean value [B/L)rec3
Q] values:
- ’— 1-33 (Sigmal+]) : I~ Sigmalv] J ™ Mean value Sigma3[y]
ul =
I w2= Q3 ([bArec) : [ b/ rec J ™ Mean value [bAlrec3
ra-f 183 (B/): B 2l I Mean value B/L3
. 03 [Conv] : ™ Convesity J ™ Mean value Conv3
Further characteristics
4 I Print in repart
W Specific suface area Sv
™ Specific surface area Sm RRSE characteristics
I~ Relative density 1D [ — ’— ap)
-
™ Calculate #[8) and Ofx] based on G0 - b4
[v Calculate x[0) and O[x] based on 33

(] 8 | Cancel | Remove data

e Choose the Histogram for your graph type.
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I Set graph parameters |Z] |E| D__(J
File Edit View Extras Help

] B8] +]-| [ ]| -

+|=| [ ||| B

2k Y e T el e R e i
I boooeonones beoooeonoa fresseas e rens
s s
RN SRR SV, S —
SN SR N
N N R S
W N A
B A S N
S [ . J—".
0 200 400 500 200 1000 1200 1400 1600 1800 x[um]

om0

e Give your task file a unique name, choose a unique directory for your data.
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Save task file rg|
Task file: : |erik.afg ﬂ Result files
) } [ Faw data [*rdf)
Size-class fle: |FF'SE Type 3.gkl ﬂ [ E®CEL- readable, German [ =1d]
[ Fitting file W EACEL- readable, English [ xle]
| J [ Retsch - formatted [*.ceg)
Directany: |F'otters_T_l,lpe_3_Apri|_2DD? ﬂ
File: name: |T wpe_ 3
W Changeable in measurement mode
Head of report; |PDTTEHS QuUALITY REPORT ¥ Fle number l_li
Company: || [¥ Changeable in measurement mode
User: | [~ Dual saving
I aterial: |
Density: ’7 g/om? - ’7 g [~ Prink repart after measurement
Commert; | Attention]
| The actual gettings of measurement and
presentation parameters will be saved
in the measuremnent task file.

e Here is an example of a report layout for glass beads.

e Send the results to hazari@amrl.net .

B AN140 Glass Beads. pdf - Adobe Reader

Fle Edit View Document Tooks Window Help ®
- OO N C—
I! Particle model min(xc)
No. of particles.  CCD-B = 227015, CCD-Z = 17467
Fitting: no
.u Matenal
O ASTM({+) Noi-) retained passing SPHT3 13 particle  1-Q3(b/)
[%] [%] count  0.8300
=#12 o.00 100.00 0533 1.409 3 0.00
#14 #12 0.09 100.00 0.887 1197 &1 6284
#16 #14 1156 99.91 0.977 1028 21551 9334
#13 #16 6182 8835 0.986 1033 118786 4796
#20 #18 2386 2653 0.983 1041 95648 9734
#25 #20 262 267 0872 1112 3669 8126
PAN #25 0.05 005 0.642 1237 4573 5718
Cl
. Q3 [%] * [um]
passing [%] | | | | | | [/ retained [%] 10.0 897
90( —— Texas lll__xc_min_004.rdf —— } 500 1112
T 800 1185
&0 T 80 SPAN3I= 0250
uz= 1.259
I
i T 0 MW= 1075 um
50 0 Sigmad(x)= 112um
50 50
40 40
30 30
20 20
] 10 10
&
o 200 400 GO0 800 1000 1200 1400 X [pm]
b
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APPENDIX B—RESULTS OF PERCENT RETAINED BY
MECHANICAL SIEVE
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Table B-1- Percent retained on various sieves of Y samples

Siewe ¥ Fetained- Samples #_bar S h k bar_corr S_ecorm
Lab
Mo || #30 | #50 | #100 #20 HE0 #100 #20 #50 #00 #20 HED #100 #20 #50 #100 #3230 #50 #100 #20 #50 #1000
1 439 | 4800 | 4761 453 4249 4698 024 051 058 -0.82 -0g 046 0.2 045 044 453 4249 4698 024 k] 088

48 | 4247 | 472
439 | 4901 | 46E0

2 4EE | G123 | 44065 4583 B0.00 4547 on in 122 -n.ez 045 08 037 043 0:4s 4583 50.00 4547 on in 122
447 | 4927 | 4626
445 | 4945 | 4809

3 B53 | 6309 | 4029 853 51.23 4315 0.94 153 2583 044 033 112 38 142 203 FALSE | 5123 4315 FALSE | 153 2583
5.24 | GOEE | 44.07
477 | G041 | 45.08

4 5.00 | 4733 | 4697 482 4251 | 4657 0.2 0.Fa naz -0.46 -0a7 0.23 063 ox 066 482 4851 | 4657 0.1 073 052
453 | 4817 | 47101
486 | 4941 | 4563

5 498 | 4754 | 474 459 4290 | 4672 0.0z 051 055 -0.24 -0.34 0.3 0.0 045 044 459 48100 | 4672 0.0z 0.5 055
496 | 4254 | 4620
B.02 | 4821 | 4657

E T | 4BTO0 | 4E4T T 4629 4589 0.05 0g52 081 227 .03 oo 02 0.4E 04 FALSE [ 4629 4589 FALSE | 082 081
T2 | 4EERZ | 4BE2
T.72 | 4EEE | 4552

T 495 | 4388 | 4EM 604 42 E7 4626 on 112 127 017 00 018 0.3 108 102 5.04 4267 4626 on 11e 127
B.00 | 4740 | 4758
BIE | 4974 | 4505

8 5.2z | BB35 | 3928 547 BE.22 3818 033 213 247 03y 304 =38 110 196 138 547 | FALSE [ FALSE 0.33 | FALSE | FALSE
536 | G4EO0 | 3992
584 | GET2 | 3535

k] 472 | G031 | 4493 4™ 4373 [ 45852 010 1.03 117 -0.53 0.34 -0.14 0.35 047 034 47 4373 | 4882 0.0 103 17
481 | G040 | 4477
460 | 4547 | 4687

10 B.04 | 4829 | 4657 A 4745 [ 4708 LA 0.8 073 -0z -0E1 0es 0.35 0.4 05y BIE 4745 | 4708 0.0 0.e3 0y
B.22 | 4719 | 4759
B.22 | 4679 | 4799

il B44 | 4706 | 4653 542 47 ER 4682 o0z 022 04 ik} 052 042 oo 0.24 032 542 4762 4688 o0z 0nze 04

B4 | 4741 | 470

sBupeN dIeIL Ul PaSN speag SSe|o JO uolfeulwalad sssupunoy pue buizis reando

1z 485 | 4848 | 4653 437 48560 4669 e 070 iLix] -0.62 -7 0.4 [ikix] 0Ez 047 477 4260 4663 0e L) 053
455 | 4921 | 4E1E
482 | 4781 | 4733

13 534 | 4610 | 4536 533 47.43 47.01 005 153 162 02y -0EZ 047 e 142 130 533 47.43 47.01 00s 153 162
544 | 4913 | 4521
G40 | 4639 | 4745

14 497 | 4720 | 4778 488 4645 [ 4857 0.03 0.54 100 -0.37 -1.02 12 0.26 0.54 030 488 4645 | 4857 0.0 0.34 100
482 | 454 | 4370
486 | 4683 | 4823

15 450 | G040 | 4690 4E7 4297 [ 4680 0.3% 1.25 036 -0.ER ooz 0 128 Al 029 4E7 4897 | 4680 0.3% 125 036
B0 [ 4210 | 4670
440 | 4840 | 4620

Mumberof Labswith Datal 165 [ 165 | 16 | s T ® [ 18 ] [w T s [ 1B ] [ [ w® [ 18 ] e T o T e T T u
¥ _dbl_bar { Sx SrisR h Critical ||k Critical Corrected ¥_dbl_bar { Su Corrected 51/ SR
516 | 4892 [ 4586 | 030 [ 1z [ 125 247 | 247 [ 247 | 247 | 217 [ 2ar [ 27 | 217 || 495 [ 4840 [ 4641 | ofsz [ 1003 | 10g |
074 | 2405 [ 24zs | 05t | zess [ 270 | nses | 1360 [ 122 | 0575 | 1660 [ 12z |
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Sieve % Retained-Y Samples #30 Sieve % Retained-Y Samples #30 Sieve % Retained-Y Samples #30
9 4.00 3.50
7 250 k critical
6 2.00
5 5 i . - x 2.00
2 hs ¥ . L i 1.00
3 4 1.50
g 5 0.00 I o —l 1 o 100 o n
8 H 3 u 5 6 7 8 U 10 11 LL 13 “s ’
2 -1.00 0.50 _gﬂ -
L |
o 2.00 0.00 [l n [ I] [l I] 0 p
. 5 s ; o n s 5
1 5 7 9 11 13 3.00
Lab Number Lab Number Lab Number
Sieve % Retained-Y Samples #50 Sieve % Retained-Y Samples #50 Sieve % Retained-Y Samples #50
60 h critical
I 3.00 2.00
55
2.00
50 —& t 1.50
TP i 1 I'!Iil 1.00
g o | I 1.00 u B
& 0.00 — - -
s 40 1 2 3 4 5 78 9 ﬂ) ﬂl 12 ﬂz 15
° 0.50 11— — |
-1.00 !
° L1 ﬂ
-2.00 0.00
30 + ) s s , . 1 15 s
1 5 7 9 11 13 -3.00
Lab Number Lab Number Lab Number
Sieve % Retained-Y Samples #100 Sieve % Retained-Y Samples #100 Sieve % Retained-Y Samples #100
60 3.00 h critical |— 2.50
k critical
55 2.00
2.00
50 I 1.00 r
1.50
s wfFy 1%:1 1 Tegf o 000 g0 1 _ o lonnlls
£ 1 H 5 7 9 11 13 15 |
5 40 100 i 1.00
o
B 1 -2.00 0.50 —{—i— — —
” L1001 L11
-3.00 H
30 e 0-001 , ; , R
1 5 7 9 11 13 -4.00 Lab Numb
Lab Number ab Number Lab Number

Figure B-1- Error band and h and k statistics of percent retained for various sieve sizes of Y samples
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Table B-2- Percent retained on various sieve sizes of P samples

Siewe ¥ Retained-F20 #_bar s h k #_bar_corr S_corr

Lab
Mo #1E #HE #20 #20 H#E #HE #20 #20 #IE #g #20 #20 HIE #18 #20 #20 HIE #18 #20 #25 HIE #E #20 #26 HE #12 #20 #26

1 403 | BYTFE | 3223 | 5YG k] G783 | 3z28 591 0.25 0.25 045 0.33 -0.83 032 Lk} 183 023 0 0.3 0.43 i} G789 | 3228 591 0.25 0.25 045 0.386
362 | BBAY | MBE [ 635
381 | BYT | 32765 | BEZ

2 496 | B3ET [ 30 [ B2 5.4 E450 | zav2 407 0.9 04y 122 11E 050 192 0oy .27 0.4 074 084 148 5.4 480 | 2972 407 0.9 0.a7 122 1159
532 | BBEY | 2876 | 328
675 | B3 | 2029 | 540

3 TAZ | BATE | 3BT | 30 v.04 E040 | 2Bzl 421 0.zg 0.6e 136 0.20 007 043 Rk -0 0.3 043 0az 10z 7.04 E040 | zazz 421 n.zg 0.5e 136 0.7395
T2T | B0EA | 2EHT | 474
EY2 | BOEZ | 2201 | 460

4 T2 | BI04 | 3407 [ 476 | 6465 | 2264 457 062 136 174 0.2z 010 140 034 0.3z 0Es 143 113 0238 7 G466 | 3264 457 068 136 174 0.2z
529 | B8R | I35 | 432
712 | BEVE | 3070 | 465

b TO08 | 6053 | 2968 [ 334 e G872 | 2863 433 0.7o 07r 0494 0.ev 012 -0.05 023 0.04 n.g2 053 064 i e G872 | 2889 4.33 070 077 094 0.867
TTA| BR[| 2BEE | 494
S48 | BO46 | 27| 472

B BEZ | B4EE | 3434 [ 500 4] 6694 | 3ZTE 443 062 268 238 068 028 -0.95 0a7 023 0.E0 204 163 0.86 B2 6504 | 3276 443 052 268 23 0E7?
E6S | BA.0Z | 300 [ 372
E42 | B405 | 2392 | 475

T BO7 | B139 | Zr@1 | BET 483 5340 | 2453 553 0 285 344 045 0B 033 L 144 0.25 a1 235 068 483 | FALSE| FALSE| 552 021 | FALSE | FALSE| 0453
473 | BL70 | 2740 [ 596
4608 | BEEl | 3356 | G.0B

g w02 | BLIF [ 1953 | 182 1838 5358 1373 283 278 142 0.85 120 28 032 Bl L =208 324 108 05s 154 || FALSE| 5988 | FALSE| 253 [[FALSE( 142 | FALSE| 1204
2167 | BO3E [ 1789 | 184
1664 | B0 | 1333 | 3482

a G4 | BREE | 2881 | 206 oy | 5251 29.14 .89 0ET 05 049 107 0.23 -0az 0.0 -0.49 0.7e 0z 034 137 221 54.51 24914 389 0ET s 049 1070
875 | BOOB | 2832 [ 338
745 | BaA1 | 2aba | B2

0| 123 | 5236 | 298 ) B0 | 1308 B20d | 29de 5.09 0.7e 0EE 023 012 148 -2.z0 0o 093 023 050 ukedi] 0.z 1308 | BZOA | 2948 603 0.7E 0EE 023 077
13.08 | 6253 | 2926 | 432
13.84 | B134 | 2937 | 52

sBupeN dIeIL Ul PaSN speag SSe|o JO uolfeulwalad sssupunoy pue buizis reando

1 482 | BOEE [ HOT7 | 213 486 E0.51 2043 280 0.20 062 164 113 -0EE 0EE 0za -0.63 0.23 040 112 144 4E6 E0.31 2043 80 0.20 062 164 11
443 | BOET [ FEE | 200
469 | B152 | 2857 | 510

12 529 | BO.24 [ 3039 | 351 526 B0.30 | 2986 i} 0 044 052 0.3 052 048 01z -0E1 0 0.34 035 039 5.26 B0.30 | 2986 i} 014 044 052 0306
BAD [ EOFT | 2824 | 2T
537 | 5089 | 2836 [ 41

12 BEG | 6083 | ¥TE [ 2B3 538 E013 3087 360 0.25 0.3 0.0 078 -0.50 040 04z -0.94 023 o 054 0.93 536 E0.13 3087 .50 0.26 0.23 0.sn 0777
B.08 | B03T [ 3027 | 402
646 | 60.0% | 3057 [ 373

14 473 | BOEZ | 3074 [ 375 473 E0.23 a0n 443 0.08 032 058 064 064 048 013 n.az 0.ov 0.25 040 n.gz2 473 E0.23 301 443 0.06 0.2 058 064
479 | 6042 | 2059 [ 482
486 | 5992 | 3001 | 4490

Mumber of Labswith Catafl 4 [ 4 T 1 T w [« [ [ w [ w [ w T ¢ T w [ 4 [« [ w [ [ w [ w3 [ @ [ 12 [ w [ 2 [ = J 12 [ u
#_dbl bard Sy SrishH b Critic:al ||k Critical Corrected #_dbl_bar { Sx Corrected 51/ SR
732 | Gese [ 2aar [ 430 [[oese [ e [ vaed [ oved [ eae T 24a [ 24a [ 2a4 [ 208 [ 26 [ 216 [ 216 | a6 [ sse0 [ 2038 [ 420 | o4a7 [ 0 | 120 | o7se
aodx | aoms | aaee | oes || 4oes | ases | aees | nas zazn | ata7 | 18w | osst || eess | aawo | aos | uae
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Sieve % Retained-P20#16 Sieve % Retained-P20#16 Sieve % Retained-P20#16
16
14 4.00 critical '— 350 keritical
] 300
12 3.00
250
10 200
3
2 T ] I 200
2 s 1.00
g 11 - " 150
& s T 2 P 0.00 T - T
g, * L3 hal u I s ey ITTTT 1.00
-1.00 1 i
2 0.50 it
-2.00
: NI H N
12 34 5 6 7 8 9 1011 12 13 14 300 12 3 4 5 6 7 8 9 10 11 12 13 14
Lab Number Lab Number Lab Number
Sieve % Retained-P20#18 Sieve % Retained-P20#18 Sieve % Retained-P20#18
80
300 critical | 250 critical
s fieriteal]
2 200 200
& ® 100 150
2 e [ 3 "
£ k Tl 000 I 11 0
- T - T 1.00
H < v 12 3 5 7 8 9 1 12 13 14
50 1.00 N
050
45
| L1y
40 0.00 1 I
1 2 3 4 5 6 7 8 9 10 11 12 13 14 3.00 1 2 3 4 5 6 7 8 9 10 11 12 13 14
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3.00 horitical | 250 K critcal |
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0 000
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2 | 050
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Figure B-2- Error band and h and k statistics of percent retained for various sieve sizes of P samples
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Table B-3- Percent retained on various sieve sizes of C samples

Sieve 3 retained-C20 #_bar = h k bar_carr S _corm
Lab
Mo || #12 | 14 | w | e || s #14 #E #e #12 #1 #16 #18 #z #14 #1E #e #12 #1 #16 #18 #z #14 #15 #12 #2 #1 #16 #1
1 | =88 [sere | zem | eza || 289 | &rze | zzi2 | egs || 002 [ 172 115 or4 | 2z | oz0 | oes | 2z | oos | oes | oo | ore || ase | sree | seae | ems || ooz | 1T 16 | 074
367 | 6538 | mmaz | 7T
383 | BaTa | 30z | eel
2 || 525 | 7040 | 2425 | 244 |[ 575 | eszz | zanz | 450 [ ose [ soe [ soe | o#s || ovz | tee | -0v8 | oeo | o7 | 1Ee e | wee || 575 | eszz | ze0w | 450 || o5 | S0 | S0z | o9
639 | BEOZ | 7858 | 627
550 | BOZG | 3426 | 477
3 || s05 | 607z | 2ees | 439 |[ eoz | ser | :n | 4e9 [ oso [ zeo [ 2es | oz | roe | 008 | 0o | 0ss || 140 | 0se 1 032 | eoz | sear | am | 4es || om0 | ze0 | zEs | a3
633 | Baze | 3019 | 462
51z | 6663 | 243 | 505
4 || 457 | sa7e | amme | sar |[ 5@ | saTe | wze | 58 [ oas [ a9 190 [ oor ff o | mse | ose | oo || ore | ose | oss | o007 || 53 | saTe | mze | s || oss | 14 190 | 007
Giz | 5407 | 3613 | Baz
534 | BRED | 3210 | BO7
5 || 51 | sesz | a0 | sa4 |[ Ges | 551 | zam | 509 [ oes [ oer [ @3 | ooa || om | -oee | oSt | o | m oz | o4y | oos || see | ssa | saw | soe || oes | oex | 1 | oaose
623 | 6586 | 344 | BIS
435 | 6526 | 3467 | 489
6 || 54z | 5226 | 2042 | 659 [ e | 5703 | zoz0 | o7 [ oss [ 22 125 [ oo || 1se | wav | 034 | 0se 131 g0 | oa4 | ose || e4 | sToe | @eze | eov || oes | 2w 125 | 045
635 | G453 | 3173 | BE4
633 | Bard | 2a7s | 488
7 || s | sees | a0es | saz || Ges | sese | sose | s2z [ o [ oo [ o8 | ooz | owe | om | 028 | 005 || ozf | oz | o005 | ooz || 525 | sees | wese | S22 || oo | oos | o5 | oues
543 | Baa: | 304 | B2
509 | Baaz | 3065 | 55
g || 577 | 6225 | zena | 2o |[ 585 | evaz | zas4 | 202 [ oez [ tas [ o072 | oza || oss | zao | -23a | a7z | ose | o6 | o025 | oar || ses | eraz | zess | zos || oer | 148 | omr | oaee
652 | BGAG | 2451 | 347
526 | BTET | 2448 | 283
a || 452 |eozz | zan | Gos [ 479 [ 6035 | zavs | eo0z [ ose [ oms [ oms | osa || 054 | o5 | -ose | 086 || 133 | o3¢ | o3z | oer | 479 | e03s | zevs | eoz || oss | osa | osa | osss
575 | &l30 | 2774 | BN
411 | Base | za41 | ean
w | 455 | 5653 | 3841 | 450 | 454 | 5542 | 3640 [ 457 [ oos o ooz [ oos || -0 | -0vs | tza | 054 || oaz | oos | oo | ooe | 454 | 5548 | 3540 | 457 || ooz [iXi 0oz | 0oet
462 | 6535 | 3640 | 481
446 | 6565 | 3537 | 461
1|l 859 | euw | anor | zes |[ 458 | SRa0 | 3423 | 4w 104 gw | 520 [ s | ose | 035 | ose | om || 1e0 X 188 173 || 458 |FaLsE| 423 | 4m0 104 |FALSE| 530 | 1838
362 | 60O | 4020 | B.20
463 | G0z | 32 | 2ad
12 || e5z | 5561 | 3262 | a6 || B4z | 85543 | 3430 | 497 [ o085 [ om 143 rF || oza | -nss | oae | o2z || o147 o | o053 | ote || sar | sEa3z | 430 | 457 || 095 | o4 145 | naes
430 | B4 | 3613 | 483
434 | Baan | 3618 | 483
13 || 493 | 5457 | 3455 | B9z || 533 | sem3 | zaes | am [ oaw [ ze7 | BE3 | am o | 023 | -nss | zae || o057 | o0s7 | 198 | 2z || 533 | 5753 | 2eE3 | FALSE| 037 | 257 | 553 | FALSE
540 | 5879 | ZvTz | mos
56 | Baze | 2361 | 1161
# || 428 | 5653 | ams | B3 || 4m | 5795 | s34 | 62 [ ozs | zes [ zee | o003 | o7 | o33 | oez | -z | ose | o1os | ose | ooz || am | s7as | 33as | a2 || 025 | zes | 2ee | oaes
451 | 5545 | 3486 | 509
403 | Bods | 3027 | B¢
MumberofLabswithDatal 14 | | @ [ i || ® ] 4 | W | @ J % [ ® [ 1 | w | @ [ % [ ® [ ®# | ® [ 1 [ % [ ® || # | w [ @ | i
dbl_bar { Su SriSH h Critical k. Critical Corrected ¥_dbl_bar ! S Corrected Srf SR
520 | 5837 | %37 | 528 | 065 [ zed | 2a [ w03 | 244 [ 244 [ za4 | 244 ”’ 246 | 206 | 246 | 216 || 520 [ 5sa4s [ 337 | 503 |[ oeds [ 2061 | zew [ o7
076 | 364 [ o [ 1309 | o983 | 44es | 4027 | 1540 076t | arm [ am [ oee | osss [ esos | eser | e

130

sBupeN dIeIL Ul PaSN speag SSe|o JO uolfeulwalad sssupunoy pue buizis reando


http://www.nap.edu/22927

Optical Sizing and Roundness Determination of Glass Beads Used in Traffic Markings

Sieve % Retained- C20 #12 Sieve % retained-C20 #12 Sieve % retained-C20 #12
12
250
3.00 {heritical | eritical ||
10
200 200
8
3 1.00 I 150
A T ¥ T
g I'771 s I . I 1t 0.00 1 )
H 4 + 2 2 3 4 7 8 12 13 !
-1.00 I
0.50 i
2 ]
-2.00
0 0.00 1 A
2 3 4 5 7 8 9 10 11 12 13 14 -3.00 12 3 4 5 6 7 8 9 10 11 12 13 14
Lab Number Lab Number Lab Number
Sieve % retained-C20#14 Sieve % retained-C20#14 Sieve % retained-C20#14
%
300 {hcriticall 250 {kcritical}
80
200 200
" 1 1.00
B 60 { 1 150
2 v ~
: T 1 SERE om0 Jy T S .
2 s 12 3 6 7 8 9 1 13 14
8 -1.00 "
20 050
-2.00 1 I]
30 0.00 a, [
2 3 4 5 6 7 8 9 1011 12 13 14 200 12 3 4 5 6 7 8 9 10 11 12 13 14
Lab Number Lab Number Lab Number
Sieve % retained-C20#16 Sieve % retained-C20#16 Sieve % retained-C20#16
50
300 h critical 250 Woriical
P fhorical} [ceriieal |
20 | 200 200
35 1
3 111 FITT e 150
T 30 =
g il T ) 000 I «
§ + T 1.00
x T 1 3 4 5 6 7 10 11 12 14 :
E 1.00 1
050
0 o | BT
10 000
2 3 4 5 6 7 8 9 10 11 12 13 14 3.00 12 3 4 5 6 7 8 9 10 11 12 13 14
Lab Number Lab Number Lab Number
Sieve % retained-C20#18 Sieve % retained-C20 #18 Sieve % retained-C20#18
14
300 critical | 300 crtical |
12
250
200
10
200
o 8 1.00 }
3
g « 150
g e oA ] .
.. .
e, 1 s . | : A . B ﬂ 12 13 14 1.00
: i : t 10 | | I
2 050
= | L1l
o 000 l s a I
2 3 4 5 6 7 8 9 10 11 12 13 14 3.00 12 3 4 5 6 7 8 9 10 11 12 13 14
Lab Number Lab Number Lab Number

Figure B-3- Error band and h and k statistics of percent retained for various sieve sizes of C samples
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Table C-1- Percent round on various sieves of Y samples
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Figure C-1- Error band and h and k statistics of percent round for various sieve sizes of Y samples
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Table C-2- Percent round on various sieve sizes of P samples

135

Foundometer 3 Round-F20 #_bar = h k W _bar_can S _corr
Lab
Mo || #e | #e | #20 | w5 || e #12 #20 | #28 #16 #3 #20 | #25 #15 iz #20 | #og #1E #3 #20 | W5 #1E #i2 #20 | #e§ #i6 #ig #20 | #5
1 72,80 REE] 081 138 [XH] REE] [
140
7180
2
3 | 7e3e | rara | ve2o | sry2 || vess | vess | 7ast | eena | aew | oss | 2w | 725 | oos | o024 | ooo | ooF 121 019 | o030 | o5 || 7683 | ress | 7ast | eena | aee | osme | 2w | roe7
7agd | 783 | 7333 | 7034
7545 | a0 | 718 | 7021
4
5
[3
7 | 7rEs | soed | vosa | eos7 [ vess [ oszer | o7aa | evez || 12 178 23 g2l || o3e | 120 | oo | o076 || o# | o036 | o3z | om0 || 7ess | sze | 7aa | ee2 | 128 178 3| B208
7547 | 8304 | 748 | B282
7773 | 844 | 740 | 7208
g | rav | ese | sz7s NN 077 [ orz [ s 095 | 11 203 025 | o0 013 721 | 8254 | sz 077 | ore | osz
7297 | 83.36 | &115
Fa0 | 8230 | s27
9 | soe1 | 7525 [ vees | sev2 || mas [ vsme | vave [ ez || o077 [ oeo | 20 st || 155 | o4z | oz4 | aeo || 025 | o2 | o029 | ose || @13 | vees | v4ve | e143 | 07w | ok | 2w | nsoa
al24 | 7646 | 7442 | 5486
g2l4 | 75.85 | 77.05 | 7472
10 7425 | 6735 | 532 7745 | eE89 [ EATE 536 [ 032 | 1678 005 | -lEd | oo 115 004 | 138 FRAG | BESS | BATE 535 | 032 | 16783
84,72 | BEA0 | 8513
74.59 | BE.74 | 6531
| #z2a | sees [ so2e | 4406 || veso [ voms | vose [ esasa | ess [ w0 [ zoes [ wess | om | ez | om0 | s || zes [ oera | oz | 13e | False| FaLsE| FalsE| e4ss ||False| FaLse | FaLsE | 1es4s
7074 | 67.86 | 8183 | 7296
8178 | 86.32 | 88.05 | 7466
12
13 || 720 | g068 | 720 | 4595 || 7age | s007 [ 7366 | 6436 ([ 123 | o047 [ o087 | 5se || o066 | ost | -ooe | nas || 040 | oos | o 128 | 7ase | soa7 | 7355 | e436 || 123 | od7 | os7 | mam
T2z | 8005 | T4E4 | 2T
7463 | 77T | 7320 | TATE
14 || 7030 | 7ra0 | 7e0 | e240 || 7093 [ vea0 [ vesr [ earv || 055 [ 05 [ ome | ed |[ -27 | on | 32 | 15 018 010 010 051 [ w93 | vaw | vear | earv || 055 | oz [ o | sz
P20 | Fro | 72a0 | 7es0
Fao | rero | 7330 | 7400
Mumber of Labs With Datal__7 s | @ 7 L7 [ a | 7 7 [ &8 T =& | 7 = s | 8 | 7 | & [ 7 7 & [ T | 7
#_dbl_bar {5y SriSR h Critical ||k Critical Corrected ¥_dbl_bar ! Su Carrected Srf SR
7562 | 7763 | 780 [ 6566 |[ 305 | G | 73 [ fe4vz || 205 | 223 [ 215 | 205 || 203 | 20a [ 208 | 203 | 75a2 [ 7847 [ 7386 | 6565 || 1738 | 2274 | 1558 [ 12472
ka0 | 4136 | 4t4m | zese || 4646 | eoen | 7oos | tads 3776 | 356 | #4477 | ekan || 4096 | 4mn | 4703 [ naes

sBupeN d1eIL Ul PaSN Speag SSe|o JO uoljeulwalad sssupunoy pue buizis reando


http://www.nap.edu/22927

Optical Sizing and Roundness Determination of Glass Beads Used in Traffic Markings

Roundometer % Round-P20 #16 Roundometer % Round-P20 #16 Roundometer % Round-P20 #16
100
kcritical
250 e} 250 fierveal |
%
200 200
90 150
85 1.00 150
e ‘ I | -
.4 I hd 0.00 1.00
£ 1t : AAMAIASS EAMAIID
s X
o : 100 1 | 050
° L1 s
“ 200 000
-2.50 4 5 6 7 8 9 10 11 12 13 14
1 2 3 4 5 6 7 8 9 10 11 12 13 14
Lab Number Lab Number Lab Number
Roundometer % Round-P20 #18 Roundometer % Round-P20 #18 Roundometer % Round-P20 #18
110
250 ezl || s00 [cemmeal
100 200
150 250
% .
7 .« T 100 I |'i 2.00
L 8 ¥ 1 - 050
5 - [ I 150
g 0.00 I
< 050 5 & g8 10 12 13 14 100
60
-1.00
050
50 -150 ”
- 1, ] ] o,
© 200 000
1 2 3 456 7 8 9 1011 12 13 14 -250 4 5 6 7 8 9 10 11 12 13 14
Lab Number Lab Number Lab Number
Roundometer % Round-P20 #20 Roundometer % Round- P20 #20 Roundometer % Round-P20 #20
110
250 h critical |_ 300 Kritical I_
100 200
250
90 150
1.00
o . 2.00
2 i 3 0.50
3 5 x 150
g b = 0.00 . il
g * -0.50 5 6 9 112 13 1 100
60
-1.00
50 150 050
w0 -2.00 0.00 I .1 I o
12 3 45 6 7 8 9 1011 12 13 14 -2.50 4 5 6 7 8 9 10 11 12 13 14
Lab Number Lab Number Lab Number
Roundometer % Round-P20 #25 Roundometer % Round-P20 #25 Roundometer % Round-P20 #25
110
250 h critical 250 K critical
o freiea} H
200
% 150 200
80 1.00
- 70 I i I I 050 ﬂ 150
2
g 60 + 000 =
& P T I 1.00
2 5 050 5 10 4 4 1
10 -1.00 050
2 -150 ‘
2 -2.00 0.00
-2.50 4 5 6 7 8 9 10 11 12 13 14

3 4 5 6 7 8 9 10 11 12 13
Lab Number

14

Lab Number

Lab Number

Figure C-2- Error bands and h and k statistics of percent round for various sieve sizes of P samples
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Table C-3- Percent roundness on various sieve sizes of C samples
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Figure C-3- Error bands and h and k statistics of percent round for various sieve sizes of C samples
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Table D-1-

Percent retained by COM-A on various sieve sizes of Y samples
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Figure E-2- Error bands and h and k statistics of percent round by SPHT for various size classes of P
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Figure E-3- Error bands and h and k statistics of percent round by SPHT for various size classes of C

samples
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Figure F-1- Error bars and h and k statistics of percent round by SPHT for various size classes of Y samples
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Figure F-2- Error bands and h and k statistics of percent round by b/l parameter using COM-A for

various size classes of P sample
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Figure F-3- Error bands and h and k statistics of percent round by b/l parameter using COM-A for
various size classes of C sample
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Figure G-1- Error bands and h and k statistics of percent retained using COM-B for various size classes of Y sample
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Figure H-1- Error bands and h and k statistics of percent round by T/L parameter using COM-B for various size classes of Y sample
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Table H-2- Percent round by T/L parameter using COM-B on various size classes of P samples
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APPENDIX |—RECOMMENDED TEST METHOD FOR MEASUREMENT OF SIZE DISTRIBUTION
AND ROUNDNESS OF GLASS BEADS USING COMPUTERIZED OPTICAL
EQUIPMENT

168

sBujrey ouel] ul pasn speag Sse|o 10 uoneulwialeg ssaupunoy pue Buizis reondo


http://www.nap.edu/22927

Optical Sizing and Roundness Determination of Glass Beads Used in Traffic Markings

PROPOSED STANDARD PRACTICE FOR

Determination of Size and Roundness of Glass
Beads Utilized in Traffic Markings Using
Computerized Optical Method

NCHRP 20-07: PP XX

11

1.2

SCOPE

This practice describes measuring size and roundness of translucent glass beads used
in traffic markings by Computerized Optical equipment. This practice is intended for
glass beads from 0.15 mm to 2.35 mm in diameter.

This standard may involve hazardous materials, operations, and equipment, This
standard does not purport to address all of the safety problems associated with its
use. It is the responsibility of the user of this procedure to establish appropriate
safety and health practices and to determine the applicability of regulatory
limitations prior to its use.

2.1

2.2

REFERENCED DOCUMENTS

AASHTO Standard
e M 247 Standard Specification for Glass Beads Used in Pavement Markings

ASTM Standards

e D 1214-04 Standard Test Method for Sieve Analysis of Glass Spheres
e DI1155-03 Standard Test Method for Roundness of Glass Spheres

e B215-08 Standard Practices for Sampling Metal Powders

Determination of Size and Roundness of Glass Beads Utilized in Traffic Markings Using
Computerized Optical Method
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2.3

ISO Standards

e [SO 13322-2 International Standard for Dynamic Image Analysis Method

e [SO 1448 International Standard for Particulate Materials— Sampling and Sample
Splitting for the Determination of Particulate Properties

3.1

3.1.1

3.1.2

3.1.3

3.1.4

3.1.5

3.16

3.1.7

3.1.8

3.2

3.2.1

3.2.2

3.2.3

3.24

3.2.5

TERMINOLOGY

Definitions:

Dosage Funnel-For feeding the glass beads to the device
Dosage Feeder—Vibration unit for control of particle delivery
Guide plate- For orienting the fine particles

Measurement Shaft- Volume through which particles fall and their images are
captured.

Image capture device—-Minimum of two digital cameras

Particle illumination unit— Light source for continuous illumination for image capture
device

Sample collection container— For collecting the glass beads at the end of the test
Particle size analyzer—A general term for computerized optical equipment
Description of Terms (See Figures 1):

Xemin (particle width) or b— The shortest chord of the measured set of maximum
chords of a particle projection (for close correlation to sieving).

T— Thickness of the particles

Chord- A chord is a line segment joining two points on a surface of a particle

Xre Feret diameter—Distance between two tangents placed perpendicular to the
measuring direction. For a convex particle the mean Feret diameter (mean value of all

directions) is equal to the diameter of a circle with the same circumference.

Xremax OF L — The longest Feret diameter out of the measured set of Feret diameters.

Determination of Size and Roundness of Glass Beads Utilized in Traffic Markings Using
Computerized Optical Method
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Figure 1- Scheme of X; min and Xge max

3.3

3.4

3.5

3.6

Xemin/ X Femax O b/l- Measure of roundness. For an ideal circle, b/l is 1, otherwise it
is smaller than 1. The threshold value used for measuring percent round using b/l is
approximately 0.85.

SPHT — Roundness parameter = 47tA/P?. For an ideal circle, SPHT is 1, otherwise it is
smaller than 1. The threshold value used for measuring percent round using SPHT is
approximately 0.93. A is the measured area, and P is the measured perimeter.
NSP-Roundness parameter, (SPHT) . For an ideal circle, NSP is 1, otherwise it is
smaller than 1. The threshold value used for measuring percent round using NSP is
the same as SPHT which is approximately 0.93.

T/L ratio— Measure of roundness, for an ideal circle T/L is 1, otherwise it is smaller
than 1. The threshold value used for measuring percent round using T/L is 0.82.

NOTE 1: Based on analysis of X-ray tomography images of various glass bead types
it was found that the threshold value of a roundness parameter is not the same for
different glass bead types. Therefore, there are uncertainties associated with using a
single cutoff threshold for all glass bead types. The proposed threshold values for
each roundness parameter have been computed as the median over each range of
threshold values corresponding to Types 1, 3, 5 glass beads.

4.1

SUMMARY OF PRACTICE

This practice describes the sample preparation and measuring size and roundness of
translucent glass beads by computerized optical equipment. The glass particles are
run through a flowing stream digital image analyzer and images of the free-falling
particles are taken at a minimum rate of 60 images / sec. from different directions.
The images are analyzed by image analysis software to measure the various
properties of the glass beads such as size, roundness, and total number. The
measurement time depends on the quantity of material to be measured, the width of

Determination of Size and Roundness of Glass Beads Utilized in Traffic Markings Using
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the metering feeder, and the mean grain size. Typical measuring times are
approximately 2 min to 10 min for the amount of glass beads specified in Table 1.

5. SIGNIFICANCE AND USE

5.1 The size and roundness of glass beads affect the retroreflectivity of pavement
markings. The purpose of this test method is to measure the size and roundness of
glass bead types in compliance with AASHTO M 247 specifications. This test
method replaces mechanical sieve analysis (ASTM D1214) and mechanical
roundness measurement (ASTM D1155).

6. APPARATUS

6.1 Computerized Optical Equipment — An optical-electric instrument for the
measurement and analysis of size, shape, and count of free flowing glass beads.
Figure 2 provides a schematic diagram of the measurement components of the
system. The equipment is structured into a dosage funnel, a vibrating dosage feeder,
guide plate, measurements volume, an illumination unit, image capturing device,
image analysis software, and sample collection container. The instrument is capable
of acquiring images of free falling-glass particles at a minimum speed of 60 frames/s
using minimum of two image capture devices.
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Key
1 light source
2 camera

3 measurement volume

Figure 2- Schematic diagram of components of the Digital Particle Analyzer [Courtesy of 1SO13322-2]

7.1

7.2

7.2.1

1.2.2

HAZARDS

General Safety Information: These devices are suitable for measuring free flowing dry
and non-toxic material. Please make sure that all information contained in the
material safety data sheets of the analyzed materials is observed. If used in
compliance with the operating instructions, the instrument can be operated safely and
efficiently.

Personal Safety—The following safety rules should be followed to prevent any
personal injury caused by improper use:

Every person working with the Particle Analyzer should read and understand the
manufacturer’s safety regulations and operating instructions, and be familiar with the
safe and intended use of the instrument.

Every person working with the Particle Analyzer should have access to the instruction
manual for this instrument.
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7.3 Material Safety—All safety regulations for the material to be analyzed should be
observed. Use standard safety precautions when handling glass beads. Spilling glass
beads on the florr will result in a slippery walking surface.

7.4 Device Safety—Repair of the equipment should not be carried out by the user. The
equipment supplier should be contacted when repair is needed.

8. OPERATING CONDITIONS
8.1 Environmental temperature: 10°C ... 40°C.
8.2 Air humidity: 80 % maximum relative humidity at temperatures up to 30°C, linear

decrease to 50 % maximum relative humidity at a temperature of 40°C.

8.3 Height of installation and operation: maximum 3000 m above sea level.

8.4 Installation location: place the Particle Analyzer on a firm, horizontal, vibration-free
surface.

8.5 Light conditions: avoid strong direct external light on the particle measurement shaft

or on the cameras.

8.6 This Test Method is intended for indoor use only. Deviation from this should be
conducted with advice from the manufacturer.

9. STANDARDIZATION

9.1 The Particle Analyzer, in most cases, will be calibrated by the Manufacturer prior to
shipping. Re-calibration might become necessary occasionally, for example, after the
transportation of the instrument or if required by quality management regulations. In
this case, follow the calibration procedures as outlined in the Manufacturer’s
instruction manual. Equipment associated with this practice requires periodic
calibration. Refer to the pertinent section of the manual documents for information
concerning calibration.

9.2 Calibration has to be done for the first start-up of the program together with the
customer, or each time the camera has been moved, or if the instrument has been
moved to another location.

Determination of Size and Roundness of Glass Beads Utilized in Traffic Markings Using
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10.

10.1

CLEANING

Occasionally, all parts that are in contact with the sample material, like the dosage
funnel, dosage feeder, guide plate, measurement shaft and sample collection container
should be cleaned, especially if the material contains a high proportion of dust or if
the sample type is changed. The cleaning may be performed with compressed air and
with a soft, dry brush. The cover glass of the illumination unit and the protective glass
coverings on the front of the camera unit can be cleaned with ethyl alcohol.

11.
111

1111

MEASUREMENT OF GLASS BEAD PROPERTIES

Test Specimen Preparation

Prepare at least two test specimens for each glass bead type. The sample size is
dependent on the particle size range. Table 1 provides the appropriate mass of each

glass bead type for use with the computerized optical equipment.

Note 2 — A reasonable mass tolerance for test specimens is £ 0.5 g.

Table 1- Appropriate mass for various size glass bead types specified in AASHTO M247

AASHTO Type Range (um) Range of US Specimen Weight
Sieve Sizes
Type O 600 - 180 #30- #80 50¢g
Type 1 1180- 150 #16- #100 50g
Type 2 1400- 150 #14- #100 70g
Type 3 1700- 710 #14- #25 100 g
Type 4 2000- 850 #10- #20 150 g
Type 5 2350- 1000 #8- #18 200g
11.1.2  Measure the mass of the glass beads from a sample reduced by a sample splitter
following the sampling procedures recommended in ASTM B215-08 or ISO 1448.
11.1.3  Pour entire glass bead sample into a glass beaker or suitable container.
11.1.4  Place the beaker in an 110 °C £ 5°C oven for one hour to dry out the glass beads to
assure they are free flowing.
11.1.5 Remove the beads from the oven and allow them to cool to room temperature for

about 15 min. prior to testing.
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11.1.6

11.2

11.2.1

11.2.2

11.2.2.1

11.2.2.2

11.2.2.3

11.2.2.4

11.2.2.5

11.2.2.6

11.2.2.7

11.2.2.8

Record the mass of each test specimen.
Computerized Optical Equipment Preparation

All measuring and analysis parameters should be determined initially and saved into
the pre-defined files referred to as task files or method files.

Note 3 —Check with instrument manufacturer for suggestions on how to best set up
any software that comes with the instrument. Setting up the instrument software
properly will allow for meaningful reports.

Note 4 —For optimal future operation and measurements it is sensible to prepare
different “task™ files for the different materials as the particle characteristics, size
classes, the optimum parameters for feeder control, etc. will usually be different for
different materials.

Include the following information in the task file:

Insert the approximate maximum size of the particles.

Insert the width of the feeder.

Insert the height of the dosage funnel which is determined based on the size of the
largest aggregate. The recommendations for the gap between funnel and vibration
feeder is 2 times the size of the largest beads.

Adjust the vibration amplitude of the feeder plate.

Mark the use of guide plate when measuring very fine glass beads. This will ensure
that the orientation of the particles during the free fall phase is aligned.

Set the opening of the guide plate slightly larger than the largest particle diameter in

the sample to prevent blocking of the guide plate during measurement. However, the
distance should be as small as possible. The right gap for the guide plate is 1.5 times

the diameter of the biggest beads or “1 mm fixed for all beads between 0 mm and 0.6
mm” and “3 mm fixed for all beads between 0.4 mm and 2.5mm”.

Activate the use of air flow if testing fine particles.

Enter the sieve classifications. Use the sieve sizes based on the sample types. Table 2
provides the sieve sizes of each glass bead type specified in AASHTO M 247.

Determination of Size and Roundness of Glass Beads Utilized in Traffic Markings Using
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Table 2- Sieve sizes in micrometers to be selected for various glass bead types specified in AASHTO M247

Optical Sizing and Roundness Determination of Glass Beads Used in Traffic Markings

Type O Type 1 Type 2 Type 3 Type 4 Type 5
600 1180 1400 1700 2000 2350
425 850 1000 1400 1700 2000
300 600 710 1180 1400 1700
180 300 500 1000 1180 1400
150 150 300 850 1000 1180

- - 150 710 850 1000

11.2.2.9 Choose X, min(b) or T parameter for sizing. Choose percent passing and percent
retained.

11.2.2.10 Select Xc min / X Femax ( b/l) or T/L for roundness measurement; use a threshold of
0.85 for b/l and threshold value of 0.83 for T/L.

11.2.2.11 Select SPHT or NSP for Roundness measurement; use a threshold value of 0.93.
11.2.2.12 Choose percent round in each class size based on X min/ X re max (b/1) or T/L.
11.2.2.13 Choose percent round in each class size based on SPHT or NSP.

11.2.2.14 Select weighted average percent round in each sample using X min / X pe max (b/1) or
T/L.

11.2.2.15 Select weighted average percent round in each sample using SPHT or NSP.

11.2.2.16 Select D10, D50, and D90 for measuring the diameters at which 10 %, 50 %, and 90
% of the mass of a glass bead sample is finer, respectively.

11.2.3  Save task file in order to save the created method.

11.2.4  Load the sample into the dosage funnel feeder of the equipment.

11.2.5  Choose the created task file and start the measurement.

11.2.6  The measured results are available a few moments after the measurements are
completed.

11.2.7 After the measurements are completed, save the results.

Determination of Size and Roundness of Glass Beads Utilized in Traffic Markings Using
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12.

12.1.1

DATA ANALYSIS

Analysis of the data is done automatically using the computerized optical equipment
software.

13.
13.1
13.1.1
13.1.2
13.1.3

13.1.4

13.1.5

13.1.6

REPORT

The report of the analysis should include the following information:
Percent retained and passing of particles in each class size

Percent of round by X min/Xre max (b/1) or T/L in each class size
Percent of round by SPHT or NSP parameter in each class size

Value of X min/Xre max (b/1) or T/L for each size classification and the weighted
average value for the whole sample

Value of SPHT or NSP for each class size and the weighted average value for the
whole sample
Values of D10, D50, and D90

14.

14.1

1411

PRECISION AND BIAS

Precision - Criteria for judging the acceptability of percent retained and percent round
results obtained by this computerized optical method are given in Table 3.

Single-Operator Precision (Repeatability) — The figures in Columns 2 of Table 3 are
the within standard deviations that have been found to be appropriate for the
conditions of tests described in Column 1. Two results obtained in the same
laboratory, by the same operator using the same equipment, in the shortest practical
period of time, should not be considered suspect unless the difference in the two
results exceeds the values given in Table 3, Column 3.

Multilaboratory Precision (Reproducibility) —The figures in Column 4 of Table 3 are
the between standard deviations that have been found to be appropriate for the
conditions of tests described in Column 1. Two results submitted by two different
operators testing the same material in different laboratories shall not be considered
suspect unless the difference in the two results exceeds the values given in Table 3,
Column 5.
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Table 3-Precision estimates for percent retained and percent round of Type 1, Type 3, and Type 5 glass beads

Type Index and Test standard Acceptable Range standard Acceptable Range
Property deviation (1s)® of Two Test deviation (1s)® of Two Test
Results (d2s)* Results (d2s)®
Single-Operator Precision: Multilaboratory Precision:

Percent Retained:

Typel 1.34 3.8 2.98 8.3

Type 3 0.67 1.9 2.12 5.9

Type 5 0.85 2.4 1.18 3.3
Percent Round:

Typel 1.01 2.8 1.59 4.5

Type 3 0.88 2.5 1.08 3.0

Type 5 0.86 2.4 1.38 3.9

® These values represent the 1s and d2s limits described in ASTM Practice C670

Note — The precision estimates given in Table 3 are based on the analysis of test results from an AMRL interlaboratory
study (ILS). The ILS data consisted of size and roundness results from 8 laboratories testing three replicates of three
sets of glass bead samples using computerized optical equipment. The materials included Type 1, Type 3, and Type 5
glass beads described in AASHTO M 247. The average mass percent retained of the predominant size class of Type 1
samples was 50 % and the average mass percent retained in the predominant size class of Type 3 and Type 5 samples
was 55 %. The average mass percent round was 70 %, 80 %, and 90 % for Type 1, Type 2, and Type 3, respectively.
The details of this analysis are in NCHRP Research 20-7(243) Report #xxxxx.

14.2 Bias — No information can be presented on the bias of the procedure because no
comparison with the material having an accepted reference value was conducted.
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