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Executive Summary

This report summarizes work that is part of a larger project funded by the FRA titled
AQuanti fying the Effect of Prestressing Steel
Pretensioned Concrete CliowimgdMbpjor Resealth Taskhe pr oj ec

Laboratory Phase

1) Pretensioned Concrete Prism Tests

2) Un-Tensioned Pullout Tests with Mortar

3) Tensioned Pullout Tests with Concrete

4) Precise Measurements of the Reinforcement and Indent Geometry
5) Performing Load TestOn The Pr&ensioned Concrete Prisms

Plant Phase

6) Automated Device for Transfer Length Measurement

7) Measuring Transfer Lengths of Concrete Crossties at the Plant
8) Un-Tensioned Pullout Tests with Concrete

Joint Research Activities
9) Evaluation ofTies Installed in Track

The work presented herein specifically covers {agkPrecise Measurements of the
Reinforcement and Indent Geometry

Kansas State University has developed a means of improving the design and quality of
prestresimg steel reinfocement wires used in concrete ties. A-tontact indent profiling

system has been developed that can provide full geometrical definitionpresieesing
reinforcement wire. The system has been utilized to understand and create models relating the
indent geometries of the reinforcement wire to the performance of the carrosste

It is recommended that these research findings be used to develop optimized reinforcement wire
geometry and to provide sustaining reinforcement wire quality coritodifications should be

made to ASTMAB881 within accordance to these findings so that the production and testing
requirements of thprestresisg steel reinforcement wire may be improved.

The purpose of this research is to resolve ongoing issues with premature fgukestiessd
concretecrosstis. Within this study 13 commaally available and 12 custemade

reinforcement wires have been studied. A newecmmtact indent profilingystem has been

developed to collect detailed surface profiles ofgrestresisig steel. Newgeometrical feature
measurements and processing algorithms have been developed to provide detailed measurement
of prestresisg steel within accordance to the dimseoning and tolerancing guidelines of ASME
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Y14.52009. These geometrical features have been found to have a significant relationship with
the transfer length and fraceupropensity of concretosstis. Models have been created that
provide the abilig to predict the transfer length of concretesstis given the results of the non
contact indent profiling system. This system provides a means of improving the design quality
of reinforcement steel and a means of sustaining quality control througlequioduction

lifecycle.

The next step is to utilize this technology by developing a hardened device with a simple user
interface, ideally in LabView. Additional funding is actively being sought in order to implement
these important findings.



1. Il ntrodiucti o

This research provides a detailed analysis into the influenueestressig steel reinforcement
surface profile on the quality and reliability mfestressd concrete railroad tieS his research
addresses ongoing problems with the design and gealityol of modermprestressd concrete
railroad ties. The research identifies critical aspects of the geometrical desgesifessg
reinforcement wire that directly relatepoestressd concrete railroad tiedNovel geometrical
features have beestablished that have a strong correlation to the transfer lengtiesifessd
concrete membersA method of measuring and performing quality control on the geometrical
design is presented’he method relies on principles of datuming and measuremeefiasd by
ASME Y14.52009standard for Dimensioning and Tolerancag].

The indent geometry on the surfacepodstresing steel reinforcement wire has been found to
have a direct relationship with the splitting potentialhef teinforcement wire and the transfer
length ofconcrete members using the wifeg].

Within this study 13 commercially available reinforcement wires have been measured and tested
to determine how their design will influence the lifiyaof concrete railroad tiesln addition 12
customnew reinforcement wire geometries were made. The analysis of commercially available
reinforcement wires provides an understanding of the currentigar@twire typesavailablein

the industry. The custom geometries provide controlled variation of the geometrical features to
identify which geometrical features and their ranges are significaptdéstressd concrete

railroad tie quality.

A novel 3Dsurface profilometry system has been developed that provides detailed surface
profile information ofprestresisig steel with a resolution of one micron. Such a detailed surface
profiling of concrete reinforcement steel has never been done before. dfilemetry system
provides both a means of engineering improved reinforcement wire designs and implementing
more complete reinforcement wire quality contr8kcanning systems developed with data
processing rates and overall design characteristics soit@dhttical industrial applicatiof®].

Novel 3D spatial analysis and geometrical feature measurement algorithms have been developed
to provide automated and semitomated analysis of Higesolution surface profiles. The
geometrical feature measurement algorithms have been proven within this study to perform
better than the current ASTM881profile requirements and predicting the performance of
prestressd concrete members made with thimforcemensteel. The algorithmsadhere to the
principles of datuming and measnorent defined by ASME Y14-:2009. Dimensional

requirements defined with stable, functional, and usable dgitouglea more robust means of
measurement acrodgferenttesting systems and different measueatroperator§2,3,5,7].

Noveltheoretical an@mpirical models have been developed that predict the transfer length
given reinforcement wire geometrjlodels have been developed with a coefficient of
determination in excess of 95% and strong statistical significaBo®girical models are based
upon esting of 4 wire concrete prisms with known transfer lengthsTheoretical models rely

on fundamental principles of friction coefficients and adhesive shear properties of concrete.
Models havébeendeveloped combining reiorcement wire geometry and release strength of the
concrete member to create aniatllusive model to predict transfer length given the conditions
of the concrete membé§s].



With the findings from this research n@nestresisig indent profiles may be designed that
improve the life expectancy and load capacity of concrete railroadTtiessystems developed
from this research can be implemented in production to provide sustaining quality control at a
standard current not paible with the current industry practices defined by ASABB1[4,8].

1.1 Background

This section documents the background information needed to understand the deficiencies in the
current ASTM A881 standard and fundamental principles of geometrical measurement and
dimensioning that are necessary for adequate quality confpotstiresisig steel reinforcement

wire indent profiles.

1.1.1 Problem Statement

Prematurdailure of prestresad concrete railroad ties in the fiedoh costly occurrence with
modern tiedesign Concrete railroad ties are intended to have higher load capacities and life
spans with less maintenance than common woodesstis. Due to unpredictable behavior,
concrete ties currently aoftennot meeting their designed life and load expectancies. This
results in expensive maintenance costs and additional track downtime.

A key predictor of the performance opeestressd concreterossties the transfer lengthThe
transfer length is defined as the distance required to transferetsteesing forces of the
reinforcement into the concrete membAssuring that the émsfer length is less than the
position of the rail seat is necessary to establish thereditresimg forceprior toload point of
the concrete tie.

The indent geometries embedded into the surface qirdstresisig steel reinforcement wire are

a keypredictor to the concrete members transfer length and the overall performance of the
concrete tie.This research investigates the influence of these geometrical features and methods
of sustaining geometrical quality control.

1.1.2 ASTM A881-2010 Standard

Thecurrent standard fqrestresing steel reinforcement wire design is ASTM A83010. This
document specifies the requirements for the material, mechanical properties, requirements for
indentations, packaging and other general requirements of the remérceire. In respects to
the indent geometry requirements for théent edge wall angl&§, indent depthd), indent

length (), and pitch/periodd(). The dimensions are illustrated in the figure below.
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indentation showing indentation sidewall
angle. (A)

Figure 1. ASTM A881 Geometrical Feature Requirementgl2]

It is also stated that the indent will be orientated at an angldedsit v. Jrhe table below
showsaceptable values for two wire types within the standard. 5STB2mm (2094in) diameter
wire is considered within the scope of this research project.

Table 1. ASTM A881 Wire Dimensiong12)

Nominal Wire Diameter, Depth, a, in. [mm] Nominal Length, L, Nominal Pitch, P,
in. [mm] in. [mm] in. [mm]
0.198 [5.03] 0.005 + 0.001, —0.002 0.138 = 0.02 [3.5 £ 0.5] 0.217 = 0.02 [6.5 = 0.5)
[0.13 + 0.02, —0.05]
0.2094 [5.32] 0.0045 £ 0.0014 0.138 = 0.02 [3.5 + 0.5] 0.215 = 0.011 [5.46 = 0.29]
[0.115 = 0.035]

The standard does npttovide a detailed requirement as to how the indents shall be measured.
This is left to be decided amongsetpurchaser and supplier. The current standard does not state
which geometrical features of the wire contribute the greatest to the wires @aréermin order
determine ideal design parameters for a reinforcement wire, it is necessary to first establish the
amount of influence each parameters has on the performance of the wire. Next this must be
followed with a detailed measurement protocol tkendetermining the produced geometry
controlled and repeatable. Current methods of using depth micrometers and probes do not
analyze the full nomuniform surface profile of the indent#s such, geometrical features such as
the indent edge wall angleeanot constant and are varying throughout the indent feature.

1.1.3 Geometrical Dimensioning and Tolerancing (GD&T)

The current standard for stating and interpreting geometrical dimensions and tolerances is ASME
Y14.5m1994. The standard presents four fundautaé types of controls which are location,

size, orientation, and form. These controls can be specified using a vagetgnoétrical
characteristicsvhich includethe following:



Straightness
Flatness
Circularity
Cylindricity
Angularity
Profile
Position
Runout
Symmetry

=4 =4 =4 _-8_48_9_9_°5_2

These are the primary geometric characteristics and most part geometries can be defied from the
above mentioned list. Other geometrical characteristics exist for additional part definition.
Location and orientation of parts are to al&dée made with respects to a datum reference

frame. Controls of Size are to optional be made with respects to datums and controls of form
should never be made with respects to datums.

Datum Reference Frames

As per ASTM Y14.5ml1994, in order to define @nsisentmeasurement process that is
unambiguous for interpretation it is necessary to define the datum reference frame. The datum
reference frame (DRF) provides theoretical points, axes, linpames as to which

measurements can be made from. Bffrdng measurements from datums, the orientation and
position of the part during the measurement process is unambidubus

As the indent geometry pirestressg steel is irregular, variation in measurement procedures

can ceate widely dferent results. A basic illustration of the concept is shown below in the
measurement of a rectangular block. Depending upométieod used to locate the rectangular

part, multiple length measurements can be determined. The location of the partassiihe

left creates a long length measurement. The location of the part as shown on the right creates a
shorter length measurement. By defining an order of precedence in locating the part a repeatable
measurement requirement can be communicated pdtishown below should be located to

datumo thend every time so that the measurement is repeatable amongst different individuals
and with different measurement equipment.

— | — |

L 5 -

A

L

Figure 2. Necessity of Datumgor Stable and RepeatabléMeasurement

rktb.




This need for datum reference frames is also seen fopréiséresimg steel reinforcement wire
indent geometryBelow is an illustration of a typical chevron style indent geomelhese
indent shapes are the maesinmon variety considered within this study.

Top View

Cross Section View

Figure 3. lllustration of Typical Chevron Style Reinfocement Wire

Typically the indentlepthis measured at thdeepest portion of the indent with the wire fixated

to a table andalled to the position of maximum depth. The figure below shows a typical cross
section of a chevron style reinforcement wire. As the maximum depth is constant over a large
portion of the indented regipthe depth measurement may be taken by the uaeratgle that

is not orthogonal to the surface of the wire.

Figure 4. Example Issue of a Measurement without Datum Definition



By defining a datum axis and then declaring that the depth measurement is to be made within
respects to datum the measurement may be taken consistently regardless of rotatiorpaftthe

Figure 5. Benefits of a Datum Based Measurement

The use oflatuns provides aepeatableneasurementequirement that is indepegict of the
measurement device. This allows $pecificationdo be made that will be repeatable among
different end users and operating equipment.

1.1.4 Minimal Zone Measurements

Minimal zore measurements provide a means to fit a perfect geometric form tepeniect
collection of measuredata points.For GD&T applications the most common types of
geometric forms fitté are points, axes, and planes.

Linear Zone (Straightness)

Thelinearzone is used to detmine a representative linéthe data setThe linear zone is a 1
dimensional search problenthe linear zone which is used to determine the straightness of the
set of points is found by determining thegbmof orientation—that minimizes the distance
between two parallel lines. The first line is at a position greater than all @oidtse second

line is at a position less than all points.



Figure 6. Linear Zone Problem

A simple model of the problem can be madedigting the data points at anglauntil a local
minimum is found. Minimizing thelistanceQ which is the distance between two parallel lines,
aanda, wherea is greater than all data pointsdai is less than all data points.
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Planar Zone (Flatness)

Similar to straightness, flatness is applied-ir@ensional surfaceslhe minimal planar zone is

a two dimensional search problem. The linear zone is used to determine the flatness of the set of
points. This is found by determining the two anglesri@ntation,— and— that minimizes the
distance between the two parallel plangsandry . The frst plane is constraindd a position

greater than all data points. The second plane is at a position less than all data points.
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Circular Zone (Circularity)

The figure below shows how the circular zone is calculated. The blue shaded region represents
all the data points bounded by two concentric circles. The first circle circumscribes all data
points. The second circle inscribes all data points. The qanitgrof these two concentric

circles is used as the datum reference point for the circle. The radius of the circle is the mid

radius betweenh andi 1 i 7¢ .



Figure 7. Circular Zone
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Above is the required optimization. Wittbho d@ mh) and who represents the center
datumpoint. i is the radius of the circle less than all data pointsi aisdhe radius of the circle
greater than all data points atie objective is theiminimal differenceg24].

Cylindrical Zone (Cylindricity)

WhereQ is the radial distance ofeldata point from the theoretical line determined by the two
pointsr) andr] . The objective function is subject to the radiubeing greater than radius of
all data points from the center axis and the radiuseing less than radius of all dataiqts from
the center axis. In order to minimize the objective function the concentric cylinders can be
translated and rotated in an iterative manner to obtain the local minimum.

In order to solve this problem the position of the pami@ndr) are iteratively changed so by

the NelderMead method until convergence is reached. If we assume the two points are fixed to
z-planes that are a constant distance apart then we ordyfdiaavparameters that can be varied

by the NeldetMead §f h) M) ) ). This presents a four dimensional Nelt#zad

problem. The alternative method to define this model is with a single data paimisovalues

and then two angular ltges to represent pitch and yaw of the line.

Once this NeldeMead algorithm completes the result is the position of the center axis that
adheres to the ANSI Y14.5m requirements for dimensioning and tolerancing. This reference
axis will be used in determing the radial values of all data points from the center of the wire.
This will provide a means of determining depth of the indented regions on the wire §2fface

1C
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Figure 8. Point to Line Distance

1.1.5 Non-Uniform and Complex Geometry Analysis

The typical commercially available indents available in the industry have-amifmmm

geometry. The shape oamgle indent profile is complex and widely varying from one
manufacturer to the nextGradual transitions from indent edge walls to the indent basin make
determination of transition points difficult. Additionally, the indent edge is almost always
varying in angle and length across the indent region. As the indent geometries are €2 100
microns in depth and the surface of the steel has a roughness ranging on the ordér of 10
microns, indent profiles are inherently difficult to measure and ditftoufully define the
geometry and its requirements.

Figure9 shows the indents isolated from a scanned reinforcement wire sample. The indents are
colored with respects to the radial value of the surface profile. Areas with a low radius value
from the center axis of the wire are shown in blue. Areas with a high radius value from the
center axis of the wire are shown in red/mageAscan been seen the imagethe shape of

the actual indent has complex curves and the indent deptin-sonsistenthroughout the indent
profile.

11



Figure 9. Isolated Indent Geometries from a Scanned Reinforcement Wire

Ideally the indent would be sectionalizeal that each section defines a different aspect of the

wire and each section has design requirements and tolerances that should be maintained.
However, as seen Figure9 the transition from each section is not easy to definather

difficulties arise when comparing wires from different manufactures as each manufacture has
their own unique surface profil@he indent edge wall is constantly varying over its section as is
the indent basin; this prevents defining the geometry as simply a planar indent edge wall at a set
orientation angle and an indent basin of depth. This is how currently the A8\ standrd

defines the geometry. However, there exist many wires that have large maximum depths with
relatively low overall indent depth. There are also indents with steep edge wall angles at the
position of maximum depth and at the indent extremities havestatiow edge wall angles.

12
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Figure 10. Sections of a Chevron Reinforcement Wire

The microscope image Figurellis of wire sample WD. Wire sample WD very clearly has a
varying indent edge wall angle when measuring the edge wall angle down the axis of the
reinforcement wire.The indent edge wall angle at the location of maximum indent depth does
not best represetiie overall profile of this indent edge wall.

Figure 11. Wire WD, Non Constant Axial Edge Wall Angle

13



Figurel2shows&® D prof il e of an indent for wire type
verticalaxis has been scaled to show the detail of surface variation of the ifthenindent

basin gradually blends with the indent edge wall at the bottom left of the ghapime top right

side of the graph the indent edge wall gradually blends with the wire surface profile. This makes
determination of the boundary condition that defines the indent edge wall and basin difficult.

Wire Type: WF

2.80
2.75

2.70

mm

2.65

2.60

Figure 12 Unclear Indent Basin and Edge Wall

The complex profile of the indent geometmakessimple definitions such as indent measured at
maximum depth and indent edge wall measured at location of maximum depth unreliable at fully
defining the profile of the indent. This necessitaasethod of analyzing the indethtat

performs a full fornmeaurement

1.1.6 Data Acquisition

Current industry practices of ASTA881 use a depth indicator to measure the maximum indent
depth relative to the wire outer surface profile. The use of a linear displacement device along
with the depth indicator allows th@erator to measure the indent edge wall anlylexrder to

perform an analysis of the entire surface profile a new measurement and data collection method
is needed

Commercially available 3D scanners either dohatea working accuracy and resolutionited

for the small indent profiles or they come at costs that are prohibitive for their use within this
research and for use as an applicable quality control device for produsi@uch, four new

3D scanning prototypes were developed to measure tr@dfile of the reinforcement wire.

The prototype systems allowed for sampling and analysis of the currently available
reinforcement steel, the prototypes also present a practical solution for industrial quality control
applications.

14



1.1.7 Modeling Performance

Models were developed to determine which geometrical features have a significant relationship
with the performance of tharestressg steel reinforcement wireBoth theoretical and empirical
models were used in order to determine what relationshigth®rcement wire geometry has

with the performance of the concrete membEne models provide several benefits. First, they
identify which geometrical features are critical to the performance of the reinforcement wire.
Second, they which geometridahtures can and cannot be combined to create a representation
of the reinforcement wire performance. Third, they provide a means of improving the
reinforcement wire geometry to minimize transfer length while minimizing the fracture
propensity induced bthe wire. Finally, they provide a means of implementing quality control

of the overall concrete tie based upon information about the detailed indent geometry.

The transfer length of concrete prisms and actual conoressties were used within this siy.

The transfer lengths were calculated by a combinatiéitoftemoregagesand a norcontact

optical strain gaggl5]. The optical strain gage was developed for determining transfer length in
concrete ties41, 36]. Extensive testing of the optical strain gagges done to confirm its ability

to determine transfer lengtB4, 27, 9]. Currently work is being done to develop a reamtact
transfer length measurement system for commercialldge [

Transfer lengths were determined with the use of the-Zleaanethod13]. This method was

tested and verified against the 95% Average Maximum Strain (AMS) me&hodltje

generalized Zhatee method is in unbiased method of measuring transfer length that is capable
of accommodating forancrete member with irregular geometrigs||

1.1.8 Research Map

Figure13 showstherelationshipof this researciproject and previous fields of study. As this is
an interdisciplinary research project, prior reseaahes from a very broad background of
engineering disciplines. The research map highlights four independent fields of reJéwmsd.
are NonLinear Sarch, GD&T & Measurements, Spatial Feature Recognition, and
Reinforcement Indent Design. This research project has contributechtofaaiese fields
individually and is dependent upon them.
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Figure 13. Research Map

1.2 Objectives and Scope

The focus of this research is to develop autonomous quality control systems that server to
improve the geometrical dimensioning and tolerancingre$tressd steefeinforcement wire.
This research intends to achieve the following goals:

1. Research new genetrical feature measurements and algorithms that provide valuable
definition of the quality of the reinforcement wire.

2. Research algorithms for geometrical feature recognition and extraction to provide an
automated and repeatable method of measurement

3. Research norinear search algorithms to improve the minimal zone measurement results
and computation times for GD&T minimal zone problem sets.
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4. Research new hardware and electronics to provide a cost effective and acethaizs
for profiling indent gemetries.

5. Establishstatistical models that predict the transfer length given the geometrical features
of theprestressg steel reinforcement wire.

6. Establish theoretical models that predict the transfer length given the geometrical features
of theprestressg steel reinforcement wire.

7. Validate the research findings through controb&gerimentation

This research addresses two fundamental questions. First, what featurgwestiiesisg
reinforcement steel contribute to the quality of concrete members? Second, what parameters
should those features have and how can they be measured to provigg@redprestressd
concrete railroad tie and a means of controlling the quality throughout the production lifecycle.
1.3 Overall Approach

This research project relies on new developments in many independent fields of engineering for
success. As such great fecwas made to provide early proof of concepts in each area of
research. By developing early validations to verify the ability of the research requirements to be
met, the amount of time that could then be spent on improving the proof of concept was
allocaged. Several iterations of developing proof of concepts, expanding, and implementing were
used to complete thresearch. In total four uniquely different 3D systems were developed
throughout the research. Each design improved upon its successor aed &ionew findings

to be achieved.

1.4 Organization of the Report

This report is broken inteightmajor chaptersEach chapter is an independent research
category that wagursued throughout th@oject. The chapters are organized as follows:

1. Introduction
2. Geometrical Feature Measurements and Algorithms

Algorithms used to measure the geometrical features as pertaining to the indent geometries of the
prestresimg steel reinforcement wire.

3.Non-Linear Search in GD&T
Algorithms used to solvihe nonlinear problems as defined in chapter two.
4. Indent Profiling System Hardware and Electronics

Research and development of four 3D scanning systems specialipedsivesisig
reinforcement steel.

5. Wire Analysis and Measurements
Measurement re$is found using the findings of chapters two, three, and four
6. Statistical Modeling
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Multivariateregressions developed to predict transfer length of concrete prisms given the indent
geometrical feature measurements from chapter five as input paraniétersection also

contains a variety of othenultivariateregressions and individual correlations with the wire
geometrical features and transfer length.

7. Theoretical Modeling

Theoretical models were developed that rely on coefficient of frictioradhdsive shear forces
to predict the transfer length apdlloutforce of a reinforcement wire

8. Validations
Validations to the measurement system presented in the previous chapters

9. Conclusion
Discussion of the major findings that have bdetovered within this research
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2. Geometri cal Feature Measurements and

This chapter documents thigorithms used to perform measurements of indent profiles on the

surface of 5.32 mrdiameterprestresimg steel reinforcement wireThroughout this research

over 18 different geometrical feature measurements were studied that define the indent surface
profle. Novel geometrical feature measurements wer
void and indent surface area.

2.1 Introduction

The purpose of this research is to investigate a new standard of measurement methods for
prestresimg steel reinforcenmd wire used in concrete railroad ties. Currently the standards for
prestresimg steel reinforcement wire measurement require only limited measurements to be
performed that do not fully define the indent geometry. In previous research a variety of un
tersioned and tensioned pullout experiments were perforngi3]1 Models were generated

that fit this experimental data to the reinforcement wire [10]. Through this previous research
new geometrical features were found that provide stronger correlati@msber length and
pullouttests than previously required geometrical features. These new measurement protocols
utilize parameters that better predict the transfer length amqulitiogit force of reinforcement

wire [10]. Which if used cammprove reinforcement wire quality control and design
specifications. The wires considered in this study are a 5.32mm diameter chevron type
reinforcement that is currently available within the industry. The indent depths within this study
range from 10@o 200 microns.The indents are at an approximate 45 degree angle and are about
3-5 mm wide and 8mm long.

The purpose of this research is to develop a new means of identifying and extracting geometrical
feature statistics from a narontact precisioomeasurement 3D profilometer. Autonomous
algorithms have been developed to search through-$ae Cartesian point clouds to identify

and extract geometrical features. These algorithms are developed with the intent of providing
reattime production qudy control of coldrolled steel wires. The steel wires in question are
prestresisig steel reinforcement wires for concrete members. The geometry of the wire is critical
in the performance of the overall concrete structure.

For this research a cust@D noncontact profilometry systeimas been developed that utilizes
laser displacement sensors for submicron resolution surface profDipigmizations in the

control and sensory system allow for data points to be collected at up to an approximat@ 400,00
points per second. In order to achieve geometrical feature extraction and tolerancing with this
large volume of data, the algorithms employed are optimized for parsing large data quantities.
The methods used provide a unigue means of maintainingdsghution data of the surface

profiles while keeping algorithm running times within practical bounds for industrial application.

By a combination of regional sampling, iterative search, spatial filtering, frequency filtering,
spatial clustering, and tergpe matching a robust feature identification method has been
developed. These algorithms provide an autonomous means of verifying tolerances in
geometrical features. The key method of identifying the features is through a combination of
downhill simplexand geometrical feature templates. By performing downhill simplex through
several procedural programming layers of different search and filtering techniques, very specific
geometrical features can be identified within the point cloud and analyzed per poterancing.
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Being able to perform this quality control in real time provides significant opportunities in cost
savings in both equipment protection and waste minimization.

In order to handle redime data analysis a significant portion of the corapahal search

algorithm is handled by the graphical processor unit (GPU). By parallel processing search
iterations and effectively spreading the sampling of data, algorithm run times are greatly
reduced. In order to further reduce algorithm run timegseating geometrical features use
exponential smoothing to predict the next geometrical features expected position. By doing so,
the search algorithms initializations begin very close to the actual search solution.

Along with these efforts to minimizeearch algorithm run times efforts have been taken to

reduce the computational load of the templates that are used in identifying geometrical features.
In order to create a light weight template for geometrical features, the templates are made in a
branching procedural scheme. Each geometrical feature in consideration is broken down into
several geometrical attributes. The shorter runtime geometrical attributes such as frequency
variations are used first most to identify potential geometrical featunese ®potential

geometrical feature is established, several different geometrical attributes are tested to see if
there exists a match between the template and the considered region.

These efforts to improve feature recognition in 3D Cartesian pointclwane broader impacts
in computational surface analysis and metrology than the current applied researckrotexbld
steel wires. By developing a light weight and accurate means to autonomously recognize
features in &limensional space, many opportigstare made available in computer visioning
systems and automated surface metrology analysis without having to limit data density.

2.2 Background

Contemporary concrete railroad ties reinforced pitstresing steel reinforcement wires have
experienced spadic premature failures much shorter than their designed life span. There are

two primary design influences of the reinforcement wire that can be directly related to the

crosstis life span. The first is the transfer length of the reinforcement waegek indent

depths produce shorter transfer lengths. Transfer lengths that are too long will not have the full
pre stressing forces at the rail seat, while transfer lengths that are too short can produce excessive
stress at the end of the tie and produaeture. The second is the indent edge wall angle; a
shallower indent edge wall produces greater radial forces into the concrete rail road tie. Some
radial force may produce compressive loading around the wire prevent concrete shear, however,

if the radial forces are too large the wire maguce fracture propagation.

Figurel4 shows the type of reinforcement wires that these measurement protocols can be
applied m. These wires have 3 rows of chevron type indentations that vary in depth, length,
width, and edgeslopeas well as variations in their overall general shapeme of these chevron
style reinforcements have crisp surface profiles others have roungess sha addition to the
unique geometries, each wire has its own surface finish that may influence how well it bonds
with the surrounding concrete.
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Figure 14. Reinforcement Wire Samples in Study

Prestresad steel reinforcement wires are commonly used in many structural concrete members.
This research on automated extraction algorithms is focused on providing quality control for
prestresimg steel reinforcement wires used in concrete railroad ties. Dilnimmgesearch and
development, a total of 11 different reinforcement wires available in the market were studied as
well as 1 additional reinforcement wire with no indent pattern to serve as a baseline in
experimentation. The 11 wires available in theketall have uniquely different surface

profiles. It has been found through experiments with the developed 3Eontact profilometry
system and its software that these varying geometries of wire result in a wide distribution of
performances. Furthermgrine profilometry system has identified which geometrical features
have statistically significant correlations to the performance of concrete members. By knowing
the statistically significant geometrical features of the reinforcement wire, various method
guality control can be implemented with the profilometry system to autonomously verify the key
features of the steel are within tolerance during production. In addition the system offers a
means of predicting the performance of untested geometniesmtdrcement wires through

surface profile and metrology analysisigurel5 shows an example of railroad ties in the field

that have failed. In the bottom left thfe image, railroad ties show large end fractures.
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Figure 15. Failed Prestresgd Concrete Railroad Ties

It is understood that the internal forces generated frompristresing steel wires are critical for

strength and longevity of the concrete tie. The distance required foretfteesimg forces of the

steel reinforcement to transfer to a maximum loathe concrete is known as the Transfer

Length. Figure 16 illustrates transfer length formestressd concrete railroad tie. Transfer

Lengths that exceed the piosin of the rail seat makes the railroad tie prone to failure as the tie is

not at its full horizontal compression forces where it experiences its vertical loading. By
developing a profilometer to identify and provide quality control of what is an iéeahgtry of
aprestresimg steel reinforcement wire which provides a proper transfer length; concrete railroad

tie failures can be reduced. For these reasons the transfer length is chosen as the output metric for

the developed profilometry system.
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Figure 16. Definition of Transfer Length
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Figurel7 below shows the chevron style reinforcements considered in this study. The indent
patterns a the surface of these wires are cold rolled with three independent wheels to press
indents into the surface. Overtime during the production of this wire, the indent dies on the
wheel wear out. Being able to identify when these dies have worn passediénances is

critical for producing quality reinforcement steel.

/|

Figure 17. Prestressng Steel Reinforcement Wires

The custom developed na@ontact 3D profilometry system was developed to collect surface data
of the reinfocement wire. The system was configured to take 1 million surface measurements
per one centimeter length of reinforcement wire. The information is stored initially in a
cylindrical coordinate formai h-HQ. The radiusi, is the radius of the reinforcement surface
from the center axis. This measurement is determined by theombact sensor used in the 3D
profilometry system. The angular position and heightand Qrespectivelyi are determined by

the position of tB motion control stages used by the profilometry system. These measurement
values are inferred by the position of the motion control stages.

Figure1l8 shows the microscope images of all 12 reinforcement wires on the left hand side and
the 3D models generated from the collected surface data on the right for a one centimeter length.
For each reinforcement wire, the indent patterns are clearly visithlimthe 3D models. The

system effectively acquires the information needed to determine the dimensions of the indent
geometries on the surface of the wire. These 3D models were rendered in a .stl triangular facet
format using the open source softwaresiMleab. The majority of the reinforcement types below

are chevron style with small periodic indentations on the surface. Other reinforcement types
include spiral reinforcement wires, and dot indent reinforcements. The reinforcement wire
shown in the togeft is smooth with no indentations and is used as a baseline in this analysis.
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The previous information provides a need for collected reinforcement wire surface @odiles
measurements as well as a means to acquire these measurements. In order to autonomously
acquire geometrical feature information from this collected data. Algorithms need to be defined
to detect and extract the geometrical feature information.

2.2.1 Algorithm Design

As the majority of the reinforcement wires used in this study are chevron style. The algorithms
developed will focus on identifying and extracting geometrical feature information from these
reinforcement wire types. For these indent pattdree are several geometrical features that
need to be identified and measur@dble2 below shows the geometrical features that are the
objective metrics from thdesigned algorithms. Some of the metrics shown can be calculated
easily with little algorithmic complexity, these metrics are useful as they be computed quickly
for reattime applications. Other metrics provide much more detailed information on the
dimersioning and tolerancing of the reinforcement wire in consideration.
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Table 2. Geometrical Features List for Algorithmic Extraction

Name Abbreviation  Definition

Average Radial Value AvgVal Average value collected from noantact sensor (mm)

Indent Volumetric Void Depth Depth of theindentedregion (mm)

Indent Projected Surface Area PSA Projected surface area of the indent (rAm

Indent Volumetric Void \AY Volumetric space of the indented region (rfim

Indent Projected Surface Area per cm PSAcm Projected surface area of the indent per cm length of reinforcement{mm
Indent Volumetric Void per cm VvVcem Volumetric space of the indented region per cm length of reinforcement Jmn
Indent Orientation Ori Orientaton of the indented region (Deg./Rad.)

Indent Length EL Length of the ellipsoidal region from fitted ellipse of indent (mm)

Indent Width EW Width of the ellipsoidal region from fitted ellipse of indent (mm)

Indent Axial Length axialdist Indentlength as measured across the axis of the reinforcement wire (mm)
Indent Radial Length RotatDist Indent width as measured across the axis of the reinforcement wire (mm)
Indent Surface Area TFSA Indent surface area as measured by the sum oftttagular facets (mrm)

First Laplacian Lapl Average value of the first order laplacian filter (mm)

Second Laplacian Lap2 Average value of the second order laplacian filter (mm)

Indent Edge Projected Surface Area EdgePSA Indent edge projected surfaceea (mn¥)

Indent Edge Triangular Facet Surface Arc EdgeTFSA Indent edge surface area as measured by the sum of the triangular face® (r
Indent Edge Average Slope EdgePSAtfsa Indent edge slope determined by dividing EdgePSA by EdgéliEass)

Indent Edge Slope EdgeSlope Slope of the indented edge (Deg./Rad.)

In order to achieve successful geometrical feature recognition with this wide assortment of
metrics, a search algorithm that can be applied ubiquitously is preferred. This allows for the
same algorithm to be applied to all metrics which reduces desigolexity. Thealgorithm

chosen for this was an iterative nlomear search algorithm. Ndmear search algorithms

provide the greatest flexibility for application methodology; however, the iterative nature raises
concerns for computational time in reahe applications.

2.3 Measurement Methodology

For these reinforcement wires, seven new measurement methods are presented for the following
measurements:

Indent Depth

Indent Length
Indent Width

Indent Volume
Indent Surface Area
Indent Edge Slope

N o g bk w NP

Indent Edge Brface Area
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2.4 Datum AXxis

The first step in being able to measure these indents is determining a reference frame or datum.
The ideal datum for these reinforcement wires is determining ther @xgeof the wire.Figure

19 shows a simple sketch of the reinforcement wires surface. Through the use of a CMM or
other surface profiling system, data points can biecteld all along the cylindrical surface of the
wire. For all the following figures gray and green points represent the data points that were
acquired from the surface profiling process.

Top View

Cross Section View

Figure 19. Prestressng ReinforcementWire Typical Profile

The datum axis is obtained with a minimal cylindrical zone meth@j3]. This is done by

bounding the surface profile by two concentric cylinders. The first cylinder circumscribes all

data points. The second cylinder inscribéslala points. The center axis of these two cylinders

can be used as the datum of the acquired surface profile and this datum adheres to the guidelines
within ASME Y14.52009[1].

Figure20 below shows a simple 2D example of how the datum is determined. The blue shaded
region represents all the data points bounded between two concentric circles.

Figure 20. Determining Datum Axis
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Above is the required optimization. Wittbhto @ mh) and @whw represents the center

datum, which for the 2D case is a point and not a linés the radius of the circle less than all

data points and is the radius of the circle greater than all data pointslamdbjective is their

minimal difference. Oncée reference datum is determined it can be used in the determination

of several geometrical measures of intere$tse datum provides the reference for all other

measurements. The datum being calculated in this manner makes all measurements relative to

the part and is fixture independent. This solves many conventional locating problems with

precision measurement. This also allows for comparable measurements from different

mechani cal systems, such acentatthcannikgsyss@a St at e

CMM in another lab.

2.4.1 Preprocessing of Point Cloud Data

The data is analyzed in incremental packets ranging consisting of one million point cloud data
points. The packets can be analyzed as groupsieidually. Doing this allows for simpler
algorithms to be used in retime. There are two piigrocessing algorithms that need to be
implemented prior to searching for the indent regions. The first is error removal and the second
is alignment of a data reference axis. The data is collectegl asioncontact laser

displacement sensor. Highly polished surface can create sparse erratic errors with extremely off
values. These erratic errors can be recognized as high frequency maximas and minimas. The
error removal algorithm can be implementadwo different manners. A Fourier transform of

the point cloud data is a simple initial solution for this error removal. This method provides the
most sophisticate control of the errors to remove and provides the most robust solution possible.

Howeve, a simpler method of error removal was found. By analyzing the local variation of one
point from its nearest neighbor was found to be quick and only require one conditional on each
data point which makes removing errors easy. The sparse erratic agqoaat cloud values

have a high enough frequency variation from the average variation of the surface profile. A
thresholdt, is determined experimentally. When analyzing pgirgndr)  if the distance

between the two exceedlshen the poinf) is removed. This can be expressed as follows:

@M s O YQaédhQ
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This simple algorithm effectively removes all erroneous data points for the data used in the
current study once an idehivas determined. This algorithm only requires a set one other data
point for to determine the current data point as erroneous.uBecd this, this algorithm could

be easily paralleled programmed on the cpu or gpu, allowing for a very short runtime.

The second preprocessing algorithm is to determine a reference axis for the reinforcement wire.
This reference axis is to determinbeve the theoretical center of the wire exists. This is
necessary for many geometrical feature calculations as a reference point. A common
methodology for finding the center axis of a point cloud is a simple linear regression. However,
given the guidelias ofANSI Y14.5mthis does not meet geometrical dimensioning and
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tolerancing standards. Linear regressions are ideal when the variations between points are
caused by probabilistic error, however, when the variation is deterministic as in surfacegprofilin
a linear regression is a poor method of determining the reference axis or other geometrical

features. However, a linear regression does provide a reasonable starting point for-a Nelder
Mead algorithm.

The solution to this is to find the closest fittiogncentric external and internal theoretical
cylinders that contain all of the reinforcement wire data points. This problem formulation is as
follows. Consider two concentric infinitely long cylinders. The first cylinder circumscribes all
data pointsthe second cylinder inscribes all data points. Minimize the radial distance between
these two cylinders. This minimization is a Horear search and as such the Nelsliead

algorithm is suitable for solving. Leirepresent the radius of the circumisitrg cylinder. Let

@ represent the radius of the inscribing cylinder.
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Figure 21. Definition of Variablesfor Reference AxisDetermination

WhereQ is the radial distance of the data point from the theoretical line determined by the two
pointsf) andr] . The objective function is subject to the radiubeing greater than radius of

all data points fsm the center axis and the radisbeing less than radius of all data points from
the center axis. In order to minimize the objective function the concentric cylinders can be
translated and rotated in an iterative manner to obtain the local minimum.

In order to solve this problem the position of the paim@ndr) are iteratively changed so by

the NelderMead method until convergence is reached. If we assume the two points are fixed to
z-planes that are a constant distance apart then we ordyfdiavparameters that can be varied

by the NeldetMead ff Iy R R ). This presents a four dimensional Neltiead

problem. The alternative method to define this model is with a single data gaimisovalues

and then two angular ltges to represent pitch and yaw of the line.

Once this NeldeMead algorithm completes the result is the position of the center axis that
adheres to the ANSI Y14.5m requirements for dimensioning and tolerancing. This reference
axis will be used in deteriming the radial values of all data points from the center of the wire.
This will provide a means of determining depth of the indented regions on the wire surface.
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2.4.2 Removal of Non-Indent Data Points

In order to identify the indented regions of interdst, nonindented regions of data points need
to be removed. This is done by thresholding. Any data point that exceeds a specified radial
value from the reference axis is removed. This simple thresholding technique proved to be
effective at leaving onlyata points that represent a minimal amount of indentation into the
reinforcement wire surface. This thresholding condition from the predetermined thresisold,
shown below.

I Q 40 YQAéw Q

This thresholding technique leaves clusters of data points. Each cluster of data points represents
its own unique indent region. The next step for the algorithms is to identify the cluster regions
that represent indents so that geometrical features emxeehsured.

2.4.3 Indent Identification via Clustering Algorithm

In order to identify the data point groups that represent indent regions, a marching rectangular
prism clustering algorithm was design. This marching cube algorithm developgdoicedure

is a follows. Start with a seed data poipt,and assign it to a clustér,. 6 is now a rectangular
prism of an arbitrary size around point The size of the prism is predetermined by the rule that
all faces of the prism must be distarifrom all points within the cluster. Since there is only

one point in the initialization, the cluster region is represented by a cube. Now for all subsequent
points, if the point is within a cluster bound, add it to the given cluster and expamdlithef

the cluster to be distanédrom all points. If the point is not within a cluster region assign it to a
new cluster. Once all data points have been checked, the algorithm is complete. The algorithm
is intended to determine the clusters agpymas possible in order to minimize run time, the

draw backs of this design is that the clustering algorithm is sensitiiantbit is must be

determined carefully in order for the algorithm to succeed. In addition, it is possible for this
algorithm o falil if two point cloud groups have relatively close faces that are oblique to the
rectangular prism defining the cluster. In practice the algorithm ran successfully and is
determined to be sufficient for the given application.

There exist many clugieg algorithms that are far superior to this in terms of accuracy. As this
algorithm described was able to identify the indented regions, a more sophisticated clustering
algorithm is not needed. The clustering algorithm applied simplicity allows &staun time

and easy implementation in C programming.

Once the indent regions have been identified, the majority of the geometrical features described
in Table2 are ready to be measureBourteerof the 18 geometrical features in consideration

can be measured without additional clustering and thresholding algorithms. These 14
geometrical features also provide enough information to make a strong prediction of the
performance of the reinforcement wire.

2.4.4 Geometrical Feature Measurements

Some of the geometrical features in consideration can be measured without determining the
indent regions. Other measurements require additional applications of the-Mektkr
algoiithm, thresholding, and clustering in order to be determined.
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2.5 Indent Depth

Now that the datum axis is determined the indent depth can be determined dasheatident

depth is the predominate measurement for reinforcement wire quality control. Conaknti

methods require using a depth micrometer traversed across the axis of the wire. Determining the
maximum depth of the indent can be challenging to measure by hand have human bias.

In order to select the region of the wire that represents an jradpredetermined threshold
should be usedAny data point radii below the threshold is considered a part of the indent
Figure22illustrates the measurement. The indent depth is determined as the circumscribing
circles radius minus the minimum radius of the indent.

Jlndentat\'on
3\~ Threshold

Figure 22. Indent Depth

Comparable metric to the average radial value yet only considers the indented regions. This
metric considers each cluster of data points representing indent regions independently. The
eqguation below represents the measurement of one indent region ngristitotal ofOdata
points.

Average Radial Value

The radial value is the simplest of all geometrical feature measurements. All data points have a
radial distanc& from the reference axis.
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This metric has strong applications for providing real time quality control. Through testing it
was found that variations in the Average Radial Value have a good correlation with the transfer
length of the reinforcement wire in concrete. As all reinfloreet wires start with the same
nominal diameter the indents can be considered a reduction in the average radius of the wire.
Larger indents correspond to a lower overall Average Radial Value. By monitoring this metric
during the production of reinforcemewire, it is possible to detect meaningful changes in the
wire geometry that may negatively influence the wires behavior. This simplicity of this metric
makes it highly useful for real time industrial metrology.

2.6 Projected Surface Area

Theprojected surface area of the indented region can be calculated easily by knowing the
resolution of the data acquired from the CMM and the number of the points that exist within the
indent region. If the data points are taken at a uniform resolutiondageipoint represents a

portion of the reinforcement wires surface which is constéditice that inFigure23the

surface area shown is not theusdtsurface area of the indent only a close approximation. The
indent surface area provides information into how large the cross section is of the concrete tooth
that will fill the indented void once the wire is cast.

Projected Surface Area

»Indentation
3 -~ Threshold

%\ _Datum

Figure 23. Indent Projected Surface Area

Figure24 shows a top down view of the data points. Each green data point represents a point on
the surface of the wire which ragi from the center falls below the predetermined threshold.
These data points are representative the surface area of the indent.

31



Top View

Figure 24. Indent Surface Area Top Down

The projected Surface Area of the indents is measuredhetfollowing metric.0 is a constant
that is the amount of surface area that one data point represents on the surface of the
reinforcement wire. As the data points are spaced a known periodic distance iapssily
determined.

0Q

The remaining geometrical feature calculations combine the principles discussed thus far to
provide additional information on the indent edge wall which has been found to be an important
factor in the indent geometries overall performance. For the apphoofprestresing steel
reinforcement wire, the indent edge wall surface provides the primary resistive force against
shear failure.

The edge wall can be isolated from the indent region by identifying areas where a large slope
exists and running a dtering algorithm. One method of doing this is to use the Laplacian
transform mentioned above to identify areas of large slope and threshold for a predetermined
slope value.

Another method is to smooth the surface of the indent region by performingrgnaverage

across the surface, and then identify neighboring pairs of points that have a slope between them
above a predetermined threshold. The moving average is heeded to minimize the influence of
microscopic surface variations-etween pairs of datpoints.

32



Neither of these solutions has been determined to be robust enough to handle all chevron style
reinforcement wire types. Rather, the threshold parameters within these methods must be
modified for each reinforcement wire type. Additional wizrkieeded to improve these

algorithms implementations. Once the indent edge wall has been determined the projected
surface area of the indent edge uses the same algorithm used in the projected surface area of the
indented region.

2.7 Poly-Surface Area

A more realistic calculation of the surface area is the f3oiface Area. This method of
calculating surface area takes into the account the surface depth into the surface area
measurementFigure25illustrates he calculation. By using a pewvise linearn(2D) or a piece
wise triangular mes(B8D), the surface can be segmented into many polygonal regions. By
summing each of the polygons surface areateeall indent surface area is determined.

Poly-Surface Area

}ndentation
.~ Threshold

Figure 25. Indent Poly-Surface Area

Calculation of both the indent poly surface area and the indent projected surface area is not
needed as the both provide very simitdormation about the indent. Where possible the{poly
surface area method should be used as it is a more complete surface area measurement.
However, statistical analysis has shown that the projected surface area measurement performs
reasonably well, anftom a process implementation perspective is easier to use [10].

The Indent Surface Area is a more accurate measurement of surface area than the projected
surface area measurement. The projected surface area measurements do not consider the varying
radiusof the wire profile when determining the measurement. The Indent Surface Area
measurement utilizes takes every neighboring group of three indents and sums the surface the
surface area between those three points. There is little difference betweerfcimegmee of

this metric and the performance of the projected surface area metric.
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2.8 Volumetric Void

A new measurementgted within this researah the volumetric voidl1]. The volumetric void

of the indented region has been shown through statistical correlation to have a strong relationship
with the transfer length angllloutforce of a reinforcement wire. The volumetric void is
represented id & and is the volume dhe shape formed into the surface, which can also be
interpreted as the amount of volume of concrete needed to fill the indentation of the surface. The
volumetric void can be calculated by taking the projected surface area of the data points and then
multiplying the projected surface area with the depth of each data point and summing across all
data points.Figure26illustrates how the volumetric wbis determined.

Volumetric Void

»Indentation
.~ Threshold

_—Datum

Figure 26. Indent Volumetric Void

The PSA metric and the Depth metric can be combined to create a single metric that represents
the total volume of space the indented region takes on the surface.

0 o 0Q

Indent Projected Surface Area per CM and Indent Volumetric Void per CM

These metrics are the same as the PSA and the VV metrics, however also includes information
on how far apart the indents are spaced or the indent frequency along thedutface
reinforcement wire. By summing up many indents PSA and VV metrics for an arbitrary length
of reinforcement and then dividing by the length in centimeters the result is the PSAcm and
VVcm metrics respectively. While the difference in metrics #lsyuthe additional information
about the frequency of indents per length of wire creates a statistically stronger correlation with
the transfer length metric in the wires performance.
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2.9 Indent Length and Indent Width

The length of the indented region andlth can be difficult to determine as each wire

manufacturer has its own unique geometry. Some wire types have oval shaped indent patterns;
others have a more rectangular shape. What is needed is a generic means to measure the indent
length and width foany given reinforcement type. A fitted ellipse is the best approach for this
measurement. An ellipse can be fitted with a minimal zone technique. The ellipses location and
size is such that the ellipse is its minimum circumference that circumsciliildesagpoints. The

major axis of the ellipse is the length of the indent; the minor axis is the width of the indented
region.

Top View

Cross Section View

..\é.....

Figure 27. Indent Orientation

The Indent Length and Indent Width are the major and minor dakeditted ellipse,

respectively. The indent axial length, and indent radial length represent the length of the ellipse
down the reference axis and radially across the wire surface respectively. These first two metrics
and second two metrics are redurtdatntil this study was performed there was no certainty of

one of these metrics being superior to the other. The best metric of these four is the indent radial
length. However, all of the reinforcement wires have strong correlationgheitransferdngth

metric.

2.10 Indent Orientation

The following five geometrical features all require an additional application of the Nkt

search algorithm in order to determine their values. For all clusters of data points representing
indentsd a minimal zme ellipse is fitted to the data. The fitted ellipse is designed to

circumscribe all data points for the cluster while minimizing the ellipses surface area. This is
done by rotating and translating the fitted ellipse and can be done with as few as three
parameters, yet sometimes more. The three parameters consist of translation in x and y and also
a rotation componenrtrepresenting the angle of the ellipse. The orientation of this ellipss (

the metric used to determine the indents orientafidre following four geometrical features all

utilize the results of this Neldéiead solution to determine their measurements.
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2.11 Indent Edge Wall Angle

The conventional measurement of the indent edge wall is to measure the indent with a depth
micrometer athe center of the indent at its lowest depth to the top wire outside the indent
region. This measurement however, is not representative across the entire indent. Most of the
commercial reinforcement wires have a varying indent edge wall angle. Theafah&indent
is often the shallowest. While the edges have a stepper slope, there are several different methods
of measuring the indent slope that can quantify the indent slope across the entire length. A
simple method that can be used with a varétgifferent measurement hardware is to perform
angular measurements at fixed distances down the length of the indent. Multiple measurements
should be taken along the indent edge and the indent Fagure28 shows how the angle of
the indent should be sampled with multiple measurements on the edge wall and basin. An easy
way to determine the two intersecting lines shown in the figure is to pesfteast squares fit
for the two lines. However, keeping with the conventions of ASME Y 142669 a minimal
planar zone is preferred.
;
Top View Side View ,/
/

/
/
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Figure 28. Indent Edge Wall Angle

Figure29illustrates the multiple sampling that is needed in order to acquire a measure of the
indent edge slope. These multiple sample measurements should be averaged together to
determine an averagndent depth. The number of measurements taken should be the highest
number that is practical. Within the given research the current surface profiling system can
detect about 100 lines per wire indent.

Blown Up View

Top View
Averaged Indent Slope

P

Figure 29. Sampling d Indent Edge Wall Slope
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Indent Edge Average Slopand Indent Edge Slope

This two metrics have low statistical significance with the transfer length; however, they are
hypothesized to be critical influential parameters of the concrete railroad ties fiyopensack.

The average edge slope is measured as the ratio of the Indent Edge Projected Surface Area
divided by the Indent Edge Triangular Facet Surface Area. The Indent Edge Slope is measured
by calculating the slope at the axial center of the inddgé.

2.12 Indent Edge Surface Area

The surface area of the indent edge hanlsthiown through previous testing to have a strong
statistical relationship to the pullout force of the reinforcement wire. The indent edge surface
area can be calculated in treeree methods as that of the indent projected surface area or that of
the indent poly surface arekigure30shows the indent edge surface area measeint. By

summing the representative surface area of each data point using a projection based method or
the polygonal method the surface area may be determined.

Blown Up View
Indent Edge Surface Area

Top View

Figure 30. Indent Edge Surface Area

2.13 First Laplacian and Second Laplacian

A laplacian transform was used to calculate the first and second order derivatives of the surface
profile. And then the average values of these profiles were determined using the same method as
the Average Value metric. There a manyetiéint methods available for utilizing a laplacian
transform to generate a measurement of overall surface roughness.

2.14 Current Implementations

Currently these methods for measuring indents in reinforcement wires have been implemented.
Figure31 shows the typical input data for these analyses. The data consists of 1 million data
points across 1 cm length of reinforcement wire. The data points aremigigpaced. The

coloring of the point cloud is based off radial values of each data point. Data points closest to
the datum axis are shown in dark hlaed data points farthest away from the datum axis are
shown in red and magenta.
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Figure 31. 3D HeatMap of Indent Profile

By using the thresholding technique discussed in the earlier section, the resultant selection of
indent regions is obtained as showrrigure32. Ead indented region consists of several
hundred thousandiata points. From these selected regions all the measurements can be
determined.

Figure 32 Isolated Indent Regions

2.15 Conclusions

These new measurement methods have been shown through statistical analysis to have strong
correlations tgulloutforce and transfer length than conventional measurements done by ASTM
A881 and by combining these measurements into a-varitant model and@lighly accurate
predictions of theéransfer length can be mad&hese multivariant models are capable of

providing much more information than any single geometrical feature can individ83ily.
determining a method of measuring indent profiles thatoiseermompletely defining of the indent
geometry and by doing so in a manner that agrees with ASME 200% improved

reinforcement wire quality and improved concrettesstielife span can be obtained.
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The current developed 3D naontact profilometry sstem has the potential to provide quality
control during the production of reinforcement steel wires by scanning samples of the wire
periodically. While the developed system is designegiestressig steel reinforcement wires,

the concepts and desiginsthis research and development can be reapplied to automated
measurement and tolerancing in other surface metrology applications. Additionally with further
research and development, it may be possible to apply this technology asmaeeallution

providing quality control for 100% inspection during manufacture.
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3. NofsLi near Search i n GD&T

This chapter documents the researatiqguened onnonlinear search algorithms in solviniget
minimal zone calculationsMinimal zone calculations areecessaryor the fitting of perfect
geometrical forms to true surface profiles. The data sets considered in this study are relatively
large to previous research applications of minimal zone. Within this,statlysets as large as

ten million data points have beesed in the processing pfestresisg reinforcement wire

samples. In order to minimize software runtimes and develop measurement solutions that are
practical for real world applications this research was necessary.

3.1 Introduction

This research addresseslass of norlinear search problems that are difficult to solve with
traditional nonrlinear search methods. A specific class of appliedlmaar problems has been
found that have extensively long computation run times and the run times of the prigblems
currently prohibiting feasible applicatisrof the noHinear searchd].

While researching applications of nrbnear search for minimal zone algorithms in Geometric
Dimensioning and Tolerancing (GD&T) a computational bottleneck was faithdhe non

linear search algorithm. As these algorithms are for real world applications it is critical that the
run time of the algorithm falls within a reasonable bound for the given application. The GD&T
research utilizes nelnear search to locageeometrical features. This is done for a variety of
geometrical shapes such as circles, ellipses, cylinders, and planes. The determination of the
position and orientation of these geometrical features provides datums that can be used in the
measuremdrand analysis of the pa®T].

3.2 Problem Statement

For this analysis of nehinear search modifications the functional objective being solved is a
minimal circular zone. The minimal circular zone is the most commonly used nonlinear search
for GD&T application, which makes it a perfect candidate for researching different search
algorithms to determine which will solve thestfast for this problem clasg4]. The minimal

circular zone algorithm is used to determine the datunecefta circular data profile. Where

1 andi represent two concentric circles, the minimization determines the center point of the
circles, @b . The center point is position such that the difference in radius of the two circles
is minimized whie the first circld inscribes all data point® mh) and the second circle

i circumscribes all data poin@ 1) [37].
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Figure 33. Circular Minimal Zone Problem

This nonlinear search algorithm is often used to determine the reference of a circular surface
profile. When( is small, the no#linear search can be solved relatively quickly. However, with
improvements in GD&T systemikarge numbers of data pointancbe achieved for each surface
profile, within the current research context problems are being solved where N ranges from 1 to
10 million data points. During each iteratjdtrequires a significant amount of time to calculate
the objective function. Tk brings forth the need for a ndinear search that maximizes the
utilization of the currently existing calculation objective functions to best determine the gradient
of the solution space and minimize the number of objective function computationgedéguir

For the GD&T application within this study, the surface profiles considered are 3D scans from
reinforcement steel rods. The 3D scans are high density and have 1 million data points within 1
cm length of rod.Figure34 showsa sample of the 3D profiles used within this stuttys is for

wire WF. The model in the figuris 1 cm length of reinforcement steel rod scanned fronala re

rod used within industry. The coloring of the rod is the result of the circular minimal zone
calculations. The rom colored based off the radial distance of the surface from the center of the
circular minimal zone calculation. Ten surface profiiles this were used to provide the raw

data for the notlinear searclpl, 2, 4, 6, 8].

Figure 34. Actual Geometrical Bodywithin Study

41



3.3 Assumptions

In order tocontrol the scope of the problem type being solved within this reseafew
assumptions are made.

The objective function computation time is extensively long
The amount of time performing nabjective function computationsiissignificant
The objective is nowlifferentiable

Any gradient information obtained must be made between at least two calculated
objective values

= =4 =4 2

3.4 Problem Initialization

For all nonlinear search algorithms, any improvement that can be made to theggpaitin

upon initialization can greatly decrease the run time of the problem. THe&eansearch can
be considered a two part process, the first part of thdimear search identifies where the
region of interest is that contains the local optimura,gecond part converges upon that given
local optimum. With a good enough approximation it is possible to start close to the local
optimum.

One of the fastest ways to approximate the center of a circle is to determine its bounding box.
By calculatingthe bounding box, the center of the circle can be guaranteed to lie somewhere
within the bounding box. This can be even added as constraints to the original problem
definition. The bounding box constraints will result in the following modified problem:
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Adding bounding box constraints to the Aarear search may not lmecessary, however, a
rough estimate can be made that the circle center lies at the point.

o hoo W W ®w ho w () ©))

For the minimal zone class of problems, there exists a least squaresgblattican provide an
improved starting location. The least squares fit of a circle, depending upon its implementation
can still be time consuming. Possible methods of improving the least squares approximation
would be to use only a small sample of tléadooints as it is not necessary to fit the least
squares circle to all 10 million data points to create an approximate start for the minimal zone.
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Rather a small sample size 0f1000 data points can be used to give a quick least squares
approximatiorf or whw [21, 41].

3.5 The Solution Space

Figure35shows a computer rendered visualization of the solution space of the minimum circular
zone problem type. Visualizing the solution space provides insight into the complexity of the
solution spaceThe imagas of a 3D surface, the color of the surface and the vertical height of

the surface represent the objective function value at diffeedaes ofw andw for the circular
minimal zone

The solution space was created by calculating all solution values émdw in a 1000 by 1000
value grid. Calculation of the solution space took approximately 16 hours. This would be
representative of how long it would take to solve the minimal zone problem using an exhaustive
search. This necessitates using a iterative seasdd nodinear search algorithm. Without an
effective iterative notinear search algorithm calculating the minimal zone would be impractical
for real world applications.

The solutions space shown is a faceted convex redibis. problem type hassangle global
optimum, which makes the circular minimal zone easier to solve as compared to other minimal
zone problems such as straightness are subject to multiple local optima.

Figure 35. Solution Space for Circular ZoneProblem

Zooming in on the solution space furtherfigure36 the faceted nature of the solution space can
be seen in greater detail. In this imaige solution spee is viewed from an isometric position.
From this image we can see that at the optimum location, the gradient between solutions has
diminishes to zero. However, the region that has gradients near zero is elongated. The
intersection of two facets witnantersection line gradient near zero can be difficult for certain
types of norlinear search algorithmdRarticularly, the traditional Gradient Descent algorithm
would have a slow convergence at the location of the intersection of the two facets.
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Figure 36. Circular Zone Problem Solution Space Facets

Zooming in even further into the solution spac&igure37 the edges of the facets are easy to
see. The local optimum is seen as dark blue in the middle right of the image.

e

Figure 37. Circular Zone Local Optimum

3.6 Partial Objective Function Calculations

The primary reason for the large objective function computation time is the number of data
points considered within the problem set. As GD&T data collection systems improve, the
resolution and quantity of data points conéauo increase. With process automation it is easy

for high density data sets to be obtained with minimal effort. This creates a big data type
problem where the amount of data available is in great excess of what is needed for determining
the circular maimal zone solution.
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The processing of 1 million to 10 million data points on a circular zone is not completely
necessary. The GD&T data collection process provides 1 million to 10 million data points that
need to be analyzed, however, the number & daints needed in the fitting of the

circumscribed and inscribed concentric circles is actually quite small. It is possible for the
circular minimal zone calculation to be solved with only the extrema radii data points, if they can
be determined to be #gma with relative certainty.

For the circular minimal zone with such a large number of data points, many of the data points
will be inactive or unused during the entire dorear search. As an exampkégure38 shows a
circular minimal zone solution. All the data points shown in green are reasonably close enough
the boundary layer of either the circumscribed or the inscribed circle that they teas®aably
chance of being actively used in some iterations of thdinear search as the boundary data
points. The points shown in gray however, will beused throughout the entire rbnearly

search process. As such, for all iterations the datdgare used in the calculation of the
circumscribing and inscribing circles radre completely unnecessary.

Figure 38. Extraneous Data Points

This presents an opportunity to improve algorithm run time, by reducirapjeetive function
calculation complexity. If the gray data points can be removed prior to thknean search the
objective function calculation tiencan be drastically reducedihis is dependent upon the
problem initialization accuracy and the spacoi the data points.

First, we can consider the circumscribed circle as it is simpler. Theoretically, the circumscribe
circle only requires the data points that define the convex hull of the data set. All other data
points can be removed when considgithe circumscribed circle. The best case scenario will be
to determine the convex hull prior to the Aorear search. If a convex hull is too tiragtensive
other approximations can be made. A percent radii method can be used for both the
circumscrbing and inscribing circles if they data is close enough aligned from a prior circular
zone fit.

3.7 Non-Linear Search Algorithms

Of the many possible methods of performing-ftioear search two of the most predominate
algorithms are the Nelddlead Simplea nd Powel | 6s Met hod for when
indeterminate. Both of these algorithms do not require objective function differentiation and

they both make use of simultaneous decision variable change to achieve improved convergence.
Whi | e P o we Isds & methotesimitaotd that of a moving average to determine direction
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of steepest ascent, the Neldvead Method utilizes the centroid of current best objectives to
determine the direction of steepest ascent.

Original attempts at solving this class of problem were done with the Ndleial simplex due

to its simplicity and ease of implementation. The NeMead simplex has a variety of different
variations that are used in practice and it dependent upondheser how they Nelddvlead
algorithm handles decision criterion. Due to the large number of common {Né&ddelr
implementations it is important to define the one used within this research.

3.8 Nelder-Mead Search Algorithm

The NelderMead search algorithmvas chosen as the primary nlamear search algorithm to

identify search for these geometrical features. Originally developed in 1965 this algorithm is
simple in practice yet effectij@2, 29]. The NeldetMead search algorithm wde briefly

defined by the following, considercadimensional function. The function refers to solution
space, not the point cloudddmensional space. A simplex in the solution space is defined by the
convex region contained within p points 0 Oy p&& phd 1. Orepresents the iteration

of the simplex.”O represents the objective function value at pdintNelderMead attempts to
transform the simplex by one of the following: reflect, contract, expand or shrink. The simplex
is cortinuously transformed until it converges where the minimum paints ( have a

difference less than. Wheré is an arbitrary constant.

0 0 |
The process for convergence to occur can be described as a three step prdtedprecess is
as follows:

1. Find Minimum: Identify;  from pointsD 8 0 . This is the point that will be
removed and replaced with a new point in iteration

2. Find Centroid: Determine the centroid of the simpléx, weighted by objective
values’O. The new point to be added will be placed on the line segment
from0 tooO .

3. Transformation: Using one of the four previously described transformations: reflect,
contract, expand, or shrink. Insert the new point to create a new simplex.

4. Check for Convergence: If the algorithm has not yet converged ped to step 1.
Otherwise, the algorithm has completed.

There exist several variations of the Neltgad algorithm. All off them rely on the basic
principles discussed above. For this research the Neldad algorithms available in the GNU
Scientific Library (GSL) were used. The focus of this research is the application of the
algorithm not its detailed design or performance characteristics. The following sections will
discuss how thdlelderMeadalgorithm from the GSL was applied in the identificatemd
extraction of geometrical features.

3.9 Nelder-Mead Transformations

Fora0l p dimensional solution space, there are N nodes of current solutions to the problem.
For the circular zone problem described above we have a 2 dimensional problem, tlus
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and we have three starting guesses for the optimal solution laelgd 0. Wher€e'Yis

a function and has decision variablesndfor the minimal zone problem whetshto is the
center of circumscribing and inscribing circle. Theare sorted from largest to smallest. As in
solution™Y is the worst andY is the best. For the initialization no twahd can be the same.

The NelderMead algorithm is compresl of four fundamental transformations that are used
during the optimization. These transformations are the reflection, expansion, contraction, and
0 p point contraction wheré pis the dimensionality of the solution space. The key
determinate in thestransformations is the center of masshof points from™Y to"Y and the
coordinates of thé are expressed ab h . In general this can be expressed within
decision variable® for all the decision variables with the equation @ow.

B 0Q (4)
O o

For the minimal zone problem with only two decision variabldso for the center of the circle
it can be expressed more simply with the following equation.

P ()
C C

The NelderMeadalgorithm has many potential methods of optimizing. The NeélWtsad has

four internal coefficients traddnally labeled as | ,[ , and . These parameters represent the
coefficients for reflection, contraction, expansion, and shrinkage. Typical parameters for the
transformations are R f A phdit

All transformations occur across the line from téo thed , except thé) p point
contraction. The first transformation is the reflection. Where the worst case objéttige,
removed from the solution space and replaced with the a new point at pdgitiehor "Y for
reflection, contraction, and expansion regpely. These points can be calculated by the
following equations.

Y0 0 Y| (6)
Y O 6 Y1
Y0 o6 Y

If none of these transformations is effective at improving the objective. The algorithm resorts to
the0d p point contraction. This transformation rarely occurs in practice yet is a rare possibility
that the previous transformations falitigure39 andFigure4Qillustrate how these

transformatios place the next iterations node. In general the reflection and expansion
transformations are primarily used in the first phase of thdinear search as the algorithm

searches for the region that contains the local optimum. Once that region idlabtain

contraction transformations are used to converge on the local minimum. The green points
represent the center of mass for the set of data points not containing the worst. The dotted line is
the path taken to determine the new point which crossés the
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Figure 39. Reflection and Expansion
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Figure 40. Contractions

The NelderMead simplex has various different implementations as to how to dehidk
transformation is used. For this research the decision criterion as to when to perform the
transformations is described as follows:

1. Attempt reflection

a. If reflected objective is better than worse objective but not the best objective, keep
reflection result. Iteration ends. Else, continue.

2. Attempt Expansion

a. If the reflection is better than the best objective, perform expansion. If the
expansion is better than the reflection, take the expansion as the new objective
value. If itis not, tke the reflected value. lteration ends. Else, continue.

3. Attempt Contraction

a. If the reflection was not better than the worse objective, perform contraction. If
contracted objective value is an improvement on worst objective value. Accepted
contraction ad iteration ends. Else, continue.
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4. Perform0 p point contraction
5. Check for convergence
a. If solution converged optimization ends. Else return to step 1.

This format for the NeldeMead simplex is conventional. The order and hierarchy of
performing condional checks with the Nelddviead are subject to investigation. The layout of
the conditional checks makes logical since from a work flow perspective. However, there may
be improved orderings to performing the conditional checks that can help miti@iaeerall
number of iterations required for the Neldéead simplex.

3.10 Nelder-Mead Modification

When first looking at potential improvements to the Nelead, there is the possibility of

changing the coefficients f f i . However, this will aly bring marginal benefits and the
bisection coefficients that are traditionally used work provides a balanced approach to avoid over
and under prediction the next iterations decision variable¥ for

Given that the circular minimal zone can have a stfmedicted initial start. The transformation
format of the NeldeMead is not in an ideal order. If a least squares fit or a bounding box fit is
performed prior to the nelinear search, the algorithm already has found the region where the
local optimumwill be obtained. The nolinear search needs to transition from the approximated
started location to a point of convergence. For the traditional Nkldad implementation at

least two objective functions must be calculated before a contraction aaplbmented. The
NelderMead normally performs a reflection and expansion objective function calculation prior
to the contractionModifications for improving convergence have been considered in the past to
optimize the algorithm for given problem tydds, 23].

A new order for the Nelddviead transformations is proposed. The following order of
transformations should allow for contractions to occur when possible without preforming a
reflection or an expansidransformation.

1. Attempt Contraction

a. If contracted objective value is an improvement on worst objective value.
Accepted contraction if the contraction is better than reflection and iteration ends.
Else, accept reflection continue.

2. Attempt reflection

a. If reflected objective is better than worse objective but not the best objective, keep
reflection result. Iteration ends. Else, continue.

3. Attempt Expansion

a. If the reflection is better than the best objective, perform expansion. If the
expansion ibetter than the reflection, take the expansion as the new objective
value. If it is not, take the reflected value. Iteration ends. Else, continue.

4. Perform0 p point contraction
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5. Check for convergence
a. If solution converged optimization ends. Else retoratep 1.

3.11 Numerical Analysis

For the NeldeiMead modification, if the starting point is within the range of the local optimum
the algorithm will only need to execute the contraction algorithm and potentially the reflection
algorithm until convergence feund. This means that the expansion algorithm will be
calculated only sparsely if ever at all. Since the minimum circular zone starting point can be
reasonably approximated as mentioned prior, thelinear search should calculate significantly
fewer dojective functions per iteration. Which will result in faster solve times.

In order to test the modified Neldbftead algorithm, 10 different problems were solved for the
following three different scenarios:

Scenario 1:The first scenario is an experimahtontrol where the objective function for all
transformations is calculated prior to the iteration of the Néltisad. This is known as the
Standard Method calculation.

Scenario 2:The second scenario has the objective values for the transformationisited
only when they are needed and not in advanced, this results in about 1 less objective function
calculations needed per each iteration.

Scenario 3:The third scenario is the Neldbtead modification described in section 8. The
order of the transirmations is such that the convergent transformations are calculated first.
The objective values are calculated only when needed. This is labeled as an Aggressive
ConvergencéelderMead

The first scenario serves as a baseline test to illustrateinflu@nce calculating objective values

in advanced have on processing time. Scenarios 2 and 3 both only calculated the objective
values as needed which is preferred as it does not calculate objective values that are unused. The
results from 10 differerdata sets are shownTiable3. An example of the raw data set used is

shown inFigure34.All three scenarios get the exact same local optimum upon convergence for

the 10 different problems. The best improvement seen within these 10 studiesadda 10
improvement which occurred for th& 8estset of data. The'®Btest set of data is very similar to

that of the other 10. The difference in +time is due to the convergence properties of the
NelderMead. In particular the scenarios 1 and 2 found a condition where they were unable to
convergeo an optimum and scenario 3 was impervious to this condition.

The standard Neldévlead implementation required 419 iteratiptie modified NeldeMead

algorithm required only 48 iterations. The Aggressive Convergence Nékta solved better

for everyscenario. With an average improvement of 220.2% comparing scenario 3 to scenario 2,
the new algorithm required 45.4% the number of iterations of the standard-Niedér In

addition to decreasing the total rtime the Aggressive Convergence Neltizad has

significantly less rusiime deviation across multiple problem sets. The standard deviation of the
Aggressive Convergence Nelediead runtime is 2% of the Selective Objective Nelddead

and the Standard Neld&tead implementations.

5C



Table 3. Nelder-Mead Modification Result

Standard Method Selective Objective Aggressive Convergence

Test# Iterations Run-Time (s) Iterations Run-Time (s) Iterations Run-Time (s)
1 70 33.423 70 28.305 50 20.540
2 78 37.203 78 31.167 48 19.699
3 419 198.596 419 146.289 48 19.684
4 84 40.260 84 33.439 a7 19.294
5 70 34.201 70 28.190 48 19.682
6 83 39.575 83 32.798 50 20.469
7 61 34.778 73 29.480 50 20.511
8 84 29.236 61 24.798 53 21.705
9 73 40.140 84 32.999 49 20.470
10 68 32.473 68 27.290 52 21.291
Average 109 51.988 109 41.475 49.5 20.334
StdDev  109.194 51.640 109.194 36.934 1.900 0.763
Worst 419 198.596 419 146.289 53 21.705
Best 61 29.236 61 24,798 47 19.294

The Aggressive Convergence Neldéead is ideal for this class of problem as the problem
initialization is within close proximity to the local optimum. The Aggressive Convergence
NelderMead minimizeghe number of objective function computations needed per each

iteration and each iteration the algorithm favors converging upon a point verses expanded
outward or reflecting to a new location. The minimum number of objective function calculations
made wihin an iteration is two, as even though a contracting transformation may be beneficial it
must be compared to a reflection in order to assure the algorithm converges unto a point that is a
true local optimum.

3.12 Testing Additional Non-Linear Search Algorithms

In addition to the detailed analysis of tRelderMeadalgorithm and its modifications, other
common norinear search algorithms were tastand comparedBelow is the list of alternative
search algorithms used in the study.

PolakRibiere Conjugate Gradient Algorithm (PR)
FletcherReeves Conjugate Gradient Algorithm(FR)
Steepest Descent Algorithm (SD)
BroydenFletcherGoldfarbShanno Algorithm (BFGS)
NelderMead(NM)

= =2 =4 A4 -

51



313 Newt ondés Met hod
Prior to understanding the conjugate geadlialgorithm it is good to review gradient based root

finding of Isaac NewtonNe wt onés met hod is an iterative sea
‘ . Qw
w W =V
Qaw

The algorithm continues until the process converges.

3.14 Conjugate Gradient (Fletcher-Reeves and Polak-Ribiere)

The conjugate gradient algorithm starts in initialized in the same way as the steepest descent
algorithm. For a given functic®w with derivative’Q w wherewis a vector with dimension

€. The problem is initis#ed at starting vectab with a line search in the direction of steepest
descentQ , whereQ "@an to determine the new vectar. In general for any iteration the
@ position can be determined from tteeposition by the following equiatn.

W w _Q

_is the magnitude moved in the search direction determined by a line search. The line search
can be performed by a variety of metsdseaiahs 1 ncl
algorithm, golderratio search, exhaustive search, and otherser i line search the next

direction is calculated, this is expressed by

Q Qw | Q

Where depends upon the variation of the conjugate gradient method that you choose to
implement. For the Fletch&teeves algorithm:

SQw s Q Q

For PolakRibiere:
o MMw 2Qw "Ran Q Q Q
S‘Q d) S ’Q 'Q

After ¢ iterations the problem is reset and then continued. This is done by ©hiteeation

Q "Q @ where on the Miteration the 'Q term is ignored. The process is continued
until the problem converges. Typically for the conjugateligra method, the problem is
considered to have converged when the gradient approaches close enough to zero within a
reasonable tolerance,

Qw -8
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3.15 Steepest Descent

The Steepest Descent Algorithm starts in the direction of the gradient oldkiers space and

then performs a line search. Then the algorithm chooses an orthogonal direction and performs
another line search and then continues the process until convergence. For a vector of decision
variableswand a typical functioQw with derivative"@aw . The problem is initialized at

starting pointw .

The direction of descent is set by

Q "Ran
The next position is determined by
@ 0w _Q )
Where_ is an optimal magnitude that minimiZz€xw _Q . Nextth "Q p and the process
repeats recalculating the direction of descent and the next positiogQrdil S -, where- is

a predetermined stopping criterion.

3.16 Vector BFGS

The BFGSBroydentFletcherGoldfarlb Shanno)lgorithm is a quasaewton search algorithm.
The BGFS utilizes an approximation of the hessian m&@jixo improve the search direction.

The search directiof® 'O "@aw . Once the direction is determined a linarsh is
performed.

W w _Q
Givenw Qw ™Raw andi 0w

waw O (i O
w i i O i

©C 0

3.17 Non-Linear Search Results Summary

The results of the above mentioned seatgbrithms are shown below Table4. These

problems wereunon a minimal circular zone problem on a data set of 1 million poirtis. test
wasrunon 13 different data sets. The data was generated from real 3D scanpiatiretisng
steel reinforcement wireThese providan indiationas to which algorithm would be best suited
for industrial applicationsin general théNelderMead algorithihas the shortest computation
time. However both the conjugate gradient method of PRIalere and FlicherReeves

required less total iteration#\s the conjugate gradient method requires the calculation of a
gradient and the gradient for the minimahegroblem is time consuming to compute, even
though the conjugate gradient has fewer iterations the Nildad algorithm performs better in
solve time as it does not require the calculation of a gradidrég.method of steepest descent
performed the wait at of all the computation methods as expected. The BFGS algorithm was
the next worst performing algorithnkrom these results we can see that the NelMead

algorithm is the preferred algorithm for the calculation of minimal zone on applications with
large data sets.
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Table 4. Number of Iterations and Solve Times for Various NofLinear Search

PR FR SD BFGS NM

Iter Time Iter Time Iter Time Iter Time Iter Time
WA 8 41.43054 5 29.24689 193 161.8724 15 42.86409 84 27.44324
WB 35 83.61032 25 67.01754 1255 1030.187 124 217.9855 49 16.07964
wcC 4  25.0569 3 18.33836 231 192.47 3 18.34269 55 18.07359
WD 9 38.88519 7 30.37706 237 196.987 17 51.1807 78 25.03726
WE 6 34.24445 14 40.57899 228 189.0385 9 42.8667 58 18.31836
WF 52 112.8389 14 46.31745 236 196.2133 10 36.14735 96 31.42567
WG 12 32.00414 12 31.33366 195 162.681 46 67.1365 68 22.15877
WH 7 33.60735 7 31.8311 154 129.9043 8 30.23438 60 19.91838
Wi 9 35.84619 9 37.71849 197 164.2644 7 31.37799 92 29.83436
wWJ 24 73.20446 42 98.30245 152 127.4853 64 128.8197 50 16.24238
WK 5 24.19081 9 38.9793 232 193.001 10 41.76903 58 18.48012
WL 11 45.58279 11 42.81053 191 159.4613 14 54.36492 75 23.90725
WM 6 31.22452 49 93.00086 473 391.1496 34 95.75424 53 17.19834

3.18 Parallel Computing Techniques

For the circular minimal zone algorithm one of the most time extensive aspects of the objective
function i calculating the radial distance of a data point fiofmo . As the magnitude requires

root and squared calculations the equation istrigial. Specifically for the minimal zone class

of problems the vector magnitude is often required calcutstegleen every data point. As this
calculation is the exact same for every data point, it is ideal for parallel processing on the CPU
(central processing unit) or the GPU (graphical processor unit). The only limitation to this
calculation method is the mmory space of allocable and the number of processors available for
the parallel processing. Given the large number of equations that need to calculated, the parallel
processing for this problem is best served by the functionality of the GPU with thimean

search performed on the CPU.

By integrating GPU processing of the objective function, the large objective function
computation time can be negated. However, a proper implementation of this contains both
problem specific dependency and hardwareeddpncy. The key factor as to while parallel
processing is feasible is that for the minimal zone calculation has many independent
computations that are needed. If the objective function has many interdependent computations
that overlap than parallel pregsing may not be as successful. While a circular zone search has
the potential for large scale parallel processing, it is not difficult to extrapolate a problem where
the objective function has minimal potential for parallel processing.

For a GPUmplementation, implementations can be done with either OpenGL shaders or with
OpenCL. Given that much of the objective function is vertex manipulation, OpenGL
implementation is preferre@][

3.19 The Benefits of Parallel Computing

Table5 shows the benefits parallel computing can have as compared to the resulialiterh
The computation time for thdelderMeadalgorithm using GPU parallel processing allowed for
were on average 3.3 times faster. The computation time for the conjugate gradiedtfroath
PolakRibierewason average 2.86 times fasteithvGPU parallel processing.
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Table 5. Benefits on GPU Parallel Computing

PRParallel NMParallel

Time Time
WA 7.8977085 8.496
WB 10.859751 4.919
wcC 5.6934548 5.163
WD 33.976102 8.283
WE 6.3951036 5.44
WF 6.3925156 9.601
WG 23.698531 6.691
WH 52.878666 6.032
WI 16.630167 8.995
wWJ 11.705998 5.015
WK 18.927152 5.747
WL 7.8249141 7.107
WM 10.728938 5.184

The bottle neck for GPU parallel processing ipassing the large data sets to the GPU RAM.

As the data sets consist of 1 million sets of a Cartegigranda double precision value, the

write time to the video card significantly negates the potential benefits of parallel computing.
For the implementation presented in this study, the system would have to write this data to the
GPU RAMeveryiteration. Modifying the GPU processing code so that the data must only be
passed once to the GPU RAM, may allow for process improvement on the or of 10 to 100 fold.

3.20 Conclusion

A new nonlinear search method is presented known as the Aggressive Convergerere Neld
Mead which has shown to perform significantly better than the standard WNédeeralgorithm
for this class of problem. A twimld improvement in the Neldéviead search algorithm was
achieved for this class of problem.

A method of approaching ndmear search for problems with large objective function
computations times has been addressed. When working wilinean search where the

objective function is large, the recommended procedure is as follows. First, determine the
closest possible apprawation that does not add significantly to the computational time. For the
circular minimal zone this would be a least squares fit on a small subset of the data. Second,
decrease the objective function computation to a close approximation. For ther ecircuimal

zone this can be done by removing excess data points that are not value adding to the objective
function computations. Third, solve the Alorear search. Finally, resolve the Aomear search

on the full objective and check if the answethis same as the approximated search answer. If
they are the same, then the local optimum has been found.

Additionally a modification to the Neldévlead simplex has been discussed that has the potential
to reduce encourage faster convergence and reldedetal number of objective function
calculations needed to find the local optimum for the NelMlead simplex.

The NelderMead algorithm was compared to four other4fioear search algorithms. The
NelderMead algorithm had the shortest run timalbthe algorithms and is recommeutfor
use in industrial applications. The conjugate gradient method was able to solve the problem in
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fewer iterationshowever, due to the computational time required to calculate the derjvative
performed slower. &allel processing was proven to show a significant benefit in the run time
of these problems. The run time may be able to be improved even further with more advanced
parallel programming techniques not used within this study.
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4. Il ndent ProfilrndwarSeg saredn Hlaectroni cs

This chapter documents the hardware, electronics, and controls systems software used for the
indent profiling system. Througlt this research project four indent profiling system prototypes
were developed. Each prototype was useadddress specific aspects of the research project

objects. Each prototype developed has unique advantages and disadvantages associated with the
design. The four different prototypes are documented within this section.

4.1 Introduction

Geometrical dimenshning and inspection are critical for manufacturing quality control.

Coordinate Measurement Machines (CMM) are the industry standard for geometrical dimension
quality control. Modern industrial CMM machines do not offer a feasible method of performing
100% inspection on produced parts due to the cost, limited data collection rates, and lack of
autonomous feature recognition and measurement systems. This explorative research attempts to
establish a means of providing autonomous geometrical dimensiomngspection at a high
processing rate and high scan resolution while keeping costs within practical range for industrial
application.

4.2 Objectives

The list below describes the primary objees to be achieved through tresearch and desigr
an indenprofiling system.

1 Acquire a submicron resolution point cloud of part geometries
Develop autonomous processing algorithms to detect and measure surface geometries
Achieve data acquisition rates practical for application in industrial production &iliti

Develop system at feasible price point for wide scale industrial application

= =4 =2 =2

Use the developed prototype for the quality control and analysis for the Federal Railroad
Association on real manufacturing quality control problems

4.3 Data Collection

The first aspect of the development is identifying a proper depth probe to provide the non
contact measurements. A custom development was not chosen, due to the amount of already
commercial available solutions in the market. What was chosen is an indyrsidie laser
displacement sensor. Laser displacement sensors use relatively simple optics and imaging tools
to triangulate the position of a laser spot, making for a robust sensor with very high accuracy.
The sensor chosen for this research has a resoloti ¢ umicrons. This sensor is capable of

taking surface measurementsoato kHz. However, in order to collect surface data at this rate
precision motion control solutions needed to be developed.

In order forthe indent geometrical featun@easurement® be performed, a high detail surface
profile must be obtainedShownin Figure41the system uses a single laser displacement sensor
to take deptimeasurements. A rotary table with a 6 jaw chuck fixates the wire sample and
provides controlled angular displacement. A linear traverse is used to provide controlled
displacement along the axis of the wire sample. The setup requires few components and

57



provides surface profile measurements resolvable to within a mi&ibfour 3D scanning
prototypes developed at rely on this concept to collect high resolution surface profiles.

1D Laser
<€— Displacement
Sensor

Reinforcement
Wire Sample

Rotary Stage

Figure 41. Reinforcement Wire Scanning System

4.4 Prototype 1: Indent Profiling Proof of Concept

For validating the initial prototyping concept, precision motion control hardware that was readily
available at the university was used. Figure 5 shows the first protatypéoged. A

Programmable Logic Controller (PLC) was used to control the laser displacement sensor and the
motion control. Due to I|Iimitations in the PLC

displacement sensor and the slow speeds of the traversing hrmalsecond prototype was
developed.

/I

‘d > S E RO

Figure 42. First Indent Profiling System (Proof of Concept)
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4.5 Prototype 2: Indent Profiling with Cost Effective Components

The second prototype developed involves a custom motion control cisougt an it

microcontroller for communication with the laser displacement sensor and the motor drivers.

This allows for a more integrated system design, which can run at faster speeds and has greatly
flexibility on how the data collection process occukfter reviewing the capabilities of the first
prototype, it was found that the prototype had excessively high tolerances and over sampling of
data. The second prototype developed, uses a lower cost linear and rotary traversing system, and
maintains suftient accuracy scans fors@ving indent patternsigure43 shows the second

prototype arrangement.

Figure 43. Second IndentProfiling System Minimal Cost andPractical Sampling Rates)

45.1 Motion Control Hardware

The motion control hardware consists of a mixture of industry available components and custom
built components. The industrial components used simplified the developroeaesp and
dramatically decreased time of development. Below is a list of all the key components in the
design of the second prototype.

3 axis linear traverse
Rotary table

Bipolar Stepper Motors
Stepper Motor Drivers

= =2 4 -4 -

Laser Displacement Sensor
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LaserDisplacement Sensor Controller
Desktop Computer

ATMega2560 &bit Microcontroller Unit
Max232 Integrated Chip

Desktop PC

= =4 4 A -2

The microcontroller unit is used to cross communicate between the multiple components and
control the timing and synchronization of flaser displacement sensor and the motors. The
communication flow for the system is showrFigure44.

- ) USB (
Laser Displacement |« ——
P Communication Desktop Computer
Sensor Controller )
\
RS232 [ Microcontroller l USB

Communicationl Development Boal’dJ‘ Communication

. l Custom
[ Motor Drivers J‘ Digital 1/0

Figure 44. Prototype 2 Communication Network

The data collection process begins withuker selecting the type of scanning process they want

to run on the computer and begin the scan. The computer transmits the users input to the
microcontroller unit over serial USB at a baud of 115,200Hz. The microcontroller deciphers the
motion commands ahbegins sending commands to the stepper motor drivers to accelerate them
to the userod6s predefined speed. Once the step
microcontroller sends a command to the laser displacement sensor to begin datarcollecti

When the laser displacement sensor controller reaches the on board storage limit, then the
microcontroller brings the stepper motors to a temporary halt. Next the laser displacement sensor
exports the collected data to the desktop computer. When theaoth storage empties, the
microcontroller starts the motors and the scanning process continues. When the desktop
computer receives the data from the laser displacement sensors controller, it can begin
processing the data and initiate the feature ideatifin and extraction software.
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4.5.2 Motion Control Software for Scanning Patterns

The software for the ATMega2560 microcontroller was written as a procedural program in C.
The microcontroller is critical for achieving the real time programming need for ttersvand

laser displacement sensor. The stepper motor drivers require two signals per motor, the first is
for direction, the second is for when the motor increments position. A timer interrupt routine
(TIR) clocked at 100 microseconds is used for gengydiia pulses needed to drive the stepper
motor. In addition the timer interrupt executes any commands necessary for the RS232
connection to the laser displacement sensor. In between execution of the timer interrupts, the
microcontroller unit processes mawent commands that it receives from the desktop computer
in a Gcode style format which is typical for computer numerical control CNC based systems.
The microcontroller determines the acceleration rate and velocity of the system and all sequences
of necesary movement commands from thisc@de formatted data from the desktop computer.
The Gcode formatted data allows for easy modifications of the scanning process by the user.
This design allows for more accurate timing of the overall system and is sigtiyfficheaper

than the first prototypes PLC type motion control solution.

4.6 Prototype 3: Indent Profiling at Fastest Possible Sampling Rates

The third prototype differed greatly from the previous two designs. The sampling rates of the
second prototype were fast enough for practical application and use. However, the overall
amount of data collected was still limited by the sampling of the m@ciThis third prototype

was designed to address the following question: what is the fastest possible data collection speed
possible for profiling the indents of 5.32nprestresing steel? The result was a data collection
rate of 10 million data poinis 4 minutes and 50 seconida data collection rate of 34,480 Hz.
Mechanical limitations prevented the system from performing at faster rates. Additionally
vibrations in the rotary table were found to deteriorate the measurement quality. The
measurema data while usable for quality control was non ideal for collecting measurements for
research and analysis. With proper rated mechanical components that are in excess of this
research budget, this prototype would be a valid solution for high speetbtdetéion for

production quality control.

4.6.1 Limitations of Prototypes 1 and 2

The first systenprototype developedas to prove the feasibility and concept of developing a
low cost profiling system while maintaining high data resolution. The first syggsuilt

using an industrial programmable logic controller (PLC) and using a single point laser
displacement sensor to provide the-suilbron resolution measurements. The first system was
able to successfully generate 3 Dimensional point clouds ot#mmed surface at a fraction of

the cost of commercially available CMM equipment. The first prototype had a data acquisition
rate of 100 data points per secamdich while feasible was too slow for the data collection
desired within this researcfThe poof of concept relied heavily on already owned components
that were available at the research lab to keep a cost to a minimum. The second prototype would
present practical data collection rates and using components that are affordable f&raled
indudrial use.

The second prototype developed replaced the expensive PLC with an ATMegal68 eight bit
microcontroller. With design improvements the new prototype was able to achieve 1000 data
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points per second. Issues with the commercial laser displacemeat sentroller limited the
overall number of data points that could be collectededkas created timing issues

Thethird prototype utilizes an AM335x 1GHz ARM Corté8 processor running a linux OS

along with a custom developed analog to digital caevéo acquire data from the laser
displacement sensor. With this design, data collection speeds have been achieved at 28,000
samples per second during operation and the maximum possible collection rate has been
computed to be 200,000 samples per secdime low cost ARM processor enables the

developed system to sustain complete synchronization between the laser displacement sensor
data acquisition and positionin@the 3 axis traverse system.

4.6.2 Design Overview

Thethird prototype development and desican be segregated into the following three sections,
mechanical hardware design, electrical circuit design, and software design. For each aspect of
the design process analyses were made to determine whether the needed component should be
custom design dhat commercially available components are available that meet the objective
requirements.

4.6.3 Hardware Design
The hardware design needed to achieve the following:

1 Securely locate the part to be scanned by the profiling system
1 Locate and control the positi of the laser displacement sensor relative to the part

1 Provide a smooth scanning path that allows for the entire part to be scanned continuously

The hardware chosen was specific to the needs of the parts scanned during the research. Two
linear traverse and one rotary table were used to locate and control the motion of the part
relative to the laser displacement sensor. The application of this research is the surface profiling
of prestresimg steel reinforcement wires used in concrete members. Ths Wiguestion are
hardened steel with a diameter of 5.32mm. The surface of the reinforcement wire is covered in
indentations which geometrical features are critical for the reinforcement steels performance in
concrete members. In kigel the hardwar&ayout is shown. The part in yellow is the 5.32

mm diameter wire to be scanned by the profiling system. The linear traverse and rotary table are
shown in blue and the laser displacement sensor in green. During data collection the vertical
linear travere and rotary table are moved synchronously to achieve a helical scan path allowing
the laser displacement sensor to cover the entire surface of the part.
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Figure 45. Hardware design

Figure46 shows the layout of the third indent profiling system prototype. A significaotrat

of custom circuitry and software were required in order to achieve high speed synchronization of
the da& collection and the motion control systen.the imag, the system power supply is

shown to the right. The three green control boxes in the middle are for stepper motor drivers.
To the left of that is the microcomputer development board (which csrailalata collection

and movement commands). Towards the bottom is the wiring for the custom ADC circuit and
control buttons. At the edge of the image on the left is the reinforcement wire sample mounted
to the rotary table.
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Figure 46. Third Indent Profiling System (Fastest Data Collection Rates)

4.6.4 Circuit Design

The mechanical hardware for the poontact profiling system is application specific. However,
the circuit design and software is universally appliedbr any given part geometry and size.
The circuit design needed to achieve the following:

1 Support high speed analog to digital conversion (ADC) of at least 16 bit resolution.
1 Synchronize ADC control with control of traverse motor positions

1 Output thedata to a personal computer for analysis

Figure 2 shows the functional block diagram for the circuit design. The scanning process is
initiated by a user at the desktop interface. The desktop computer communicates to the AM335x
processer via an Etherrsinnection. The AM335x begins the scanning process by sending the
scanning instructions to the Programmable Riead Unit SubSystem (PRUSS). The PRUSS
consists btwo 32 bit microcontroller gorocessors dedicated to real time applications. The

PRUSS tlen communicates with the AD997A ADC converter via Serial Peripheral Interface

(SP1) while simultaneously sending step and direction signals to the stepper motor drivers
synchronizing the rotary table and lineavtese to the ADC conversiom buffer is used to

pass the retrieved ADC data from the PRUSS to AM335x processor which can either store the
information in a USB storage device or send via Ethernet to the desktop computer.
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Figure 47. Function Block Diagram

Prior to this design, prototypes had limited buffer spaces limiting the amount of data that could
be collected within a single scan. Due to the high resolution and spatially dense point clouds
generated by the profiling process, the data requirementslatigely large compared the
performance capabilities of modern industrial laser displacement controllers. By developing a
custom ADC circuit, limited buffer space problems are mitigated. In addition the custom ADC
allows for a high speed synchronizatiof the laser sampling with the motion control system,

this is also not achievable with modern single point laser displacement sensor controllers.

Figure 3 shows the circuit used with the AD977A. The circuit utilizes the AD808high

speed op amp to configure the AD977A for bipolar operation betweem Tvolts. This voltage

range is a standard for industrial analog output which is used on the output of the laser
displacement sensor utilized within this development. The data clock and R/C (reartjconv

pins are driven by the PRUSS. Data received by PRUSS is stored in a temporary buffer until it is
retrieved by the AM335x processor.
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Figure 48. ADC Circuit Diagram

4.6.5 Software Design
The designed software can be separatedtire following three categories.

PRUSS assembly for data acquisition and motion control
AM335x C code fodata transfer and interfacing the desktop computer

Desktop C/C++ code for processing collected data and performing autonomous
geometrical feature measurements

The PRUSS assembly instruction set is specifically tailored for developing real time systems
where precise timing is critical. The assembly code developed for the PRUSS assembly code is
written to receive instruction seia a buffer from the AM335x processor. Upon receiving
instructions for a scan the assembler code generates the necessary step and direction signals for
the stepper motors while processing the SPI for the ADC. The assembly code stores ADC data
in a bufer to be retrieved by the AM335x processor.

The AM335x C code provides a means of communication and data stofagfeveen the

desktop computer and the PRUSS. Data pulled from the PRUSS buffer is stored on a flash
memory device until it is unloaded tioe desktop computer. The AM335x software additionally
receives and processes all commands from the user and desktop computer.

The last and most intricate of the software development is in creating autonomous geometrical
feature measuring algorithms edybe of processing the data and obtaining surface profile
measur ement s. Much of this devel opmetime can

search and analysis algorithms forawwon nt act 3D profiling systemo
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Each geometricdkature to be measured requires unique processing to obtain the desired
measurement. A combination of spatial correlation;limear search algorithms, and procedural
programming methodologies leads tdacmated measurement extraction

4.7 Prototype 4: Indent Profiling System Ready for Industry and Field Use

The fourth indent profiling system was developed to provide a solution that was affordable,
robust, and replicableThe fourth design replaced the custom circuit designs of proto?yged

3 with an irdustrial motion controller that is designedh the ability of accurate

synchronization between datallection and system positioiWhile the industrial motion

controller does not allow precision control at the speeds of prototype 3, the use oharsblf
available industrial controller makes the system design more robust for long term use and easier
to replicate if additional indent profiling systems are desired.

This iteration of prototype design usathew mechanical traverse and rotary talilee rotary

table and linear traverse in prototype 1 were two expensive for practical industrial application.

The rotary table and linear traverse in prototypes 2 and 3 were not robust enough to minimize
vibrations in a noflab environment and their lifexpectancy was not long enough for routine

use. The rotary table and linear traverse in prototype for are still cost effective yet significantly
more robust.Figure49 shows the new components that provide more stable positioning.

'il Linear
‘ Traverse

1D Laser

<€— Displacement
Sensor

v

Rotary Stage

Reinforcement
Wire Sample

Figure 49. Fourth Indent Profiling System Components

The scan direction was changed in Prototype 4 from the scan direction used in prototypes 1
through 3. The first three prototypes scanned the wire in a spiral helical path. This allowed for
smooth motion without varying acceleration and backlash. With the fourth prototype collected
scan data down the axis of the reinforcement wire while the rotary tabkatiasary. At the

end of the scan the linear traverse would return to its starting position and the rotary table would
rotate to align the wire for the next scan line. These individual scan lines allowed for easy 2D
plotting of the wire profile and absremoved the motion of the rotary table during data collection
which reduces the overall system vibrationsating cleaner surface profiles

67



Figure50 shows the final prototype. All electronics are enclosed and wired within the aluminum
encl osur e. The linear traverse and rotary ta
The breadboard allows for easy change and reconfiguration of comporaegsetl. The

system is connected via Ethernet to a comp(laptop in top left). The control software is an

installable application developed in Visual Basic. The software controls the homing of the

machine and the start and stop of the scanning gsod@uring the scanning operation, the

software actively records each scarmlone segment at a time to a predesignidted

The system was configured to scan 2048 data points per inch and 800 scan lines per revolution.
The entire process takes aboQtrbinutes to scan &inch section of reinforcement steel.

Lengths of up to 6 inches can be scanned as well. Distances greater than 6 inches would require
an additional support to locate the opposite end of the reinforcement wire.

Figure 50. Final Indent Profiling System (Industry Ready)

4.7.1 Results

Thedeveloped systems were utilized for the surface profiling of pre stressing steel reinforcement
wires to determine the geometrical features that influence performance wisteethis used in
concrete members. With this system new geometrical features were discovered as having critical
influences on concrete members which have never been measured until this researed. Fig
below shows a typical resulting 3D model (righttaanicroscope image capture of the same

wire (left).
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Figure 51. Results of Indent Profiling

Figure52 shows the results of scannifignch-long sections. The coloring accentuates the
surface variatioomaking even minute changes in profile visibhdl data sets used in this study
were visu#ly rendered to provide a confirmation that there exist no visible issues with the data.
Additionally preprocessing algorithms were used to verify that the data was clean and without

defect.

Figure 52. 3D Heat Map of 1-inch Profile

Figure53 shows the results of scanningreh-long sections.The coloring accentuates surface
variations. In general the surface profile looks detailed antieate. However, small
vibrational buildup can be seenThe end of the wire shown in the bottom right is that of the
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unsupported enduringscanning As the wire is of a small diameter and the unsupported end is
a minimum of 5 inches from the chyckinute vibration effects appear in the data. Fixating the
wire at both ends during swaing would resolve this issudleaningful measurement data can
still be obtained from these long scan lengyfes for the research of developing models from
geometricafeature measurements a conservative approach was used. Due to these minute
vibrations only 1-inch scans were used during this study to create geometrical feature
measurement data. Tests were performed to confirm that vibrational influenceslfam¢he

scan lengths were negligible and digcussed in a later chapter.

Figure 53. Results of Indent Profiling

4.8 Conclusion

Thedeveloped system was used successfully for the analysis and quality coptestodsisg

steé reinforcement wire geometry]. The norcontact profiling system was able to identify
critical geometrical features and their influence onfogaement wire performance in concrete
memberg40, 33]. The designed system maintains a-subron resolution and state of the art
sampling rates while being at a fraction of the cost of commercially available systems.
Additionaly, the developed software allows for autonomous geometrical feature measurements
making autonomous 100% inspection of geometrical measurements practical for industrial
applications. System limitations consist of the mechanical hardware and the spemaliza
requirements for the autonomous geometrical feature measurements. The mechanical hardware
is part specific and performing automated surface profiling on different part geometries will
require a different hardware arrangement. Each geometricaldengasurement extracted by

the software requires specialized software development to achieve robust feature extraction.
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5. Wire Analysis and Measurements

This chapter summarizes the measurement finding qiréstresisig steel reinforcement wire.
This setion documents the geometrical features analythedneasurement results, qualitative
and quantitative analysis of the reinforcement wire surface profile.

5.1 Commercial Reinforcement Wire

Figure54 shows the variety of commercial reinforcements used within the industry. From left to
right the reinforcement wires in the study we
WM. Within thestudy there is one smooth wire WA. Wires WC and WE were spiral type
reinforcements. Wires WK and WL are dot type reinforcements. All remaining wires are a

chevron type reinforcement wire. Chevron type are the most predominately available type within

theindustry. An additional wire WN, which is the wire that failed in plastnot shown in this
picture.
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Figure 54. Commercially Available Prestressng Steel Reinforcement Samples

71



5.2 Measurement Results

Using the fourth prototype indent profiling system, fiveach-long scans were used to collect
measurements of geometrical features. Haiclth-long scan contained approximately 12
indents for the chevron style reinforcement.

Figure55 shows the individual measurement values for the indent depths for the reinforcement
wires shown.Wire WE had the overall largest indent depths, which is due to its unique surface
profile. Wires WC, WF, WH, and WN had the next largest indent depths. Wire WG has the
shallowest indentsf all.

Indent Depth per Wire Type
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Figure 55. Individual Measurements of Indent Depth

Figure56 shows the box plots for the indent depteasuremest The box plot shows the
average depths as well as the first Hndl quartile ranges. Astekis at the box plot tails
represent outlieresults
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Figure 56. Box Plots of Indent Depth Measurements

Figure57 shows the individual plots of the indent width per wire tyjdéire WE has indents that
are by far the largest. Many of the chevron style indents have comparable indent widths, with a
few exceptions. The dot wire types have small indent widths.
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Figure 57. Individual Measurements of Indent Width

Figure58 shows the box plots for the indent widthhe indent widths have overall less variation
from one wire type to the next. Wire WG has the lowest indent of all the chevron style indents.
Wire WJ has the widest of all the inden@iven the amount in similarity of the indent widths,

this geometriclefeature would not be as well suited foedictive model®f only chevron wires
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Figure 58. Boxplots of Indent Width

Figure59 showsthe indent edge wadingles fobothsides of thendent. From this figure, the
variation in the indent edge wall angle is lardgedents withsteeper edge wall angles have more
variaion than indents with shallower edge wall angles. This is due to challengesrds to
determining the start and stop of the indent edge wall. Small variations at the top of the indent
and at thendentbasin such as built up base metals, or fadedditions from the top of the

indent to the bottom of the indewan create big variations in the overall indent edge wall angle.
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Figure 59. Individual Measurements of Indent Edge Wall Angle

Figure60 shows the boxplots of the indent edge wall angle. The box plot shows that there is a
clear correlation to steeper indents and greater indent edge wall variation. This makes any
predicative models that rely on indent edge wall variation to be convoluted with the average
indent edge wallThe steepest indent edge wall is from wire WF, and it is visible clear that it is
the steepest of all wire types. Wire WNhe wire that failedt the plari has the shallowest of

all the chevron style indents with only the dot reinforcement wire types having a shallower
indent edge wall angleThe boxplot also highlights how indent profiles with imperfections can
vary significantly from the meanThe steep indents of WC, WF, and WG have outliers that are
exceptionally steep.
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Figure 60. Box Plots of Indent Edge Wall Angle

Table6 shows thesummary of basic geometrical feature measurements of all the reinforcement
wires within this study. For all reinforcement types flvinch-long sections were used for this
data. There are 580 indents that were profiled and measured foctteron type

reinforcements. The indent edge wall angle contains information about the indent edge wall on
both sides of the indeniThis data was collected with the fourth prototype scanner.
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Table 6. Basic Indent Geometrical Features

Depth (mm) Width (mm) Edge Wall Angle (Deg.

Average Std. Dev. Average Std. Dev. Average Std. Dev.

WA 0.000 0.000 0.000 0.000 0.0 0.0
WB 0.146 0.014 4.191 0.186 23.6 9.7
wcC 0.176 0.025 3.932 0.501 29.3 16.0
WD 0.167 0.013 4.097 0.258 17.9 4.3
WE 0.259 0.044 6.164 0.455 15.1 4.8
WF 0.192 0.025 4.143 0.272 32.6 13.4
WG 0.100 0.006 3.629 0.119 25.7 8.9
WH 0.186 0.026 4.078 0.545 14.2 3.9
Wi 0.141 0.007 4.157 0.097 10.6 1.8
WJ 0.164 0.015 4.445 0.279 10.2 1.7
WK 0.132 0.011 2.860 0.167 8.0 0.9
WL 0.124 0.013 2.826 0.251 7.7 0.9
WM 0.126 0.008 4.097 0.070 21.8 9.6
WN 0.180 0.023 4.355 0.362 10.7 3.3

Table7 shows additional indent measurements performed in regards to the orientation and size
of the indent.The orientation is the angle of the intdenrespects to the axis of the wire. Little
difference is seen for the orientation of the chevron style reinforcements. The dot reinforcements
are oriented at nearly the same direction as the axis of the ieelength of the indent (EL)

along its drection vector and the width of the indent (EW) perpendicular to its direction vector

are shown.This data was collected on the second prototype indent profiling sy3teisidata is

from a 1cm long scan of each reinforcement wire type. About 3 indentshevron wire type

can be obtained within this length of wir€he indents were profiled with 1 million data points

per cm of wire. The data set used also provided the informatidrabibe 8.

Table 7. Additional Indent Geometrical Features

Orientation (Deg.) EL (mm) EW (mm)

Average Std. Dev. Average Std. Dev. Average Std. Dev.
WB 41.5 1.1 7.465 0.390 3.016 0.073
WD 45.0 1.1 5.703 0.264 2.783 0.004
WF 43.2 2.0 7.258 0.095 3.163 0.051
WG 45.4 0.5 6.328 0.329 2.612 0.013
WH 46.0 0.4 6.895 0.247 3.082 0.019
Wi 45.1 2.0 6.798 0.208 2.810 0.060
WJ 43.4 1.2 6.658 0.210 2.923 0.085
WK 3.2 1.1 2.929 0.066 2.160 0.071
WL 2.9 3.1 3.436 0.002 2.536 0.203
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Table8 shows the results for indent geometrical features that arey mewid within this study.
Thesegeometrical features provide detailed information about the indent surfacegitadtle
werepreviously unmeasurablé’hese measurements are the indent projected surface area(PSA),
the indent volumetric void(VV), the indent surface area(TFSA), and the indent edge wall surface
area (EdgeTFSA). The VV, PSA, and TFSA all have strong correlatidhs tcansfer length
createdby the wire. The Edge

Table 8. Advanced Indent Geometrical Features

WB
WD
WF
WG
WH
Wi
WJ
WK
WL

PSA (mm2) VV(mm3) TFSA (mm2) EdgeTFSA (mm2)
Average Std. Dev. Average Std. Dev. Average Std. Dev. Average Std. Dev.
17.579 1.023 2.688 0.579 16.619 1.084 1.716 0.168
12.985 0.492 2.079 0.166 11.967 0.719 1.720 0.115
16.973 2.444 3.457 0.722 17.245 0.244 1.897 0.102
13.497 1.399 1.257 0.082 12.407 1.020 0.651 0.147
16.919 0.771 2.847 0.039 16.713 0.707 3.160 0.017
14.263 0.016 1.701 0.210 13.763 0.147 2.232 0.321
16.003 1.130 2.296 0.131 14.645 1.144 2.392 0.966
4.359 0.060 0.398 0.044 3.957 0.105
5.594 1.110 0.607 0.103 5.518 0.408

5.3 Commercial Wire Types

This section provides a general summary of all the wire commercially available reinforcement
wires in the study. General discussions of the wingsimthis study are providedAll 3D

models provided within ik section are from the fourth indent profiling system. The microscope
images were captured at approximately 40x magnification.

5.3.1 WA

Wire WA in Figure61was the combl test within the studyPrestressg steel wire was acquired

before indent patterns were die pressed into the surface. This control wire has the same material
properties and diameter as that of the other commercially available wires, titiflengnce of

this wire was that it was removed from production prior to indent forming.
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Figure 61. WA Microscope Imageand 3D Model

5.3.2 WB

Wire WB inFigure62is a typical representation of the chevron style reinforcement wires. Wire
WB indent profile is close to the average of all the chevron indent types.

Figure 62. WB Microscope Imageand 3D Model

5.3.3 WC

Wire WC inFigure63is a spiral type reinforcement wire. This wire has an surface profile in
between indents that is unlike other wire typesbétween indentations the wire surface bulges
outward. This rounding effect makes determining the depth and the overall idderwal|

angle difficult for this wire.In addition, this reinforcement wire type had surface rust build up
that was unlike the other wire types. The rust seen is thick and in concentrated regions. All
wires were stored throughout the study within aticadled environment to prevent oxidation
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Figure 63. WC Microscope Imageand 3D Model

5.34 WD

Wire WD in Figure64 has chevron style indentisat are more rounded than the typical wire

type. While most indergare shaped like a parallelogram, wire WB has a more elliptical shape.
This elliptical shape creates for a roonsistent edge wall angle. The angle is shallow at
opposing ends of thadent and along its length the indent gradually steepens. Thismake
determining the indent edge wall angle with traditional methods not representative of the overall
profile.

Figure 64. WD Microscope Imageand 3D Model

5.3.5 WE

Wire WE inFigure65is a spiral type reinforcement. This wire has a very different profle th
that of wire WC. Wire WC has relatively the same axial lengibeinveen indents as the axial
length of the indent. Wire WE has a much larger indent axial length than the axial length in
between indentsWire WE has a flat indent basin and a flat begtween indents.
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Figure 65. WE Microscope Imageand 3D Model

5.3.6 WF

Wire WF inFigure66is the most unique of all wire types within the stutlge wire has a

noticeable different surface finish from that of the other wires. A dark black oxide color appears
on this wire while mset others are greyBright purplish colors around the indent edge may be

from temperincand steel hardenirgffects. The indents of this wire are the deepest of all the
chevron style reinforcements and this wire has the steepest of all indent edgeglesll\&hile

most chevron indents have a gradual transition from the indent basin to the laeeagan

indent rows, wire WF has a crisp defined edge wall at this location.

Figure 66. WF Microscope Imageand 3D Model

5.3.7 WG

Wire WG inFigure67is the shallowest of all the indent$his wire has an indent depth of 100
microns. This wire along with WF wassed to represe the range of possible indent types in
the development of coefficients of friction and adhesive bond in the theoretical model.
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Figure 67. WG Microscope Imageand 3D Model

5.3.8 WH

Wire WH in Figure68is second deepest of all the chevron style reinforcement types, with WF
being the deepest buy a small amount. Unlike WF, wire WH has a shallow indent edge wall
angle. This indent edge wall angle for wire WH varies down the length of the edge wall. The
deep indentations in wire WH have created a flattened face at the top surface of thhisire.
effect made determining an adequate threshold for indentation difficult when developing
automated measuremeaalgorithms.

/]

Figure 68. WH Microscope Imageand 3D Model

5.3.9 Wi

Wire WI in Figure69is very similar to that of wire WJ. The indent is of an average depth and is
of a shallow edge wall gte like that of WJ. These two wires have the shallowest edge wall
angles of the chevron style reinforcements.
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Figure 69. WI Microscope Imageand 3D Model

5.3.10WJ

Wire WJ inFigure70is very similar to that of wire WI. The indent is of an average depth and
has the shallowest average edge wall angle of all the reinforcement wire types.

Figure 70. WJ Microscope Imageand 3D Model

5.3.11 WK

Wire WK in Figure71is the only 4 dot reinforcement wire type in the study. The dots have a
shallow indent depth with a very gradual edge wall angle. As the dots have a continuously
curved profile, no clear diaition between indent edge wall and indent basin exists.

84



Figure 71. WK Microscope Imageand 3D Model

5.3.12 WL

Wire WL in Figure72is theonly 2 dot reinforcement wire type in the study. The main

difference between wire WK and WL is wire WK has 4 rows of indents at 90 degrees to each
other around the wire. Wire WL has 2 rows of indents at 180 degrees of each other on the wire.
Wire WL praduces the shallowest indent edge wall angle of all the reinforcement wire types.
The dot type indentations in this wire are of shallow depth. This wire is the closest to the control
wire WA of all other wire types.

Figure 72. WL Microscope Imageand 3D Model

5.3.13WM

Wire WM in Figure73is an additionally added wire not available at the beginning of the

research studyThis wire is very unique, the indents are very crisp with good definition to indent
edge wall and indent basin. The chevron indents on this wire are a near average depth with that
in comparison to the other wire types. The indent edge wall angl®iseds the average of the

other chevron style reinforcements. The average geometrical feature measures and the crisp and
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clearly discernable profile made it an excellent wire for testamract scanning system setups.
This wire was used extensively agsontrol subject in the design of automated indent
measurement algorithmén additional to a crisp indent profile the surface finish of this wire
was cleaner and of less color variation and marring as that of other wire Typssvire is the
best sigle representation of the industry mean.

Figure 73. WM Microscope Imageand 3D Model

5.3.14 WN

Wire WN in Figure74is a wire that was pulleddm concreterossties that failed in plant.

During the cure of the concrete ties, fractures propagated and destroyed the tie. Work was done
to remove and preserve the reinforcement wire for profiling and analliseswire has an

unusual gold yellow coloring to its finish. This is most likely from casting the wire into the
concrete tie. The indents from this wire are both very shallow and very deep. The combination
of the two conditions increases the propensitirasfture for this wire.The indents from this

wire have no crispness to their definition and each indent has very visible pitting and sporadic
deformation. This wire is investigated further in the next section.
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Figure 74. WN Microscope Imageand 3D Model

5.4 Wires that Failed in Plant

Figure75is a microscope image of the wire that failed during manufacture. This reinforcement
wire sampe was pulled from a concrete crosstie that failed at the manufacturing plant from
fracture propagations.

Figure 75. Microscope Image of Wire that Failed During Manufacture

Twelve samples of this reinforcement wire were analyZedure76 shows microscope image
captures of the twelve samples. The samples are visibly varying from threertext. Some

indents have gradual transitions at the indent edge wall other indents have more clear indent
shapes. Several indents have unique surface deformations that are either the resulted of being
cast in the tie or the result of warn indent peoflies during the manufacture of the wire.
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Figure 76. All Sample Images of Wire that Failed During Manufacture

5.4.1 Heat Maps of Wire WN

2D heat maps were generated of all the samples data sets to further visual investigatalfor v
variations. Figure77 shows the heat map of one sample. The blue dark regions represent areas
of smaller wire radii the red areas represent regions of gredtesadii.

Figure 77. Heat Map of Wire that Failed During Manufacture
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Figure78 shows the heat map images of all the samplé® het map images help show
protrusions and areas with negative voids in the wire. Surface marring can be seen in one of the

heat maps (center column third row from the top).

Figure 78. Heat Maps of All Samples that Faileduring Manufacture

Figure79is a 3D model of one of the wire WN sampl&§ewing the 3D model allows viewing
surface variations without influences from lighting avice color. The indent at the top left
shows a large section of the indent was never pressed into the wire. This is most likely due to

warn dies during the manufacture of the wire.
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5.4.2 Visualizing the Profile of Wire WN

Figure 79. 3D Model of Wire that Failed During Manufacture

Figure80is a 2D profile of the indent. The top section of the graph shows a zoomed in
illustration of the indent. The 2D profile makes it clear that the indent edge wall has a very
gradual transition and its overall edge wall angle is low.
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Figure 80. 2D Plot of Wire that Failed During Manufacture

5.4.3 Measurements of Wire WN

Twelve differentoneinch-long scans of the Wire WN were made, from whic¢btal of 100
differentindents were sampledrigure81 shows a histogram of the measured indent edge wall
angle for this wire. The distribution appears to be a skewed nofrhaldual peaks in the
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histogram may be from difference in the side ithdent edge wall is on. The mean edge wall
angle showmnsp @ ¢.J
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Figure 81. Histogram of all Indent Edge Wall Angles Measured for WN

Figure82 shows a histogram of the indent depths for this witee indent depths have a mean
of 180 micronsvhich is towards the high end of the range of wires studied.
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Figure 82. Histogram of all Indent Depths Measured folWN
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5.4.4 Comparison of WN to Other Commercial Wires

The wires that failed in plant were compared to other wires in the $tiglye83 shows
boxplots comparing the indedépth of the failed wire to that of other wires in the study. Its
depth is comparable to that of WF and WG.

Boxplot of Indent Depths (mm)
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Figure 83. Boxplots of Indent Depths for WN

Figure84 shows the boxplots comparing edge wall angle of the failed wire to other wires in the
study. Wire WN had shallower indent edge wall angles than the other wires. The only chevron
style wiresthat had a shallower edge wall angle were wires WI and WJ, yet these indents also
had shallow depths. The combination of shallow edge wall angle and deep indents is unique to
wires WH and WN and these wires have known splitting issues.
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Figure 84. Boxplots of Indent Edge Wall Angle for WN

Figure85 shows a visual comparison between the failed wire, WN, and other wires in the study.
WN clearly stands out from the other wires as have a more smoothed gradual indent profile. The
most similar wire to WN is that of WH with large indents with shallow edge wall angles.

Failed Wire WH WEF

Figure 85. Comparison Between Failed Wireand Commercial Alternatives

5.4.5 Hypothesized Influential Indent Basin Angle

One hypothesis into the failure of wire WN is that the indent basin has an angle that is non
parallel to the axis of the wire. As the indent profile rolls in and out of the surfadeedfVN, a
gradually slope is formed at the indents of the indent. These gradual slopes could create large
radial forces inside the concrete member.

Figure86 illustrates the issue of the indent. The 2D plot is of four indentd.imeh-long

section of the wire. The graphs units are in mm. The 2D plot passes through the section circled
in red on the 3D model. This area near the edge of the indent has a matabidasin angle.

The angles of the indent basin were measured and rangegdalo ¢& J
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Figure 86. Potential Cause ofCrosstie Failure

The failed wire was compared to the machined reinforcement wires within the stuelyail€d
wire is most comparative of the large deptio edge wall machined wires. This machined wire
was proven through testing to have a high splitting poterfiglure87 compares the failed wire
to the two machined wires that slip during-peasionedgullouttests without fracture. These
wires indent profiles are visibly different from that of the failed wire.

Failed Wire 45° Chamfer 60° Chamfer

Figure 87. Comparison of Failed Wire to Machined Geometries

5.5 Custom Machined Wires

Within this study, custom machin@destessng reinforcementrident profiles were made.
Custom machined reinforcement allowed for controlled testing of the geometrical features of the
indent that was not possible with the commercial reinforcements. As the commercial
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reinforcements had many yang geometrical features from one wire to the next, these
geometrical features were often convoluted with each other making it difficult to identify which
geometrical feature has a causal relationship with the wires performance.

Custom machined reinforcemts provide a means of determining which range of geometrical
features parameters will provide optimum performance. These wires provide a chance at
creating an improved reinforcement wire design that creates a short transfer length while
minimizing the facture propensity of the wire.

Figure88 shows the machined indent geometries created within the study. The indents are shiny
from the milling operations. Fromfteo right in the image the indents range from edge wall

angles op v,d td u,@ ) L, dnd 90. With two wires of each edge wall angle the wire to the

left being of a shallower depth than the wire on its right.
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Figure 88. Machined Indent Geometry Samples

Figure89 shows the fixture designed and used for the machining of the reinforcement wires.
The fixture was designed to have a uniform clamping force across the entire length of the
reinforcement wire The clamp egle was ground to a slight angle so that the horizontal clamping
forces also generated a downward holding force for the Winés ensured that natural bend of

the wire was straightened for the machining operation.
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Figure 89. Reinforcement Wire Fixture

Figure90s hows t he di mensions of the end mills wuse
mills made of tungsten carl@avith an aluminuntitanium-nitride (AITiN) coating. These six

end mills were used along with a standard end mill with a no chamfer. Two end mills were used

at thep v ahgle as the depth of cut is limited by the height of the chamfer.
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Figure 90. End Mill Dimensions

Figure91 shows the machining process used. The indents were machined on a 3 axis HAAS
VF-2 CNC mill. The cutting path of the tool was calibrated through iterative testing to ensure

the wires were parallel to the machining operation. Two rows of indents wenieat a& v J

angle to the axis of the wire which closely matches the orientation of the indents in commercially
available wires. The third row was machined at an angte@ftd keep the indent orientations

the same as that of commercially availallflewaon style reinforcements. The direction of the
cutting tool was kept constant. For every indent cut the end mill began in front of wire axis and
traversed behind the wire axis to keep the loading of the wire the same for every cut and remove
any effet¢s of machine backlash.
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Figure 91. Machining Setup

Figure92 shows the machined indent profiles underneath a microscope. All the sthehias

have the same coloration, but under the microscope image exposure variations caused varying
colors. The wires were attempted to be machined at a depth low depth comparable to the small
commercial indents and a large depth attempted to be mactiasztbmparable to the large
commercialindentsThe CNC t ool depth was (Mamicromsjfrom t ot al
small to large depth during cutting. The CNC machined had to be calibrated via iterative testing

in order to refine the processdaproduce consistent indent geometries for each wire.
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Figure93 shows the 3D models generated from the indent profiling system. All machined
reinforcement wire samples were scanned with the indent profiling system prior to being used in
pretensionedpullouttests. The profile data provides confirmation of the nreehindent

profile geometry.

Figure 92. Machined Indent Geometries Under Microscope
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Figure 93. Machined Indent Geometries 3D Models

Table9 shows the measurement summary for machined regrfeent wires. The indent edge

wall angles were cut close to the anticipated edge wall angle. The largest difference from the
anticipated was 6.6 degrees. The difference could be related to tool error or measurement error
as no validation to the true chenof the tool existedThe actual depths machined were

consistent for the  v,@ 1t dnd 90. Thep v ahdx v hRad to be used with different tooling a
zeroing processes from the others do to limitations of the CNC availBbése results provide
cortrolled geometrical features that can be used for testing the testing of indent depth and edge
wall angle in a controlled manneithout convolution of other features
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Table 9. Machined Wire Measurement Summary

Tool ChamferTool Dept] Actual Depth (mm) Indent Width (mm) Angle 1 (Deg.) Angle 2 (Deg.) Anticipated Edge
(Deg.) (mm) Average Std. Dev. Average Std. Dev. Average Std. Dev. Average Std. Dev. Wall Angle (Deg.
15 0.305 0.310 0.015 4.516 0.119 111 0.8 10.6 0.9 10.7
15 0.404 0.140 0.015 4.669 0.139 13.1 0.8 13.5 15 10.7
30 0.309 0.158 0.022 3.631 0.078 20.4 4.0 17.7 4.7 222
30 0.404 0.261 0.021 4.059 0.076 23.1 4.1 19.5 3.9 222
45 0.309 0.156 0.022 3.181 0.078 30.1 7.4 245 6.2 35.2
45 0.40¢ 0.245 0.019 3.379 0.093 28.6 7.3 335 5.9 35.2
60 0.305 0.142 0.026 3.130 0.042
60 0.40¢ 0.245 0.028 3.294 0.044
75 0.305 0.286 0.012 3.145 0.084
75 0.404 0.387 0.024 3.148 0.140
90 0.309 0.142 0.027 3.664 0.071
90 0.406¢ 0.217 0.024 3.856 0.103

Thesemachined reinforcement wire geometries were used Hepigoned pullout tests. The
findings from this study found that an optimal indent edge wall and indent depth range exists.
The indents that did induce splitting were the shallow depth indentedgt wall angles

varying between 35 and 50 degrees. All the large depth machined wires induced splitting in the
pretensioned pullout tesfd 1, 25].

Table 10. Machined Wire Pre-Tensioned PulloutTesting

Cutting Effective Edge Depth

Tool Wall Angle (Deg.) (mm) Result
15 10.7 0.31 Fractured
30 22.2 0.158 Fractured
45 35.2 0.156 Slipped
60 50.7 0.142 Slipped
75 69.2 0.286 Fractured
90 90 0.142 Fractured
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6. Statistical Model i ng

This chaptedocuments the statistical models developed that provide avaukint regression
between geometrical features of the reinforcement wire arubtloait tests and transfer length
measurements. The model was tested to predict the transfer length otesngnt not used in
the model design and was found to provide an accurate prediction of the tramgflerof the
concrete member.

6.1 Introduction

The objective is this research is to develop a means of providing real time quality control to the
manufacturef reinforcement wires and to provide a means of assessing and improving
performance characteristics of reinforcement wire. This has been achieved developing a system
to measure sulmicron resolution surface profiles and extracting gdaoed features
autonomously.From this system, a statistical model has been created to predict how well a
reinforcement wire will perform given its known geometry. For this study the metric to measure
the prestressg steel reinforcement wires performance is the transfer length. This was chosen as
theprestressg steel reinforcement wires in consideration, are intended to be ugesiressd
concrete rail road ties where transfer length istecatiquality cantrol metric.

6.2 Nomenclature

In Table1l1l Nomenclature list the list of geometrical features considered in this study and their
abbreviations is stlvan. In total eighteen different geometrical features were considered in the
development of this mathematical model.
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Table 11. Nomenclature

Abbreviation Name
AvgVal Average Value
Axialdist Axial Distance of Indent
Depth Indent Depth
EdgePSAIndent Edge Projected Surface Area
EdgePSAtfsaEdgePSA divided by EdgeTFSA
EdgeSlopendent Edge Slope
EdgeTFSAIndent Edge Triangular Facet Surface Art
EL Elipsoidal Length
EW Ellipsoidal Width
Lap1 Laplacian Filter Single Application
Lap2 Laplacian Filter Double Application
Ori Indent Orientation
PSA Projected Surface Area
PSAcmProjected Surface Area percm
RotatDist Rotational Distance of Indent
TFSA Triangular Facet Surface Area
TL Transfer Length
W Volumetric Void
Wem Volumetric Void per cm
ZL Zhao-Lee Transfer Length

6.3 Bond Index Number

The goal of this research is to develop a Bond Index Number (BIN) and a means to calculate the
number for the curremqirestresisig steel reinforcement wire types in the market. The BIN is a
metric to describe the performance gifrastresisig reinforcemenwire given its geometrical
characteristics. For this study the Transfer Length (TL and ZL) qirésdresing wire in a

concrete prism was used as the performance metric that the BIN would predict. The BIN is
defined by the following characteristics:

1 A single number that is scaled to the performance gbtbstressg wire
1 The number is determined by the geometrical features that define the wire

1 The number is applicable for commercially available wire types

By developing a statistical model that gicts the transfer length using the wires geometrical
features as input parameters the bond quality can be assessed. For this study the transfer length
serves as the BIN. Throughout this paper the transfer length is denoted as both TL and ZL.
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6.4 Input Data

In order to convert the data from the 3D models to statistics on useful geometrical features,
automated feature extraction algorithms were developed. These algorithms capture features such
as the depths of the indents, their lengths, widths, surfaceazckatc.

6.5 Geometrical Feature Correlations

In total 18 different geometrical features were considered within this study. 16 of the 18
geometrical features had strong correlations with the transfer length. The following section
covers the details ongéke geometrical features and their correlation to the transfer length.

6.5.1 Average Value (AvgVal)

The data in therofilometer is initially retrieved in a cylindrical coordinate format. For each
data point there exist a radial, angular, and height valbe.radial value represents how far the
surface of the reinforcement wire is from the central reference AXiseinforcement bar types
analyzed are made with a 5.32 mm diamekéswever, depending on the types of indents
pressed into the wire, the average value of the wire diameter may be less than the initial 5.32
diameter.By averaging all the radial values in the heat map it is hypothesized that there may be
some correlationf this average value to the transfer lengthlower average value represents a
wire with more indentation and as would be expected the transfer length correlates directly
proportional to the average value from the profilometer. The grapigume94. AvgVal vs. ZL
shows a reasonably good correlation. Th8driared of the regression is 99.95% and with a
minute pvaluei less than .0001 we know that the correlian is statistically significant.

Fit Plot for ZL

20

Ohservations 22
Parameters 2
Error DF 20
MSE 45272
R-Square 0.6695
AdjR-Square 0653

L

255 2.60 2,85 270

AvgWal
Fit O 95% Confidence Limits ------ 95% Prediction Limits

Figure 94. AvgVal vs. ZL

6.5.2 Depth (Depth)

The indent depth is calculated by taking the maximal radius value in the indent region and
subtracting all other radial values in the indent from that masi. These values are averaged
together to provide an average depdfue across the entire indent. The AS8BIL standard for
measuring indent depth only a few points at the indent basin are compared to the top of the
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indent edge wall. This new methoflaveraging all the data points considers the entire indent
region as a whole consisting of several thousand data points. The gFaglref5. Depth vs.

ZL shows astrong fit of indent depth to the transfer length. However, the AvgVal has better
correlation than the Depth metric. This is most likely due to the AvgVal metric being all
inclusive considering the entire wire surface while the indent depth only conthdeaegions
around the indent.

Fit Plot for ZL

20

2

20
69572
re 04922
0.4663

Fin

0100 0125 0150 0175 0200 0.225
Depth
Fit O 95% Confidence Limits ------ 95% Prediction Limits

Figure 95. Depth vs. ZL

6.5.3 Projected Surface Area (PSA)

The Projected Surface area measurement is performed by summing the number of data points in
the indented region and multiplying them bgamstant that represents how much of the indented

area each data pointrepreserish e t erm AProjectedod is used as
does not include the impact of variations in indent depths on surface area. The projected surface
area meic performs significantly better than the indent depth measurement. However, looking

at the graph of the PSA, there exist two distinctly separate groups of indents. The group with
higher transfer length on the left of the graph represents the dot remfemt wire types, while

the cluster of data points on the right represent the chevron style reinforcement wire types and
spirals. The Rsquare for this correlation is 67.28%.
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Fit Plot for ZL

Observations 22
Parameters 2
Error DF 20
MSE 44819
R-Sguare 06728
Adj R-Sguare 08365

L

PSA
Fit O 95% Confidence Limits ------ 95% Prediction Limits

Figure 96. PSA vs ZL

6.5.4 Projected Surface Area (PSAcm)

The projected surface area per cm is measured by summing all the PSA regions within a one cm
length of reinforcement wireBy analyzing the surface area per unit length wire we are able to
remove some bias against small frequent indents as opposed to large and sparse indent patterns.
This metric considers how much of the surface area of the reinforcement wire has betea inden
and performs significantly better than the PSA metric as expected. The gFigurg07.

PSAcm vs ZLshows slightly better linearity than the PSA metric andharit Rsquared of

75.46% from the ANOVA it is a better metric than PSA.

Fit Plot for ZL

20

Observations El
Parameters 2
Error DF 7
MSE 36405
R-Square 0.7546
Adi R-Square 0.7195

L

20 40 &0 a0 100
PSAcm
Fit O 85% Confidence Limits ------ 95% Prediction Limits

Figure 97. PSAcm vs ZL

6.5.5 Volumetric Void (VV)

The volumetric void is measured by multiplying the average indent depth by the projected
surface areaThe gal of this metric is to create a quantitative measure of how much concrete
will be embedded into the reinforcement wire indent when the wire is used in a concrete railroad



tie. The hypothesis for this metric is that larger amounts of concrete embedsied {has

convex hull of the wire will lead to stronger bonds and lower transfer lengths. This metric is
much more ideal the PSA or PSAcm metrics. This can be seen in the graph. There is a much
more uniform and spread than what is seen in the surfacenatges. The Rsquare in addition

is better than the PSA metric yet not better than the PSAcm. However, given the graphical
spread, this metric is more preferable than the surface area measurements.

Fit Plot for ZL

000

2
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4528
06695
06529

L
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Fit O 95% Confidence Limits - - - - - - 95% Prediction Limits

Figure 98. VV vs. ZL

6.5.6 Volumetric Void (VVcm)

The volumetric void is measured by summing all VV regions within a 1 cm length of
reinforcement wire.This metric is extremely similar to the PSAcm metric for the PSA. The
intent of this metric is to consider the entire surface ofélrdorcement wire and remove bias
against small and frequent indents. In the same way that the PSAcm metric improved on the
PSA metric, the VVcm metric is an improvement on the VV metric. This gralpigime 99.

VVcm vs ZL shows a good data spread and thegRared of 73.72% is significantly better than
the VV metric. It is important to note that the VVcm metric cannot be a complete replacement
for the VV metric The two metrics provide distinctly different information about the wire
geometry and as such it is not certain which geometrical feature will be more adequate in
creating a complete statistical model of the reinforcement wire behavior.
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Fit Plot for ZL

Observations 9
Parameters 2
Error OF 7
MSE 3.8986
R-Square 07372
Adj R-Sguare 06996

5 10 15 20
Wvem
Fit O 95% Confidence Limits ------ 95% Prediction Limits

Figure 99. VVcm vs ZL

6.5.7 Indent Orientation (Ori)

The indent orientation is measured by a least squares ellipsoidal fitting on the data points that
represent the indent geometifhe orientation of the fitted ellipse is then used as the orientati

of the indent. All of the chevron style indents are oriented off axis from the axis of the
reinforcement wire. This orientation is hypothesized to have a direct impact on the overall load
bearing forces of the wire. A more off axis indent orientascassumed to create more radial
forces than an indent with edges perpendicular to the axis of the wire. However of the
reinforcement wires available, nearly all of chevron style reinforcements had a nearly identical
orientation angle. The dot reinfornent wire types have orientation angles aligned to the axis of
the reinforcement wire. In comparison to the other metrics this one is rather poor and
misleading. The result shownkigure100 Ori vs ZL is the same bipolar clustering of data as
seen in the PSA measurements. The correlations shown are more in a practical sense the
correlation between dot and chevron reinforcement wire type. It is still a strong correlation and
it may have significant gential in the development of the statistical model.

Fit Plot for ZL
15 - Observations 22

foRss] Parameters 2
Error DF 20

L

MSE 42483
R-Square 06055
Adj R-Square 05858

0 10 20 30 40 50
Ori
Fit O 95% Confidence Limits - ----- 95% Prediction Limits

Figure 100. Ori vs ZL
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6.5.8 Ellipsoidal Length (EL)

The fitted ellipse algorithm as mentioned in the Ori measurement provides several metrics. One
of which is heellipsoidal lengththe ellipsoidal lengtls the long axis of the above mention

fitted ellipse. This provides a measurement to the length of the indented region. The length of
the indent is a required measurement by the ASBBY protocol. The measureniesuffers the

same issues that the Ori measurement has in the bipolarity created by differences in dot type
reinforcements verse chevron type. However, looking at just the data samples representing the
chevron type, a tread is still visible within thealaThe Rsquare is 55.76%.

Fit Plot for ZL

Ohbservations 22

Error DF 20
MSE 47614
R-Square 05576
Adj R-Sguare 0.5355

L

3 4 5 8 7 8
EL
Fit O 95% Confidence Limits ------ 95% Prediction Limits

Figure 101 EL vs ZL

6.5.9 Ellipsoidal Width (EW)

The ellipsoidal width is the short axis of the above mentioned fitted elliffss.measurement
appears to be the most useful of the fitted ellipse meamnts. There is a significant amount of
variation within the chevron wire type ellipsoidal width that we can see the trend is not based on
the division of chevron verse dot reinforcements. THeg&ared is 51.43%, which is not as

good as that from thEL. However, the spread of the data within the correlation makes this
geometrical feature a much more desirable metric for developing the statistical model.
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Fit Plot for ZL
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Error DF 20
MSE 5228
R-Square 0.5143
AdjR-Sguare  0.49

L
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Figure 102 EW vs. ZL

6.5.10 Rotational Distance of Indent (RotatDist)

Therotational distance is the distance the fitted ellipse runs around the rotational arc of the
reinforcement wire Given that all the chevron wires are oriented off axis from the reinforcement
wire by about 45 degrees the width of the indent when measweadsthe circumference of the

wire provides a better representation of how much concrete around the circumference of the wire
is embedded into the surface. This metric has a much stronger correlation to transfer length than
the ellipsoidal width. The Rquared of 61.25% is great, yet the correlation of the data again
represents a bipolar effect which is much stronger than in the EW measurements.

Fit Plot for ZL

Observations 22
Parameters 2
Error DF 20
MSE 39726
R-Square 06309
Adj R-Sguare 06125

L
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Fit O 95% Confidence Limits - - - - 05% Prediction Limits

Figure 103 RotatDist vs. ZL

6.5.11 Axial Distance of Indent (axialdist)

The axial distace is the distance the fitted ellipse runs down the length of the reinforcement
wire. Similar to the rotational distance of the indent, this metric describes the length of the
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indent running down the axis as opposed to its off axis orientation. THiitle wifference from
this result and the result as mentioned in the RotatDist.

Fit Plot for ZL
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[=+]
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coo Parameters 2

o o Error DF 20

MSE 43355
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axialdist
Fit O 95% Confidence Limits ------ 95% Prediction Limits

Figure 104 axialdist vs. ZL

6.5.12 Triangular Facet Surface Area (TFSA)

The triangular facet surface area is calculated by summing the individual triangular polygons that
represent the surface area between 3 neighboring data pbivgscalculation expands upon the

PSA and PSAcm measurements. The hypothesis behind thisreteast is that the amount of
surface bonding the indent to the concrete is a critical factor in transfer length. The difference
between this measurement and PSA is that it considers the varying height effects on surface area
while PSA does not. The rdshowever, shows an almost negligible difference from the TFSA

and the PSA.

Fit Plot for ZL

20

Observations 22
Parameters 2
Error DF 20
MSE 3858
R-Square 06415
AdjR-Square 06235

L

TFSA
Fit O 95% Confidence Limits ------ 95% Prediction Limits

Figure 105 TFSA vs. ZL
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6.5.13 Indent Edge Project Surface Area (EdgePSA)

The EdgePSA is calculated in the same manner as the PSA yet it is appliextbalpdent

edge wall region. Metrics about the indent edge are particularly important. The indent edge

walls provide the primary surface for prensioning forces to be exerted unto the surrounding

concrete. The EdgePSA is the same projected surfaceadcakation as PSA yet looking at

only at the indent edge, as this metric is fip
rather steep, the difference between projected surface area and triangular facet surface area is

more substantial that on tRSA and TFSA metrics. These edge metrics are important when
developing a statistical model as they provide a unique set of information compared to metrics

on the indent as a whole. The correlation is fairly strong at 54.71% and the spread of the data in

the regression ikigure104. axialdist vs. ZLlooks fairly good except for a few outliers.

Fit Plot for ZL
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Figure 106. EdgePSA vs. ZL

6.5.14 Edge Triagular Facet Surface Area (EdgeTFSA)

The EdgeTFSA is calculated in the same manner as the TFSA yet it is apyied the indent

edge wall. The hypothesis for this metric is that a larger surface area of the indent edge wall that
the shorter the tresfer length. As anticipated the triangular facet surface area is better metric

that the EdgePSA metric. Both the EdgePSA and EdgeTFSA have low enough correlations with
the other geometrical features in this study that they make for strong factorsthatisiatistical

model. The Rsquared of the EdgeTFSA is 64.15% the spread of the data in the regression is
very similar to that of the EdgePSA.
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Fit Plot for ZL
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Figure 107. EdgeTFSA vs. ZL

6.5.15 Indent Edge Slope (EdgeSlope)

The indem edgeslope is found by averagircluster of data points at the top and bottom of the
indented region. The difference in the height is then divided by the difference in distance of the
two clustersSimilar to the problems with tHedgePSAthere is low corredtion between indent

angle and transfer length.

Fit Plot for ZL
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Figure 108 EdgeSlope vs. ZL

6.6 All-Possible Regression Analysis

In order to develop a statistical model to serve as a Bond Index Number of the reinforcement
wire an AllPossible Rgression Analysis was performed. The-Rbssible Regression Analysis
creates linear regressions of all combinations of geometrical features. The results from this
analysis make it easy to determine which statistical models will be the best fittilhgag a

index model.
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The All-Possible Regression Model is broken into four sections: one factor, two factor, three
factor, and four factor regressions. Going beyond four factors causes over fitting to occur in the
model. The one factor model is nearlgndical to single variable correlations to transfer length.
There are some slight differences that occur as certain outlying arappbcable portions of

the data are left out in single variable correlations that are not left out in tRegdlble

Regression AnalysisTable12. OneFactor Regression Analysssimmarizes the results of the

single feature model. The best fitting single variable correlation pseitial width, followed by

the indent edge surface area. These two parameters describe different information about the
reinforcement wire and as such have are likely to work well together in the multivariable models.

Table 12. One Factor Regression Analysis

Number in
Model R-Square MSE S5E | Variables in Model

1 0.7416 1.41904 7.09519  EW
0.6408 197275 9.86373 EdgeTFSA
0.5512 246453 12.32267 Depth
0.5489 247702 1238510 W

0.5458 249434 12.47168 | Wem
0.5416 251703 12.58514  EdgePSA
0.5123 267803 13.39014 | TF3A
0.4062 3.26074 16.30368 | AvgVal
0.3524 3.39158 16.95790  Lap2
0.3524 3.39173 16.95866  Lap1
0.3525 3.55572 17.77860 | RotatDist
0.3337 3.65878 18.29388 PSAcm
0.2545 4.09409 20.47045 | axialdist
0.2440 415147 2075735 | PSA
0.1799 450350 2251749 EL

0.0497 521843 26.09216 EdgeSlope

0.0136 5.41691 27.08456 EdgePSAtfsa

alalalalala ala a a a a alalalala

0.0043 5.46509 27.32544  Ori

For the two factor AHPossible Regression analysis, many strong models are generated. All of
the models shown imable13. 2 Factor Regression Analysiave an RSquared over 80%. The
best performing model for two factors is the Indent Edge Triangular Facet Surface Area
(EdgeTFSA) and the indent Volumetric Void (VV). These two factors work well together both
statistically and as a verbal explanatiorthef bond index. When considering which factors are
most likely to correlate well with transfer length, the amount of concrete within the indent and
the amount of surface area opposing the axial tension pféiseresing forces are logically
important. However, there are several models that are still very good without these parameters.
The PSAcm and EW is still above 90%3quared and distinctly different metrics. These
metrics do however describe similar information as VV and EdgeTFSA. This mogel hel
reaffirm the importance of the VV and EdgeTFSA as predictors of a Bond Index Number.
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Table 13. 2 Factor Regression Analysis
Number in
Model R-Square MSE SSE  Variables in Model
2 0.9284 0.49147 1.96589 VWV EdgeTFSA
2 0.9274 0.49849 1.99397 W EdgePSA
2 0.9259 0.50833 2.03330 Depth EdgeTFSA
2 0.9194 0.55357 221430 Depth EdgePSA
2 0.9189 0.55674 222696 PSAcmEW
2 0.9161 0.57583 230330 EdgeTFSAEdgePSAtfsa
2 0.9132 0.59609 2.38436 EdgePSA EdgePSAtfsa
2 0.9040 0.65901 2.63605 EdgePSAEdgeTFSA
2 0.8881 0.76810 3.07240 EdgeTFSAEdgeSlope
2 0.8868 0.77699 3.10795 VWV EdgeSlope
2 0.8827 0.80540 3.22160 EW axialdist
2 0.8787 0.83277 3.33106 EdgePSA EdgeSlope
2 0.8769 0.84531 338125 ELEW
2 0.8756 0.85370 3.41478 VV EdgePSAffsa
2 0.8746 0.86091 3.44365 EW EdgeTFSA
2 0.8710 0.88524 3.54096 EW EdgePSA
2 0.8660 0.92013 3.68053 VWcm EdgeTFSA

2 0.8643 0.93145 3.72578 EW EdgeSlope

For three factor models in the AMossible Regression analysis showiable14. 3 Factor
Regression Analysjshere is a good balance between strong fitting madelmot over fitting

the model to the data. All of the models generated in the three factor analysis are considered
very strong. The lowest ones still have asdqRiared over 96%, while the highest one is 99%.
With these good fitting models, any of thame adequate solutions for serving as a Bond Index
Number prediction. To select the best available model, it is important to assess the statistical
significance of the results. This is covered in more detail later.
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Table 14. 3 Factor Regression Analysis

Number in
Model = R-Square MSE SSE | Variables in Model

3 0.9910 0.08249 0.24748 PSAcm EW EdgeSlope

3 0.9878 0.11146 0.33437 | PSAcm EW EdgeTFSA

3 0.9873 0.11607 0.34820 A PSAcm EW EdgePSA

3 0.9827 0.15841 0.47524 PSAcm EdgePSA EdgeTFSA

3 0.9788 0.19369 0.58108 axialdist EdgeTFSA EdgePSAtfsa
3 0.9781 0.20030 0.60091 Depth VWWem EW

3 0.9769 0.21104 0.63311 ' AvgVal Depth EdgePSA

3 0.9764 0.21565 0.64696 Ori EdgePSA EdgePSAlfsa

3 0.9762 0.21778 0.65335 | AvgVal Depth EdgeTFSA

3 0.9738 0.23968 0.71904 PSAcm EdgeTFSA EdgePSAlfsa
3 0.9737 0.24111 0.72334 axialdist EdgePSA EdgePSAffsa
3 0.9734 0.24308 0.72923 ' Ori EdgeTFSA EdgePSAtfsa

3 0.9725 0.25153 0.75460 EL EdgeTFSA EdgePSAtfsa

3 0.9720 0.25643 0.76929 PSAcm EW EdgePSAlfsa

3 0.9700 0.27457 0.82370 | Depth Lap2 EdgeTFSA

3 0.9692 0.28178 0.84534 EL EdgePSA EdgePSAffsa

3 0.9692 0.28205 0.84614 Depth Lap1 EdgeTFSA

3 0.9669 0.30295 0.90886 Depth Lap2 EdgePSA

For the four feature models, over fitting occurs. All of the models generaledials. 4

Factor Regression Analydise data have imedibly high RSquared values exceeding 99%.

These models are acceptable to be used as a Bond Index Number; however, they will most likely
lose their strong fit when additional wires are analyzed with the model. Because of this over
fitting it is not reommend using these models as a Bond Index Number predictor.

Table 15. 4 Factor Regression Analysis

Number in
Model R-Square MSE SSE | Variables in Model

4 0.9999 ' 0.00082068 0.00164 PSAcm EW EdgePSAtfsa EdgeSlope
0.9996 0.00528 0.01055 ' Depth VWWem EW EdgeSlope

0.9996 0.00609 0.01219 ' Ori RotatDist EdgePSA EdgePSAtfsa
0.9995 0.00670 0.01339  Ori EL EdgePSA EdgePSAtfsa

0.9994 0.00886 0.01772  Ori TFSA EdgeTFSA EdgePSAlfsa
0.9993 0.00947 0.01894 Depth VWem EW EdgeTFSA

0.9993 0.00955 0.01910 = Ori axialdist EdgePSA EdgePSAtfsa
0.9993 0.00968 0.01936 Depth Lap1 Lap2 EdgePSA

0.9992 0.01106 0.02211  Depth WWem EW EdgePSA

0.9992 0.01117 0.02233 PSAcm EW EdgePSA EdgePSAtfsa
0.9991 0.01208 0.02417 = RotatDist axialdist EdgeTFSA EdgePSAtfsa
0.9990 0.01373 0.02745 ' Depth PSA EW axialdist

0.9989 0.01442 0.02885 PSAcm EW EdgeTFSA EdgePSAlfsa
0.9989 0.01483 0.02966 PSAVWcm EW axialdist

0.9989 0.01496 0.02992 ' Ori axialdist EdgeTFSA EdgePSAtfsa
0.9989 0.01542 0.03085 = axialdist TFSA EdgePSA EdgePSAtfsa

0.9987 0.01729 0.03457 EL TFSA EdgePSAtfsa EdgeSlope

L R T R R T R R R R R

0.9987 0.01797 0.03595 ' Ori RotatDist EdgeTFSA EdgePSAtfsa



6.7 Results for Transfer Length by Geometrical Features

From the results of the APossible Regression analysis, each possibleehveak tested with an
Analysis of Variance (ANOVA) for statistical significance. Several models were found to have
stronger statistical significance than others. Itis from these models that a recommendation for a
Bond Index Number model is presentedn ideal model should have the following: a strong
statistical significance, a strong fit to the data, and as few factors as possible.

The first model considered is shown below along with its ANOVA tablealrie17. ANOVA
for Model 2 This model is very acceptable as a predictor of the Bond Index Number. The
eqguation consists of only two factors and thejue is negligibly small. Any-palue below .05
is consideed acceptable.

YO P® W w PRV QQQ"YOHYE Y

Table 16. ANOVA for Model 1

Analysis of Variance

Sum of Mean
Source DF Squares Square FValue Pr>F

Model 2 4834007 | 2417003 4044 <0001
Error 11 6.57422 | 0.59766

Corrected Total | 13 54.91429

Root MSE 077308 R-Square | 0.8803

Dependent Mean 1014286 AdjR-Sq | 08585

Coeff Var 762194
Parameter Estimates
Parameter Standard Variance
Variable DF  Estimate Error tValue Pr>|t| Tolerance Inflation
Intercept 1 16.27509 0.71902 2264 <0001 . 0
%" 1 -1.35489 0.28923 -468 0.0007 082658  1.20981

EdgeTFSA | 1 -1.49519  0.29732 -5.03  0.0004 082658  1.20981

The second model considered is shown below. This model builds upon the previously
mentioned one by adding one more factor. This three factor model provides a slight increase in
the Rsquared while keeping a strong statistical significance of the mdtelvariable added,

Ori, was known to have a low correlation to transfer length.
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Table 17. ANOVA for Model 2

Analysis of Variance

Sum of Mean
Source DF | Squares Square | FValue | Pr>F
Model 3 | 50.34027 16.78009 36.69 <0001
Error 10 | 457401 | 0.45740

Corrected Total | 13 | 54.91429

Root MSE 067631  R-Square  0.9167
Dependent Mean  10.14286 | AdjR-Sq | 0.8917

Coeff Var 666789

Parameter Estimates

Parameter | Standard Variance
Variable DF Estimate Error tValue | Pr>|t| | Tolerance Inflation
Intercept 1 2771769 | 550791 5.03 | 0.0005 . 0
vV 1 -1.50090 0.26248 -5.72 | 0.0002 0.76809  1.30193

EdgeTFSA 1 -1.44717 026111 -5.54  0.0002 082019 121924
Ori 1 -0.25295 0.12096 -2.09  0.0630 092850 1.07700

The third model considered does not use the VV factor. This model is significantly better than
the second model. The&juared of 98% is very strong and thedfue of the model and the
individual factors are all within the industry standard threshol@®f This model equation is
shown below; the parameters used are the Projected Surface Area per Unit Length (PSAcm),
Ellipsoidal Width (EW), and Indent Edge Triangular Facet Surface Area (EdgeTFSA).
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Table 18. ANOVA for Model 3

Analysis of Variance

Sum of Mean

Source DF Squares Square FValue Pr>F
Model 3 2712278 9.04093 81.12 0.0023
Error 3 033437 0.11146

Corrected Total 6 2745714

Root MSE 0.33385 | R-Square 09878
Dependent Mean | 10.14286 AdjR-Sq | 0.9756

Coeff Var 329147

Parameter Estimates

Parameter | Standard Variance
Variable DF Estimate Error tValue Pr>|t| Tolerance Inflation
Intercept 1 4490381 3.39953 1321 | 0.0009 . 0
PSAcm 1 0.15797 0.02991 528 00132 019012 525979
EW 1 -15.98320 1.92896 -8.29 | 0.0037 0.15239 6.56213

EdgeTFSA | 1 -0.77956  0.18918 -4.12 | 0.0259 060995 1.63949

The fourth model considered uses a total of four factors. This model has the loxaastdall
around and has a very highSRjuared of 99.99%. This model has the best results from the
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ANOVA, however, as mentioned previously to many factors in the model cause over fitting. In
general simpler and more elegant models are preferred as opposed elaborate models with many
factors. The equation for the model is shown below; this model includés &dators in model

three and has one additional factor indent edge slope (EdgeSlope).
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Table 19. ANOVA for Model 4

Analysis of Variance

Sum of Mean

Source DF Squares Square FValue Pr>F
Model 4 27.45550 6.86388 8363.64 0.0001
Error 2 000164 0.00082068
Corrected Total 6 2745714

Root MSE 0.02865 R-Square | 0.9999

Dependent Mean 10.14286 AdjR-Sq | 0.9998

Coeff Var 0.28244

Parameter Estimates

Parameter Standard Variance
Variable DF Estimate Error tValue Pr>|tf Tolerance Inflation

Intercept 35.36408  0.85975 4113  0.0006 . 0

PSAcm 016158  0.00254 63.69 | 0.0002 019458 513917

11.73817 067820 17.31  0.0033 007514 1330785

1

1
EW 1 -18.67894 0.14634 12764 <0001 0.19496 512930

EdgePSAtfsa 1

1

EdgeSlope 2643876  0.86447  30.58  0.0011 0.07606  13.14719

6.8 Results for Transfer Length by Geometrical Features and Release Strength

For the reinforcement wirdgpes considered within this research five of the types were used in
the testing of 4 wire concrete prisms at 3 different release strength [&helselease strengths
were 3,500; 4,500; and@0 PSI. This presents a unique opportunity to create #&sing
statistical model that combines factors of both the wire design and concrete design to give an
overall prediction of the performance of the concrete member transfer |d\gtireating a

model relying on both wire design and concrete design the madgrbater utility for

prestressd concrete manufacturersaamethod of maintaining quality and predicting the
performance from their controllable ingyi81].

The abbreviations for models using releasengjth and standard deviations slhewn in Table
20.
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Table 20. Nomenclature for Models with Release Strength and Standard Deviations

Abbreviation Description

AvgAngle Average Indent Edge Wall Angle

AvgDepth Average Indent Depth

AvgWidth Average Indent Width

CosSgAngle  Cosine of the Squared Edge Wall Angle
DevAngle Standard Deviation of Indent Edge Wall Ang
DevDepth Standard Deviation of Indent Depth
DevWidth Standard Deviation of Indent Width

KSI Kilo Pounds per Square Inch
PSI Pounds per Square Inch

TL Transfer Length

\AY Indent Volumetric Void

Table21 shows the input data used to generate these moHeis data set comes from a

different collection of wire measuremeifitsm that of the previous secti@s the previous

section results wergenerated at an earlier phase of the indent profiling syStamwires

chosen represented a variety of different commercial reinforcements. Wire WE is a spiral, wire
WK is a 4dot reinforcement type, Wires WG and WH are chevron type shiéfiow and deep
indents respectively, and wire WA is a smooth wire. As these wires are uniquely different
geometrical features had to be chosen that are ubiquitous to all wire types. Therefore the indent
depths, widths, and edge wall angles were usstier wires could not be added to the
development of the model due to the costs of the performing prism tests. The standard
deviations of the sampled measurements were also used. The CosS@Ange () was also

added as it was found to have a manedir relationship with the transfer length than just the
indent edge wall angle alone.
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Table 21. Input Data for Statistical Models with Release Strength

Wire TL KSI  AvgDepth  AvgWidth AvgAngle CosSgAngle DevWidth DevDepth DevAngle

(in)  (ksi) (mm) (mm) (Deg.) (mm) (mm) (mm)
WA | 16.3 45 0.000 0.000 0.000 1.000 0.000 0.000 0.000
WE 74 45 0.259 6.164 15.078 -0.678 0.455 0.044 4,782
WG | 11.8 45 0.100 3.629 25.677 0.489 0.119 0.006 8.877
WH 75 45 0.186 4.078 14.226 -0.925 0.545 0.026 3.862
WK | 14.0 45 0.132 2.860 7.959 0.449 0.167 0.011 0.858
WA | 214 35 0.000 0.000 0.000 1.000 0.000 0.000 0.000
WE |105 35 0.259 6.164 15.078 -0.678 0.455 0.044 4,782
WG | 119 35 0.100 3.629 25.677 0.489 0.119 0.006 8.877
WH | 112 35 0.186 4.078 14.226 -0.925 0.545 0.026 3.862
WK |17.7 35 0.132 2.860 7.959 0.449 0.167 0.011 0.858
WA | 135 6 0.000 0.000 0.000 1.000 0.000 0.000 0.000
WE 7.1 6 0.259 6.164 15.078 -0.678 0.455 0.044 4,782
WG 9.8 6 0.100 3.629 25.677 0.489 0.119 0.006 8.877
WH 7.3 6 0.186 4.078 14.226 -0.925 0.545 0.026 3.862
WK | 11.1 6 0.132 2.860 7.959 0.449 0.167 0.011 0.858

The correlation matrix shown ifable22 includes the parameters for the multivariate
regressions. The release strength, KSI, has the lowest correlation to TL. However, previous
analysis has shown that the release strength has a consistent relat@ijship [

Table 22. Correlation Matrix for Statistical Models

Pearson Correlation Coefficients

£ < @ ié’ < = o

— 2 K] = o o )]

- 3 & = & & = 8 5
2 =2 2 9 3 & 3

< z < 8 a a) a)

TL 1.00 -041 -0.78 -0.81 -0.58 0.79 -0.77 -0.74 -0.53
KSI -0.41 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

AvgDepth -0.78 0.00 100 09 045 -0.89 088 095 0.35
AvgWidth -081 000 09 100 066 -081 079 0.88 0.58
AvgAngle -058 000 045 066 100 -0.37 032 0.27 0.97
CosSgAngle| 0.79 0.00 -089 -0.81 -037 100 -1.00 -0.89 -0.28
DevWidth -0.77 000 088 079 032 -100 100 0.88 0.23
DevDepth -0.74 000 09 088 027 -089 088 100 0.22
DevAngle -053 000 035 058 097 -028 023 022 1.00

Table23 shows a summary fromil-possible regression analysis from the data séabie21 for
two parametex Only select models are shown as to simplify the outpbe best models that
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use the release strength reaciR-squared of 91%. These are not as good as some of the
previous models that did not use the release strength. This is primarily duéntcdudbng all
geometrical feature types. As only the indent depth, width, and edge wall angles are considered
the benefits of a geometrical features such as volumetric void and indent surface area are not
included. The Rsquare is not the only definirffigctor in a good model. A high statistical
significance is needed( | ¢ 8t p. A good model utilizes the fewest number of parameters

to achieve the desired-$juare. The model should have a relationship that is intuitive to users
and is no more comlated than necessary to predict the transfer length. Models should avoid
using parameters that have a high correlation with respects to each other.

Table 23. All-Possible Regression Summary for Additional Mod@2l®arameters)

2 Parameter Models

R-Square Variable in Model

0.82 KSI AvgWidth

0.80 KSI CosSgAngle

0.78 KSI AvgDepth

0.76 KSI DevWidth

0.73 CosSqgAngle DevAngle

0.73 DevWidth DevAngle

0.73 CosSqgAngle DevWidth

0.72 AvgAngle CosSgAngle

The three variable models shownTiable24 have a good balance between the number of
parameters used and resultingg@uare. These models are all used a combinati&s! and
geometrical features, which is desired as it provides a better overall prediction of the transfer
length from the available design parameters that must be controlled.

Table 24. All-Possible Regression Summary for AddiabModels (3 Parameters)

3 Parameter Models
R-Square  Variable in Model
0.90 KSI CosSgAngle DevAngle
0.90 KSI DevWidth DevAngle
0.89 KSI CosSgAngle DevWidth
0.89 KSI AvgAngle CosSgAngle
0.89 KSI AvgAngle DevWidth
0.88 KSI AvgWidth CosSgAngle
0.87 KSI AvgAngle DevDepth
0.87 KSI AvgWidth DevWidth

Table25 shows the results from the 4 variable models. Notice that-gguBre is only
marginally better than that of the 3 variable models. This makes the 4 variable models
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unnecessary as littlelditional value is obtained for the increase in model complexity. These
models while have the bestdguare are as practical for implementation as the 3 variable
models.

Table 25. All-Possible Regression Summary Aatditional Models (4 Parameters)

4 Parameter Models
R-Square Variable in Model
0.91 KSI DevDepth DevWidth DevAngle
0.91 KSI CosSgAngle DevDepth DevAngle
0.91 KSI AvgDepth AvgWidth CosSqgAngle
0.91 KSI AvgDepth AvgWidth DevWidth
0.91 KSI AvgWidth CosSgAngle DevAngle
0.91 KSI AvgDepth CosSgAngle DevAngle
0.91 KSI AvgAngle CosSgAngle DevDepth
0.91 KSI AvgWidth DevWidth DevAngle

The equation below is the model found that had the higheguRred while still maintaining
statistical significance. This model uses a good variety of unique parameters. The model
predicts the transfer length using tieéease strength("Y dent deptfd 0 "QOQfjirent
width(® U "Qo "QCaad theo ¢ +— :—is the edge wall angle. THel © was usedecause
testing found it provided a more lineatationshipto transfer length than justalone Table26
below shows the analysis of variance for the moéddéthough the model has a highdguared
the use of théd T ©- could be considered over fitting of the data and requireseiurth
investigation before application. Other models with goestjRared are showaterthat do not
rely on the use of this parameter.
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Table 26. ANOVA for Model 5

Analysis of Variance

Sum of Mean
Source DF Squares Square FValue Pr>F
Model 4 | 29878550 7469638 5182 <0001
Error 20 | 28.83079 1.44154

Corrected Total | 24 32761629

Root MSE 120064 R-Square 09120
Dependent Mean 1215200 AdjR-Sq 08944
Coeff Var 9.88019
Parameter Estimates
Parameter = Standard Variance
Variable DF Estimate Error tValue Pr>|tf Tolerance Inflation
Intercept 1 22.13166 1.65248 13.39 <0001 0
KslI 1 -1.86073 = 0.30016 -6.20 | <0001 1.00000  1.00000
AvgDepth 1 38.12522 | 13.43405 284 | 0.0102 0.04266 23.44082
AvgWidth 1 -2.03462 045514 -4.47 | 00002 0.06962 14.36346

CosSgAngle 1 337439 0.75486 4.47 | 0.0002 0.18518 540014

The model below provides the most basic solution that combines lygtbmetrical featurand
release strengthThe model uses the indent ded 0 "QOQ@and the releasstrength 1 "Y'O
The model has a descentSguared and strong statistical significaniable27 shows the
analysis of variance for the model.
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Table 27. ANOVA for Model 6
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