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Abstract

This report documents the advances that have been made to determine the transfer length of
pretensioned concrete railroad ties using non-contact surface displacement measurements by
digital image correlation. The work has culminated with two fully-functional devices that address
specific needs of the industry. The first device utilizes a multi-camera method for measuring the
surface strain profile on a railroad tie and determining the associated transfer length to within +/-
1.5 in. with as few as 5 independent measurements of surface strain. The work represents a
practical step towards the continuous monitoring of in-plant prestressed railroad tie production,
using transfer length as a quality control parameter. The second device is capable of making
measurements of strain in a real-time continuously scanning/traversing (CST) manner over the
entire distance range of interest on the tie associated with transfer-length development. It was
shown to be capable of a strain measurement resolution of nominally about + 20 microstrain, at
traversing speeds of up to several inches per second.
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Executive Summary

This report summarizes work that is part of a larger project funded by the FRA titled “Quantifying the
Effect of Prestressing Steel and Concrete Variables on the Transfer Length in Pretensioned Concrete
Crossties.” The project has the following Major Research Tasks:

Laboratory Phase

1) Pre-tensioned 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 Tests On The Pre-Tensioned 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 of Ties Installed in Track

The work presented herein specifically covers task (6) “Automated Device for Transfer Length
Measurement”. The report documents the advances that have been made to determine the transfer
length of pretensioned concrete railroad ties through non-contact strain measurement by digital image
correlation. This work has culminated with two fully-functional devices that address specific needs of
the industry.

The first device utilizes a multi-camera method for measuring the surface strain profile on a railroad
tie and assessing the associated transfer length. The performance of the new device was demonstrated
both in a laboratory setting as well as in an actual tie manufacturing plant. Results of this testing
indicated that, consistent with earlier experimental results as well as theoretical uncertainty analysis,
the device performs as expected and is capable of assessing transfer length to a nominal tolerance of
+/- 1.5 in. with as few as 5 independent measurements of surface strain. For the current design, these
independent strain measurements are obtained from simultaneous image captures of the concrete
surface features from 6 adjacent cameras.

This work represents a practical step toward the implementation of a device such as the 6-camera
strain measurement system for continuous monitoring of in-plant prestressed railroad tie production,
using transfer length as a quality control parameter. Furthermore, the tests presented here illustrate the
usefulness of this new 6-camera system is as a diagnostic tool for improving tie quality and robustness.

The second device is capable of making measurements of strain in a real-time continuously
scanning/traversing (CST) manner over the entire distance range of interest on the tie associated with
transfer-length development. The capability of this new CST device was first demonstrated in the
laboratory, using a new special-purpose longitudinal strain calibration setup. It was shown to be



capable of a strain measurement resolution of nominally about + 20 microstrain, at traversing speeds
of up to several inches per second. In addition, the new automated system was demonstrated by
conducting measurements of longitudinal surface strain on prestressed concrete crossties in a
manufacturing plant casting bed (Rocla Concrete Tie Plant in Sciotoville, OH). Crosstie strain profile
measurements obtained using this new CST system, in comparison to the recently introduced 6-camera
manual device and in comparison to Whittemore gage measurements, indicate unprecedented
resolution of strain profile shape for in-plant measurements. In particular, it was shown to be even
possible to resolve differences in the strain profile (and associated transfer length) between crossties in
adjacent rows within the same casting cavity. This type of detailed high-resolution comparison has
never before been possible in a crosstie manufacturing plant.



1. Introduction

The main focus of the research effort reported here is on the automation and use of previously
developed non-contact (optical) strain measurement technology for the purpose of rapidly assessing
transfer length of railroad crossties. As literally hundreds of ties were to be tested during the plant
testing phase of the project, the traditional tedious methods of transfer length assessment were simply
impractical, except for a few limited cases where they were used for comparison purposes.

In parallel with the prism transfer-length and pullout testing conducted in conjunction with this
project, a previously developed laser-speckle imaging (LSI) device [1, 2] was enhanced to enable
rapid transfer-length determination in pretensioned concrete crossties. This was vital to the plant
phase of this research. During the plant phase, the effects of the different sources of wire and indent
patterns were evaluated in actual concrete railroad ties. The ability to obtain longitudinal surface
strain measurements quickly was essential in order to provide enough data to establish statistically-
relevant correlations of results. This report details the automation of this LSI device and its
application to experimental longitudinal surface strain profile measurement and transfer-length
assessment of railroad crossties.

In conjunction with the automated hardware development, a generalized version of the unbiased
statistical technique (developed earlier for use with the manual LSI device and prismatic members
with bilinear strain profiles), is presented for non-prismatic crosstie transfer-length assessment based
on the measured longitudinal surface strain profile.

1.1 Background

Pretensioned concrete railroad ties are fabricated by casting concrete around already tensioned steel
wires or strands. After the casting process is complete and the concrete has hardened, a de-tensioning
procedure is undertaken by cutting the reinforcing wires or strands at both ends of the concrete
members to release the tension. Figure 1 shows an idealized bi-linear railroad crosstie strain profile
superimposed above a section of track.
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Figure 1 The Transfer Length

The stress transfers from the prestressing wires (or strands) to the concrete and is developed gradually
from each end of the concrete tie, where the stress is zero, to locations well away from the ends where



the stress reaches its full value. The length required to fully develop the prestressing force is defined as
the transfer length [3, 4, 5], as depicted in Figure 1.

In order for the prestressed concrete ties to function adequately over their expected service life, the
prestressing force must be fully introduced into the railroad tie at a location well before the rail load is
applied; in other words, the transfer length should be shorter than the distance from the rail seat to the
end of tie. In most cases, the rail seat is 21 in. from the end of the tie; however, in some specialty ties,
such as those used in railway switches, the rail seat is 24 in. from the end of the tie [6].

There are two key issues associated with the rapid assessment of transfer length for a crosstie. First, it
is necessary to rapidly and accurately measure the longitudinal surface strain profile on the surface of
the tie. From this, an algorithm is required for extracting the transfer-length parameter from the
measured strain. For in-plant operation, an unbiased algorithm is required so as to avoid time-
consuming and biased human intervention. This has been accomplished using the LSI device [1, 2], in
conjunction with a statistical method of transfer-length assessment. These will be introduced in detail
later in this report, after reviewing the traditional method of transfer-length assessment.

1.2 Objectives

With respect to automation of the previously developed LSI transfer-length measurement system, the
research can be divided into two key phases. During Phase | of this project the key objective was to
implement an automated version of the LSI surface strain measurement system, and then apply this
system for extensive in-plant testing of crossties manufactured using 15 different prestressing member
type (wire and strand). The main aspects of this initial phase are shown below.

(1) Automation of the existing Laser Speckle Image Capturing System. This was accomplished by
the Advanced Manufacturing Institute (AMI) at Kansas State University.

(2) Development and testing of the image correlation software and post-processing routines for
automated transfer-length determination. The initial implementation of the image analysis to
achieve displacement by cross-correlation methods was implemented separately from the main
traverse controlling LabView interface. This was because the software had already been
developed for the manual traversing procedure. Transfer length was determined by post-
processing the local strain measurements using already established excel macro algorithms.

(3) Complete transfer-length measurements at CXT plant for all 15 wire types. Measurements of
strain profile and transfer length were taken on ties sampled from the entire casting bed. The
automated LSI system was used to obtain the required measurements before and after de-
tensioning at both live and dead ends of the sampled ties.

(4) Analysis of transfer-length results from actual concrete ties. The transfer lengths obtained
from the in-plant crosstie testing using the automated LSI system were compared with the
measurements of transfer length obtained in laboratory testing of prismatic members cast with
the same 15 wire types.

In conjunction with transfer-length measurement, Phase 11 of the project involved the design of a
multi-camera version of the LSI system. The prototype system used 6 independent fixed cameras
mounted to a common support, and provided 5 independent measurements of surface strain with an
equivalent 6-in. gage length (the spacing between the cameras). The main aspects of this second phase
are shown below.



(1) Design of 6-camera prototype LSI system for transfer length. The basic conceptual design of
this system came out of extensive testing and uncertainty analysis directed toward determining
just how many measurements of surface strain are needed for accurate transfer-length
assessment. The analysis leading up to this design is presented in more detail within the body
of this report.

(2) Fabrication and calibration of two prototype 6-camera LSI systems. This was accomplished by
AMI at their facility. In principle, one system would be used for surface position tagging prior
to de-tensioning, and one would be used at a different physical location for surface feature
position measurement after de-tensioning.

(3) Testing of the 6-camera LSI systems. This was accomplished both in the laboratory as well as
during field testing at the turnout tie plant in Cheyenne, Wyoming.

(4) Extension of the Zhao-Lee (ZL) method of transfer-length assessment to accommodate
departures from the conventional assumption of bi-linear strain profile. Arbitrary strain
distribution shapes (including exponential) and non-prismatic behavior were incorporated in
the algorithm.

(5) Experimental testing of the modified ZL method through fabrication and measurement of
surface strains on non-prismatic pretensioned members.

1.3 Organization of the Report

Chapter 2 presents historical background on transfer-length measurement and the motivation for the
development of the optical strain sensor technology used in conjunction with the extensive transfer-
length measurements conducted in this research project.

Chapter 3 presents the historical background on the development of the manually operated version of
the modular Laser Speckle Imaging (LSI) sensor. Comparisons are made with the traditional
Whittemore gage method of surface strain and transfer-length measurement.

Chapter 4 then presents the development and implementation of the automated LSI transfer-length
measurement system used for this research effort, as an extension of the existing modular LSI sensor
technology.

Chapter 5 introduces the new unbiased Zhao-Lee (or ZL) algorithm for transfer-length assessment of
prismatic members. Comparisons are made with the traditional 95% AMS approach to transfer-length
measurement.

Chapter 6 presents an analysis of the uncertainty of transfer-length measurement. A simplified
theoretical model for transfer-length uncertainty is also presented for prismatic members.

Chapter 7 presents an extension of the ZL transfer-length algorithm to non-prismatic members directly
representative of the more complex geometry of railroad crossties.

Chapter 8 extends the uncertainty analysis developed for prismatic members to non-prismatic
members (crossties). Also presented here is the influence of sampling interval and the importance of
incorporating a thermal strain offset parameter in the ZL algorithm.

Chapter 9 introduces the concept of the multi-camera system designed for in-plant transfer-length
assessment on a production basis. A prototype of this new system is demonstrated by in-plant testing
at a turnout tie manufacturing plant.



Chapter 10 presents the first in-plant testing results for the new multi-camera system. In addition, the
multi-camera system was used to investigate the influence of contaminants (lubricating oil) on transfer
length for the first time in a plant setting. The investigation of thermal strain offset and also the effect
of basic non-prismatic shapes on the strain profile were also investigated using this new strain
measurement system.

Chapter 11 presents the results of the first in-plant testing of an improved version of the automated LSI
system. This new system is capable of both jog and on-the-fly measurements of surface strain. Strain
profile comparisons are made between this system and the multi-camera system. In-plant testing
results are presented which compare the strain profiles for several adjacent ties in a casting bed using
this new continuous scanning/traversing system. Results obtained using the multi-camera system and
the Whittemore gage are also presented for comparison purposes.

Chapter 12 presents more specific results from the in-plant testing discussed in Chapter 11, including
comparison of transfer-length variations across the casting bed. The entirety of strain data measured
using the new continuous scanning/traversing (CST) system is given graphically in Appendix A.



2. Methods of Transfer-Length Measurement

2.1 Traditional Method using Manual Surface Strain Measurement

Separate from the current research efforts, the ability to make rapid in-plant measurements of the
transfer length of pretensioned concrete railroad ties would enable the concrete tie producers to
identify problem ties before they are put into service, as well as provide immediate feedback about
production variations. The transfer-length determination procedure consists of two steps: (1)
Measurement of the surface strain distribution along the pretensioned concrete railroad ties, and (2)
Calculation of the transfer length from the measured surface strain profiles using some prescribed
computational algorithm.

Figure 2. Embedded brass points used for Whittemore readings

The traditional method to obtain the surface strain information is to secure metal discs called “gage
points” to the surface of the specimens at 50 mm (2.0 in.) spacing prior to de-tensioning the strands, as
shown in Figure 2. These points are typically mounted using epoxy, or by directly embedding them
into the concrete. The distance between the gage points is traditionally measured using a mechanical
gage called a Whittemore gage.

Figure 3. Whittemore gage



This gage typically has a resolution of about +20 microstrain and a gage length of 203 mm (8.00 in.).
After releasing the prestressing force, the distance between the gage points is measured again. The
surface strain is found by calculating the change in distance between the points using a mechanical
Whittemore gage like that shown in Figure 3.

2.2 Traditional 95% AMS Method of Assessing Transfer Length

Traditionally, once the surface strain information is obtained, the 95% AMS (95% Average Maximum
Strain) method is employed to extract the transfer length from the measured surface strain data [7].
This method consists of the 3 basic steps described below.
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Figure 4. Transfer-length determination by the 95% AMS method

» Step 1: Every three consecutive strain data points are (boxcar) averaged to smooth the data. Figure
3 shows a typical surface strain data smoothed using the 3-points averaging method.

« Step 2: The plateau area of the strain profile is determined (by operator judgment from the
observed strain profile), and this maximum strain value is then multiplied by 95%. The resulting
value is denoted as the “95% average maximum strain”.

« Step 3: A horizontal line is drawn at the level of the 95% average maximum strain as shown as the
horizontal line in Figure 4. The location of its intersection (again determined by operator judgment)
with the smoothed strain profile indicates the estimated value of the transfer length.

Both the surface strain measurement method utilizing the Whittemore gage, and the transfer-length
determination algorithm with the 95% AMS method, have been used in the prestressed concrete
industry for decades [5, 7]. However, they both have some disadvantages. For example, the
Whittemore gage requires tedious surface preparation and manual operation, and the 95% AMS
method is an empirical method that also requires human judgment that is prone to error. We have
developed an automated optical sensor that is able to measure the surface strain of the pretensioned
railroad tie fast and accurately [8, 9, 10], as well as a new statistically based algorithm to determine the
transfer length from the strain profile without bias.

2.3 Laser Speckle Imaging (LSI) Strain Measurement Technology

To measure the transfer length more quickly and accurately, a non-contact method based on laser-
speckle technology was developed at KSU prior to the current FRA research effort.
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It was designed to detect the magnitudes of surface strain expected for typical pretensioned concrete
railroad ties. Speckle is generated by illuminating a rough surface with coherent light, as shown in
Figure 5. The random reflected waves interfere with each other (constructively and destructively),
resulting in a grainy image at the detector, as shown Figure 6.
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The speckle pattern can be thought of as a “fingerprint” of the illuminated area, in the sense that the
speckle pattern produced by every surface area is unique. Furthermore, when the surface area
undergoes movement or deformation, the speckle pattern in the image plane will also move or deform
accordingly [12, 13]. Alternatively, artificially introduced surface features, including microscopic
reflective particles bonded to the surface, can be used to tag surface displacement. We have
successfully measured concrete surface strain and transfer length using both of these tagging methods.
In princple, the surface structure of the concrete itself can be used as a tag for displacement
measurement.

There exist two basic categories of laser speckle strain measurement techniques: electronic speckle
pattern interferometry (ESPI) and digital speckle photography (DSP). They relate to different methods
of producing and processing the speckle image. The strain measurement systems based on ESPI can
achieve very high resolution [14, 15, 16], but generally require stringent alignment of the sensor due to
their small dynamic range, e.g. the maximum deformation or displacement that the technique can
measure [17]. This makes it impractical for the ESPI technique to be used for strain measurement on
pretensioned concrete ties in the harsh manufacturing environment where the stringent alignment of



the sensor is hard to achieve. DSP, on the other hand, generally has lower resolution than ESPI, but its
resolution is high enough for the pretensioned concrete tie strain measurement application. More
importantly, the DSP technique has a large dynamic range, which is a principal requirement in
pretensioned concrete tie concrete beam strain measurement. The optical strain measurement
technique that was developed for this study is actually based on DSP.

To detect the surface strain or deformation, the grainy speckle pattern image is recorded before the
surface is deformed and after the surface deformation. The deformation or displacement components
can then be extracted by comparing the shift of the speckle patterns before and after a surface
deformation. This is typically done statistically using a cross-correlation technique to measure the
speckle displacement. The cross-correlation function is defined by

M N

Corr(x,y) = > D L(i, Pl(x+i,y+j) (2.1)
i=1 j=1
where I1 and I, are, respectively, the intensity matrix of the un-deformed speckle pattern and the
deformed speckle pattern; M and N are the width and height of the speckle patterns. By varying the
values of x and y, the maximum value of the correlation function can be found, and its coordinates
give the relative displacement between the speckle pattern pairs [18].

Figure 7. Typical Cross-Correlation Plot

A typical cross-correlation plot is shown in Figure 7, where the displacement between the resulting
correlation peaks is a measure of the local mechanical displacement of the surface.

2.4 Early Version of the LSI Strain Measurement System

A schematic diagram of the early prototype strain sensor is shown in Figure 8. This early prototype
utilized a single laser coupled with a beam splitter optics to provide simultaneous illumination of two
different locations on the concrete surface, spaced one “gage length” apart. This device also required
only a single CCD camera and employed a split image to record side by side speckle patterns of the
before and after de-tensioning images at each location A and B on the concrete surface.
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Figure 8. Schematic of Early LSI Strain Sensor Prototype

Figure 9 shows a compressive strain setup which was used to compare the strain measured by this
early prototype LSI sensor with the output from an electronic foil sensor mounted on the same prism
specimen. The results of the application of compressive load indicate excellent agreement to within
about 6 microstrain, providing good verification of the LSI system performance.
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Figure 9. Verification of Early Prototype LSI Optical System

Another example in a more practical setting is shown in Figure 10, where the LSI system was mounted
on a rail slide adjacent to a pretensioned prismatic member. Measurements of longitudinal surface
strain were made after de-tensioning using both the LSI system and the traditional Whittemore
mechanical gage, since gage points were also mounted on the side of the prism. The results are shown
in Figure 11, where it is clear that there is excellent agreement between the LSI optical strain
measurements and the traditional Whittemore mechanical strain measurements. There also appears to
be much less scatter in the measured results for the LSI system. In addition, the nominal accuracy of
the LSI system is about +10 microstrain, as compared to about +25 microstrain for the Whittemore
measurements.
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Figure 10. Early Prototype on Prismatic Member

In addition to exhibiting less scatter, the LSI strain sensor system has the potential for transfer-length
measurement on a production basis, which is not practical with the conventional mechanical
measurement technique. Indeed, this aspect is one of the prime motivators for further development of
the automated surface strain measurement systems associated with the current project.
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Figure 11. Comparison of Raw Unsmoothed Prism Strain Measurements

The success of the early prototype LSI system led to the make the sensor lighter and more compact, to
better facilitate its use in a crosstie manufacturing plant.
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3. The Modular Laser Speckle Imaging (LSI) Sensor

The desire for a more compact and light-weight sensor for field measurement applications led to the
concept of a modular design. The previous LSI system was replaced by two separate modules, each
containing their own CCD camera and laser light source for illumination. Prior to the initiation of the
current FRA project, a prototype of this new optical strain sensor was fabricated in a portable
manually-operated light-weight self-contained unit suitable for field testing. This section reviews the
development of this early prototype and its initial application to in-plant transfer-length measurement.

3.1 The Dual-Module LSI Sensor for Surface Strain Measurement

The dual-module prototype optical strain sensor, that was the precursor to the automated transfer-
length measurement system developed as part of the current project, is shown in Figure 12.

(a) Schematic Drawing (b) Photograph of Modular Prototype
Figure 12. The Dual-Module Laser Speckle Strain Sensor Prototype

It has two identical modules attached rigidly to each other in a mirror setup with each module capable
of detecting the surface movement independently. This unique modular design provided several
preferable features including flexible adjustment of the gage length, easy upgradeability to automatic
operation, robustness and higher accuracy.

Prestressed Concrete Beam

Before A @ L=8in=2032mm @ B
Detensioning :
After ’ :
Detensioning ? ® ?
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-

Figure 13. Basic Strain Measurement and Gage Length

For surface strain measurement, the dual module optical strain sensor is first positioned onto the
concrete surface before the de-tensioning. The two CCD cameras in the left and right modules capture
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a pair of speckle images that are generated by point A and point B, respectively. This is depicted
schematically in Figure 13. These two speckle images are denoted as A; and B1. The sensor is then
removed from the concrete surface. After the release of the prestress force, the optical sensor is
positioned (mounted) back onto the surface. The cameras capture another pair of speckle images,
which are denoted as Az and B>. By applying a cross-correlation technique to the pair of speckle
images A1 and Az (before and after the de-tensioning process), the displacement AA can be extracted.
The displacement AB can be extracted from image B1 and image B> in a similar fashion. As shown in
Figure 13, the axial surface strain between point A and point B can thus be determined by
e=(AB—-AA)/L, where L =203.2 mm (8 in.) is the gage length for the prototype setup.

——

Figure 14. Calibration Setup with Concrete Blocks

The capability of the optical sensor in strain measurement was validated by using a manual motion
system shown in Figure 14. Two small concrete blocks were positioned side by side approximately
203.2 mm (8 in.) apart.
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Figure 15. Typical Prototype Calibration Results

The concrete block shown on the left was attached to a manual traverse system whose displacement
was measured by a digital dial gauge having resolution of 0.001 mm (Shars Model 303-3506). The
concrete block on the right was held stationary. The system was used to create a relatively linear
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displacement between the two concrete blocks by displacing the concrete block on the left while the
concrete block on the right remained stationary.
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Figure 16. Difference between optical strain sensor and digital dial gauge

The relative displacement between the two concrete blocks was increased from 0 mm to 2.0 mm, with
0.1 mm increments and was measured by both the digital dial gauge and the laser speckle strain
sensor. The results are shown in Figure 15. The readings by the two devices (optical strain sensor and
dial gauge) had excellent agreement. The differences between the two sensor’s readings were below 4
microns over the entire measurement range, as shown in Figure 16.

3.2 In-Plant Crosstie Measurements with Manual Traverse

To initially evaluate the feasibility of in-plant transfer-length measurements using the laser speckle
strain sensor, a field trip was made to a concrete railroad tie production plant in Nebraska. Subsequent
field testing was then conducted in June 2011 at a plant in Arizona.

Figure 17. Severe Abrasions from the Saw-Cutting Operation

While at the first plant, the research team noticed that when the railroad ties went through the saw-
cutting procedure, the railroad tie surface, on a microscopic surface profile level, underwent severe
abrasions including wetting and vacuum lifting, as shown in Figure 17. This procedure caused
dramatic physical changes to the tie surface. The change of the concrete’s microscopic surface profile
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in turn caused changes in the resulting speckle pattern, and corresponding difficulty in matching the
speckle image pairs associated with before and after cutting.

Figure 18. Railroad Tie Surface Bonded with Microscopic Reflective Particles

To avoid this problem, microscopic reflective particles were bonded to the railroad tie surface to serve
as artificial speckle before the initial readings were taken, as shown in Figure 18. The particles were
much less vulnerable to the severe abrasions than the concrete surface itself and helped keep the
correlation that was critical for the laser speckle strain sensor to be functional in this situation.
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Figure 19. Inserts for the Laser Speckle Device in Tie Plant

This first version of the dual-module laser speckle device worked best when measurements are taken
on flat surfaces. Later improvements were made to increase the depth of focus for enhanced capability.
To ensure the concrete surface was flat over the area where readings were taken, steel bars were
placed on the concrete at the time of casting as shown in Figure 19. Once the concrete had cured, the
bars were removed and a flat concrete surface was left along the line where readings would be taken.

In order to facilitate the laser-speckle measurements, three small 6.35 mm (¥ in.) diameter inserts
were cast into each of the railroad ties immediately after pouring the concrete mix. The inserts allowed
a manual traverse to be supported on the top of the member surface conveniently. The sensor was
installed on a manually adjustable (slide) traverse and was able to slide freely on it, as shown in Figure
20. This provided a very convenient means of positioning the system in an incremental fashion along
the end of a tie. The positioning could be done rapidly since high precision was not required.

16



Figure 20. Laser Speckle Strain Sensor Mounted on a Manual (Slide) Traverse

Before de-tensioning the railroad ties, initial laser speckle readings were taken every 12.7 mm (0.5 in.)
for the first 381.0 mm (15 in.) from the ends of each tie and every 25.4 mm (1 in.) thereafter along the
beam by traversing the laser speckle strain sensor on the rail manually. The 12.7-mm (0.5 in.) spacing
was somewhat arbitrarily selected. It provided better spatial resolution than the 50.8-mm (2 in.)
spacing used by the traditional Whittemore. The increased spatial resolution was made possible by the
ease of use of the laser speckle strain sensor, and the fact that minimal (i.e., no time-consuming)
surface preparation was needed. The increased number of measurement points with the closer spacing
also made it possible to apply improved smoothing methods to better filter out random scatter in the
data. In addition, the closer spacing range was extended to 381.0 mm (15 in.), essentially
encompassing the transfer-length region.

After the railroad tie was de-tensioned and cut, readings were taken once again. The two sets of
readings were compared, correspondingly, to extract the strain information at each location, which in
turn was used to plot the strain profile of the railroad tie for the transfer-length determination. The
total time for measuring one side of a tie was about 3 minutes. This was made possible because no
high precision traverse setup was required and simple visual manual positioning was adequate.

Because the laser speckle sensor was able to take higher spatial resolution measurements at 12.7-mm

(0.5 in.) increments, the research team concluded that a different approach than that of the traditional

Whittemore method was needed to obtain improved transfer-length values. As previously mentioned,
the 3-point average of Whittemore readings at a 50.8-mm (2 in.) spacing
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resulted in an average reading over a 304.8-mm (12 in.) length. To obtain a similar average over a
304.8-mm (12 in.) length, the average of nine consecutive speckle readings was used as shown in
Figure 21. The transfer length was then determined by applying the 95% Average Maximum Strain
method (AMS 95%) to this smoothed strain profile [7]. A comparison of the two smoothing

procedures is shown in Figure 22 and Figure 23.
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4. Development of Automated Dual-Module LSI System

Prior to the current project work, the manually positioned modular LSI Strain Sensor System
introduced in Chapter 3 had been used extensively for in-plant crosstie longitudinal strain
measurement and assessment of transfer length [19], and a variation of the modular device was even
used to measure complex multi-axis strain fields [20].

i’ .
-~ .

Figure 24. Manual LSI In-Plant Operation After De-Tensioning

Figure 24 shows the application of the portable LSI device to the measurement of railroad crosstie
surface strain in an actual crosstie manufacturing plant. The manual (slide) traverse was used to allow
rapid positioning of the device along the crosstie to provide a detailed assessment of strain distribution
near the end of the crosstie, from which the transfer length could be determined by post-processing the
strain measurements. The operation shown in Figure 24 corresponds to the traverse after de-
tensioning has occurred.

4.1 Motivation for Automated Transfer-Length Measurement

In order to use the transfer length as a quality assurance (QA) criterion by tie producer plants, it is
necessary to develop a method to measure transfer lengths accurately and rapidly. This will allow
producer plants to ensure that transfer lengths are within an acceptable tolerance, and to identify the
need to modify production (e.g., concrete mix) if transfer-length specifications are out of range. For
instance, a common practice today at tie producer plants is to isolate a single production mold from a
production line for high-scrutiny inspection that includes flexural and bond tests.

Currently the ratio of the prestressed concrete ties with out-of-specification transfer length is unknown
because the concrete railroad tie industry does not conduct transfer-length measurements except
occasionally on a small scale for research purposes. It is believed that currently less than 1 out of
10,000 concrete railroad tie transfer lengths is checked by the concrete tie plant. This is largely due to
the fact that, until the LSI system development, the traditional transfer-length measurement technique,
using a mechanical gage such as the Whittemore gage, was simply not able to keep up with the
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working speed of the production line. Clearly, the tedious and labor-intensive practice required to
conduct a transfer-length measurement using the Whittemore gage would completely disrupt the
highly automated production of a modern concrete railroad tie plant. The alternative device to
measure the transfer length, the Laser Speckle Imaging (LSI) sensor shown introduced earlier and
shown in operation in Figure 24, has provided a convenient and accurate means to fairly rapidly
measure transfer length and has been successfully employed to date for the measurement of literally
hundreds of transfer lengths in a total of six railroad tie plants in the USA [19].

The section below presents the development of an automated version of the above mentioned LSI
strain sensor, which provides a significant improvement over the previous manual sensor based on
several performance characteristics including robustness, repeatability, and speed. Since the automated
LSI sensor is able to complete the transfer-length measurement of a railroad tie in a mere couple of
minutes, it also has the potential to one day provide real-time transfer-length measurements on
virtually every single tie in the production line on a daily basis, without disruption to the
manufacturing cycle. In addition, transfer length is known to be affected by factors such as
reinforcement characteristics (e.g. design, manufacturing process, drawing lubricants, etc), concrete
(e.g. mix design, material, quality, placement, curing, vibration, etc), and prestress release, as well as
the compatibility between a particular concrete and its reinforcement. Therefore, the automated laser
speckle strain sensor is potentially an innovative and powerful tool for not only concrete tie producers
but also any prestressed concrete manufacturer who strives to improve and control product quality and
thereby drive production consistency and reliability to unprecedented levels.

4.2 An Automated LSI Sensor for Surface Strain Measurement

An automated version of the LSI sensor was fabricated in a manner similar to the manual LSI sensor
discussed above. Figure 25 shows a semi-transparent CAD drawing of the sensor head, enclosing the
modular sensors of the manual version shown earlier in Figure 12.

Figure 25. Automated Version of LSI Sensor Head

It has two identical optical modules configured as a mirror setup with each module capable of
detecting the surface movement independently. Both optical system modules are mounted on a
common plate made of carbon fiber, whose thermal expansion coefficient is close to zero. This
configuration effectively eliminates the thermal strain error that could occur due to the heat generated
by the cameras and other electronic circuits of the sensor.
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To automate the measurement of longitudinal surface strain for transfer-length assessment on a
railroad tie, the LSI sensor was mounted on a computer-controlled traverse. This provided the
capability to automatically move the LSI sensor along the transfer-length region of the concrete
railroad tie prior to and after the cutting operation (i.e., before and after de-tensioning) to assess
surface strain, as suggested in Figure 26. Such an automated system also provides the flexibility to
easily adjust the spatial sampling frequency of the surface strain measurement to investigate optimal
sample scenarios.

Tie Cutting
Operation
Concrete Railroad Tie (Bottom Surface ) == —

Before De-tensioning Scan
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Figure 26. Automating the Transfer-Length Measurement (Traversing)

A practical implementation of the automated traversing system has been completed and is illustrated in
Figure 27 and Figure 28. System specifications include 24” scan length of measurement on each end
of concrete crosstie, 1 minute cycle time for approximately 60 distributed strain measurements per
scan, and 0.010 in. repeatable sensor positioning accuracy.

=

Figure 27. The Automated Traversing System with Translating LSI Sensor
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Figure 28. Overall Automated LSI Sensor Traversing System

A laptop computer provides both USB and RS232 communications with the traverse system and the
LSI sensor. The traverse control and data acquisition were included in one software, LabVIEW based,
with the data processing being conducted on the same computer too.

= o
W & 9 9w e S0 g
- Heme Poter il Settras Settrgs Previen Resee Info
Sequendng | e | |Positioning
Kot el e — Poston <10 -
ook xiwmene | [ en |0 . { & 1cqrome
L 0 i Jog Speed ] 0 »
raremod

i 05 = Move: (CTL + arrow)

n T 1st pt offset Jog: (CTL + SHIFT + arrow)

L +

. T— Motion Seauence Plot

|Record Type

o o {ver

- |

o = Image Dwectory |GG

0 0

RV S Rev

] g

O O 61 234 867 8N RDHBETBHNA DN BRI BHNNRDNE

Elapsedtime (0:02:36

M0t0r| 3 kmage Proview =1,
26| [ ¥
2% o [raost T o, «—-—17""”7 ................ > A R
absohty] % 0 2 0 €0 80 100
P |00 ma bt mae 23 (©0) [i3520i00 39 s bt mage 115 (0,0)

- | —
Figure 29. LabVIEW Interface for Traverse Control and Data Acquisition

An example of the LabVIEW interface is shown in Figure 29. Two scans are required for transfer-
length measurement, one prior to de-tensioning and one subsequent to the cutting operation. The
surface strain is calculated and plotted automatically after the raw images are captured.

4.3 Determination of Transfer Length from LSI Strain Data

After the surface strain profile is obtained, the transfer length can be extracted. The so-called 95%
Average Maximum Strain (95% AMS) method is the classical method to extract the transfer length
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from the measured surface strain data [7]. A review of the 3 basic steps in this method is described
below.

Step 1: Every three consecutive strain data points are averaged to smooth the data (i.e., boxcar
averaging).

Step 2: The plateau area of the strain profile is determined (by operator judgment from the observed
strain profile), and this maximum strain value is then multiplied by 95%. The resulting value is
denoted as the “95% average maximum strain or 95% AMS”.

Step 3: A horizontal line is drawn at the level of the 95% average maximum strain. The location of its
intersection (again determined by operator judgment) with the smoothed strain profile indicates the
estimated value of the transfer length.

The 95% AMS method has been used by the engineers and researchers to determine the transfer
lengths of pretensioned concrete members for decades [5,7]. However, it requires human judgment,
which makes it subject to possibly significant human errors. In addition, it has been proved that the
transfer-length estimation by the 95% AMS method is a biased estimation that tends to be larger or
smaller than the actual transfer-length value depending on the gage length of the strain sensor and the
spatial sampling frequency [21]. Furthermore, the 95% AMS method is usually conducted manually
since it is hard to be implemented as computer software. Plotting, averaging, determining the plateau,
and locating the intersection point usually take dozens of minutes. At first glance, the time that is spent
on performing the 95% AMS method might not look significant, considering the much longer time
required to collect the surface strain data using the traditional mechanical gage. However, since the
automated LSI system has become available, it is now possible to obtain the strain data for a
pretensioned concrete member in just a couple of minutes. Thus, a faster method was needed to allow
rapid processing of the raw strain data to give accurate estimations of the transfer length along with
associated confidence limits.

In response to the disadvantages of the 95% AMS method, a new transfer-length estimation method,
called the “Zhao-Lee method” (ZL method) was been developed by the authors. It is based on a least—
squares technique and provides unbiased estimation of the transfer length. In addition, it is robust to
(i.e., minimally affected by) local outliers and missing data points, free of human judgment errors, and
would also work well for the strain data collected by strain sensors of various gage lengths or sampling
intervals. The approach of the Zhao-Lee method is to turn the Transfer Length Determination Problem
into a problem to find the optimal location of the intersection point that minimizes a target function,
where the target function is generated by assuming the surface strain to be ideally bilinear as suggested
in Figure 30, with the rounding effect of the gage length of the sensor taken into account.
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Figure 30. The Bilinear Model Assumption for the Surface Strain Profile

It has been shown by simulations that the estimation accuracy of the ZL method appears to be better
than that of the 95% AMS method. In particular, the ZL method is able to estimate the transfer-length
values with a 95% confidence interval narrower than +1.5 in., when the gage length is larger than 4.00
in. In addition, the ZL method gives an unbiased estimation. Applying the ZL method to the real
surface strain data of railroad tie also shows that the ZL method produces a more precise estimation
[21].

The algorithm of the ZL method has been implemented as a built-in module of the data-processing
software for the automated LSI system. The software reads the raw images captured by the LSI device,
conducts the necessary data-processing procedures and then reports transfer-length estimation
automatically. Details regarding the ZL method are presented in Chapter 5 for prismatic members,
and later generalized for non-prismatic members in Chapter 7.

4.4 Demonstration of Automated Transfer-Length Measurement

In order to demonstrate the capability of the automated LSI sensor to measure the transfer length, a
pretensioned concrete prism was poured as the specimen.

Figure 31. Automated LSI Sensor Positioned on a Concrete Prism
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The automated LSI system was mounted on the top of the concrete prism surface, as shown in Figure
31. Automated LSI Sensor Positioned on a Concrete Prism. With the LSI sensor traveling along the
concrete prism, 60 surface strain data points were collected in 1 minute for one end of the concrete
prism. By doing this before and after the de-tensioning, the surface strain profile was measured and the
transfer length was subsequently reported.

To evaluate the repeatability of the automated LSI system, a total of 8 repetitions of real prism strain
data were taken on the same side of the concrete prism. For each repetition, the automated LSI system
was repositioned on slightly different location on the prism intentionally, to make sure the 8
repetitions were independent of each other. Table 1 shows the transfer-length values obtained from the
8 repetitions. It can be seen that the repeatability of the transfer-length measurement by the automated
LSI system is very good, with the standard deviation of the transfer length equal to only about 0.2 in.
Furthermore, the transfer length of the same concrete prism was measured by using the Whittemore
gage and the result was 9.1 in., showing an excellent agreement between the Whittemore gage and the
automated LSI sensor.

Table 1. Transfer Lengths Measured on a Pretensioned Concrete Prism (in.)

Repetition # 1 2 3 4 5 6 7 8 Standard deviation
Transfer length | 9.2 | 8.8 9.4 9.3 9.0 9.2 9.0 9.0 0.2

In the experiment described above, the prism surface strain was measured by the automated LSI sensor
at 0.5-in. spacing. It is predictable that the higher spatial sampling frequency of the surface strain data
is measured, the more accurate the transfer length can be determined. It is very easy for the automated
LSI system to employ different spatial sampling frequency of the surface strain measurement,
depending on the specific objective of various applications. Ongoing research by the authors is now
focusing on determination of the optimal spatial sampling frequency; that is, what sampling interval
along the tie is just sufficient to provide an acceptable uncertainty in the estimation of transfer length.

45 Automated Measurements at a Concrete Railroad Tie Plant

In order to verify the capability of the automated LSI sensor to measure the transfer length in the
industrial environment, the authors traveled to a concrete railroad tie plant in January 2012, and
conducted transfer-length measurement on the railroad ties being produced in the plant. Because of
the manufacturing process, strain measurements are made on the upward-facing bottom surface of the
ties.

The surface of the concrete must remain smooth and consistent throughout the measurement process,
in order for the laser-speckle device to work properly. Steel bars were placed in the concrete during
the time of casting (Figure 32). Once the concrete had cured, the bars were removed and left a smooth
surface for the LSI sensor to take measurements.

Once the base readings (i.e., prior to de-tensioning) are taken on the concrete tie surface, the surface
must remain relatively unchanged, otherwise secondary readings of strain cannot be taken. If the
surface features are substantially altered after the base readings are made, the speckle pattern will not
represent a “fingerprint” for each individual surface feature location. This is @ major problem when
taking measurements at a prestressed concrete tie plant. The plant introduces many factors that can
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alter the concrete surface structure. Factors that can affect concrete surface structure include water
used during the cutting operation, dust, handling of the ties by positioning machines and vacuum
manipulators, and early release of the prestressing force.

Figure 32. Steel Bar Inserts Cast in Fresh Concrete
To avoid this problem, microscopic reflective particles were bonded to the railroad tie surface to serve
as an artificial speckle "tag" before the initial readings were taken, as shown in Figure 33. The
particles were much less vulnerable to the severe abrasions than the concrete surface itself and helped
keep the image correlation that was critical for the LSI sensor to be functional in this situation. The
procedure shown in Figure 32 for surface preparation is relatively straight-forward and can be done
very quickly. Rapid and minimal special surface preparation is a requirement for in-plant operation.
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Figure 33. Reflective Particle Paint Applied to Concrete Tie Surface

Figure 34 shows the setup of the automated LSI system on the railroad tie in the plant. Before de-
tensioning the railroad ties, initial laser speckle readings were taken every 0.5 in. The 0.5 in. spacing
was somewhat arbitrarily selected, though higher spatial sampling frequency is also possible. The
increased spatial resolution was made possible by the ease of use of the LSI sensor, and the fact that
minimal (i.e., no time-consuming) surface preparation was needed. After the railroad tie was de-
tensioned and cut, readings were taken once again. The two sets of readings were compared,
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correspondingly, to extract the strain information at each location, which in turn was used to plot the
strain profile of the railroad tie for the transfer-length determination.

Figure 34. Automated LSI Traversing System on Concrete Ties in Plant

The whole procedure was done automatically with the total time for measuring one side of a tie being
only about 1 minute. An example of the surface strain profile obtained by using automated LSI device
is shown in Figure 35. Note the transfer length estimated by the Zhao-Lee method is reported at the

upper right corner of the plot.
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Figure 35. Example of the Strain Profile and Zhao-Lee Transfer-Length Estimate

To provide the plant with information regarding the quality of their concrete tie product, the research
team took transfer-length measurements on four different combinations of concrete mixes and wire
sources from different producers. Taking transfer-length measurements on various possible
combinations is an example of how this type of diagnostic testing capability could help the plant
identify problems in their mixes or the wire if they exist.
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For comparison purpose, the Whittemore gage was also used to measure the transfer length of three
railroad ties for each casting setting. The raw strain data obtained by Whittemore gage was analyzed
by the traditional 95% AMS method to estimate the transfer length.

For all the 4 castings of the ties, a total of 41 transfer lengths were measured by the automated LSI
device, and 12 transfer lengths were measured by the Whittemore gage. The transfer-length results are
summarized in Figure 36. Due the different surface preparations, an individual concrete tie was either
measured by the LSI sensor or the Whittemore gage, but not by both. Thus a one-to-one comparison
between the two sensors on the same concrete tie is not applicable. Therefore, the transfer lengths
measured by the two technologies were plotted in separate columns.

Transfer lengths measured on railroad ties of 4 concrete
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Figure 36. Crosstie Transfer-Length Results for 4 Different Concrete Mix Castings

The plot shows the transfer-length values measured by both devices, the automated LSI system and the
Whittemore gage, were quite consistent. The total number of the transfer lengths measured by the
automated LSI sensor was four times the number obtained using the Whittemore gage, which reflects
the higher operation speed and ease of use of the automated system. In addition, all the transfer-length
values were observed to be considerably less than the rail seat distance of 21 in.
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5. A New Unbiased Algorithm for Transfer-Length Assessment of
Prismatic Members

The automated laser-speckle imaging (LSI) sensor, mounted on a computer-controlled traverse, detects
the surface strain by determining the change in distance between two points on the concrete surface. It
does this in a non-contact manner, which does not require the use of the bonded points necessary when
using the Whittemore gage. With the laser speckle sensor moving along the concrete member, the
surface strain information can be automatically collected, both before and after de-tensioning. Since
the laser speckle technology is rapid and less labor-intensive, more data points can be collected in a
much shorter time than with the traditional method. In contrast to the mechanical Whittemore gage, it
takes only about 1 minute to complete the measurements on a 914-mm (3.00 ft.) long pretensioned
concrete member with surface strain data points sampled every 12.7 mm (0.500 in.). This is four times
the sampling resolution typically obtained from the traditional manual method. This increased speed
of measurement with the automated system was a driving force for the development of a companion
processing algorithm to replace the manual 95% AMS transfer-length assessment procedure. This
chapter discusses this new approach for the case of prestressed concrete prismatic members.

5.1 The Inherent Assumption of Bi-Linear Surface Strain Profile

With respect to the transfer-length determination algorithm, a new statistically-based method was
proposed, called ZL (Zhao-Lee) method, which is able to produce unbiased and more accurate
estimation of the transfer length. The method does not require human intervention, and can therefore
be implemented automatically as soon as the strain profile is made available. It addition to its
intended use in conjunction with the automated LSI strain measurement system, it can also be
employed to process strain profiles obtained using the traditional mechanical Whittemore gage.
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Figure 37. Measured Strain Data with Superimposed Bilinear Profile

It is generally assumed for prismatic members (and even for non-prismatic crossties) that the surface
strain varies approximately linearly over the transfer-length zone, from zero at the end of the
pretensioned concrete member to the maximum strain level [7], as suggested in Figure 37. After the
transfer-length zone, the surface strain levels off and forms a plateau region. The bilinear segmented
line in Figure 37 represents this ideal surface strain profile. However, the measured strain profile will
not follow the bilinear line strictly due to the influence of the rounding effect of the sensor gage length
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[7], and due to random strain measurement errors associated with the strain sensor. Later in this report
a more general approach will be presented for the case of non-prismatic members. The random error
associated with the strain sensor causes the strain data to scatter about the ideal strain profile, as shown
in Figure 37. The determination of the transfer length is, in essence, the problem of determining the
point of intersection of the sloped line segment and the horizontal line segment, given the scattered
data points. However, in order to accomplish this correctly, a curve fit which includes the rounding
due to finite gage length is taken into account.

5.2 Transfer-Length Assessment Based on Unbiased Zhao-Lee Algorithm

5.2.1 Transfer-Length Problem Definition

To illustrate the ZL method, assume that a pretensioned concrete member has a maximum strain, Smax,
and transfer length, z. Then the strain profile measured using an ideal strain sensor with a gage length
L can be expressed by
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Taking the random error of the strain sensor into account, a set of surface strain data that are obtained
using a real strain sensor can be denoted as (X, Y;), i=1..N The ith strain value y;, is associated with

f(x,z) throughy, = f(x,7)+¢, Where ¢ is the random error, which is assumed to follow a normal
distribution with mean zero and standard deviation o, i=1..N

Now, given a set of data points(x,y,), i=1..N the basic problem is to find S, and 7 so that the
mean squared difference (or error), between the function f(x,7) and the data points is minimized.
This mean squared difference (MSE) is defined by

Z(f(xi,r)— yi)2

MSE(S,...7) = (5.2)
N
5.2.2 ZL Method Solution Algorithm
To set up the ZL algorithm for transfer-length determination it is first useful to define
1y Lexer-b
T 2 2 (5 3)
) 12 :
1, (L+2r) @-Le+ ) L
g(X,7)=4———X"+ X— T——SX<T+—
2Lt 2Lt 2Lt 2 2
1 T+£SX
2
Thus, f(x,7) in Equation (5.1) can then be rewritten as
f(x7) =S 9(x,7) (5.4)
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Substituting Equation (5.4) into Equation (5.2) yields
Z(Smaxg(xi’z-)_ yi)2

MSE(S, . 7) = — < (5.5)
As a first step to minimizing the MSE represented in Equation (5.5), taking the first derivative of
Equation (5.5) with respectto S__ gives
2
6MSE(SmaX,T) _ ZZ(Smaxg (XiVT) - yig(xi’z—)) (56)

35, N

Setting MSEGw7) _as a condition for a relative minimum, and solving for the maximum strain, we
o

max

have
¥i9(%;,7)
5 28000 (5.7)
Zgz(xi,z—)
Substituting Equation (5.7) into Equation (5.5) then yields
Z|:ZYig(XilT) i
~ 7o~ 9% 7)Y,
i Zgz(xinf) g I
MSE (7) = — L (5.8)

N
The function MSE(z) is a single variable function and the value of r that minimizes MSE(r) can be
easily found by using an Exhaustive Searching method [11], yielding
7 = Min_(MSE(z)) (5.9)
where 7 is the estimated transfer length.
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Figure 38. Minimization of MSE(t) Function

For illustration purposes, the proposed ZL method is applied here to the data shown in Figure 37. The
function MSE(r) is plotted in Figure 38 as a function of the unknown transfer length, t. The minimum

value of MSE(r)is found at the location 7 =379mm (or 14.9 in.), using a nominal searching tolerance

of 2.54 mm (0.100 in.). The result is very close to the actual transfer length of 381 mm (15.0 in.)
assumed in the generation of the simulated measured strain data.
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5.3 Excel Macro for Manual Evaluation of ZL Transfer-Length Method

In addition to the automated evaluation of transfer length brought about by the application of the ZL
method, an Excel macro was developed for manual operation. A view of the macro user interface is
shown in Figure 39. The measured strain data is entered manually in the two columns on the left. The
first column is the position in inches along the tie, and the second column is the measured strain in
microstrain. The measurements could have been obtained from either the LSI system, or the
traditional Whittemore method.

5.33 179.32
5.83 220.96
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Figure 39. Excel Macro for Transfer-Length Evaluation by ZL Method

The plot and numerical transfer-length results shown on the left is for the ZL algorithm, and the solid
line shows the curve fit to the data which incorporates smoothing due to a finite gage length (in this
case, a 6.0-in. gage length). The plot shown on the right corresponds to the evaluation of the 95%
AMS method, where the average maximum strain is determined as the Smax from Equation (5.7). The
algorithm also incorporates a simple offset parameter (attributed to thermal strain) that is included in
the minimization of the MSE. The horizontal line drawn through the data in the right-hand plot
represents the 95% AMS level of strain. A simple linear interpolation procedure was used to
determine the intersection of this 95% AMS line and the nearest two adjacent strain measurement
points.

5.4 Direct Comparison Between ZL and Traditional 95% AMS Method for Prisms

The ZL method was further applied to the surface strain data obtained from real pretensioned concrete
members. Three concrete prisms having the same concrete mix and embedded wires were poured. One
of the current LSI sensors, having a 152-mm (6.00 in.) gage length, was installed on a computer-
controlled traverse and the traverse was mounted on the top of the concrete prism surface, as shown in
Figure 40.
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Figure 40. An Automated LSI Strain Sensor Positioned on a Concrete Prism

With the LSI sensor traveling along each of the concrete prisms tested, 60 surface strain data points
were collected in 1 minute. For three different prisms, a total of 6 sets of surface strain data were
obtained. One representative set of the raw strain data is shown in Figure 41.
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Figure 41. Raw Strain Data Measured on a Concrete Prism by the Automated LSI Sensor

Both the ZL method and the 95% AMS were applied to the six sets of experimental raw strain data to
estimate the transfer lengths. The results are shown in Table B. It can be seen that the transfer lengths
estimated by the ZL method exhibit considerably less scatter than those obtained from the 95% AMS
method, as seen from the standard deviation column in Table B.

Table 2. Comparison of Transfer Lengths by 95% AMS Method and New ZL Method
using Real Experimental Data (Unit: mm)

Standard

Dataset # 1 2 3 4 > 6 deviation
95% AMS 284.5 215.9 221.0 279.4 393.7 182.9 73.7
ZL 233.7 200.7 200.7 182.9 226.7 149.9 30.5
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In addition, the estimations reported by the 95% AMS method are seen to be always larger than those
obtained using the ZL method. More will be said of this in reference to the uncertainty analysis
presented in Chapter 6.

5.5 Direct Comparison of Crosstie Transfer-Length Measurements using ZL and
Traditional 95% AMS Method

In tests conducted at all four major concrete tie producers in the United States, a total of 220 transfer-
length measurements were taken using a Whittemore gage as well as the automated laser-speckle
imaging (LSI) device [21]. The concrete tie producers, where transfer lengths were measured, are
listed below in alphabetical order by city:

Cheyenne, Wyoming — voestalpine Nortrak Inc
Denver, Colorado — Rocla Concrete Ties
Grand Island, Nebraska — CXT Concrete Ties
Sciotoville, Ohio — KSA Concrete Ties
Spokane, Washington — CXT Concrete Ties
Tucson, Arizona — CXT Concrete Ties

Due to sensitivity of the information found in this report, each of the above companies was assigned a
random letter from A to F when the measurement results are presented. The lettering is random and
does not reflect the alphabetical list above, or the order in which each plant was visited.

This was the first coordinated effort to measure the transfer length of concrete ties in the industry. The
main purpose of taking transfer-length measurements at all producer plants was to help quantify
differences in transfer lengths that currently occur with indented strands and indented wires for a
variety of concrete mixes. In addition, these tests also provided the authors an opportunity to compare
transfer-length measurements obtained using the traditional Whittemore gage with those obtained
using the new LSI sensor. It further provided the means to compare the current 95% AMS method
with the proposed ZL method using real concrete railroad tie data.

Figure 42 shows the setup of the automated LSI system on a railroad tie in one of the manufacturing
plants. Before de-tensioning the railroad ties, initial laser speckle readings were taken every 12.7 mm
(0.500 in.). This spacing was somewhat arbitrarily selected, and is higher than the typical 25.4-mm
(1.00 in) spacing, although even higher spatial sampling frequency (i.e., a smaller sampling interval) is
also possible. The increased spatial resolution was made possible by the ease of use of the LSI sensor,
not encumbered by the need for embedded "points," and the fact that minimal (i.e., no time-
consuming) surface preparation is required.
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Figure 42. Automated LSI Traversing System on Concrete Ties in Plant

After the railroad tie was de-tensioned and cut, readings were taken once again. The two sets of
readings (before and after de-tensioning) were then compared, correspondingly, to extract the strain
information at each measurement location, and obtain a plot of the strain profile along the railroad tie
for subsequent transfer-length determination. The whole procedure was done automatically with the
total time for measuring one side of a tie being only 1 minute. The easy-to-use and automated feature
of LSI sensor allowed us to make transfer-length measurements several times faster than with the
Whittemore gage, with fewer operators, and without need for the cumbersome process of embedding
measurement "points."
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Figure 43. In-Plant Example of Strain Profile and Transfer Length by Zhao-Lee Method

The AMS 95% method and the ZL method were used to extract the transfer length from the 220 strain
profiles obtained using both the Whittemore gage and the automated LSI sensor. The AMS 95%
method was implemented by the authors manually in excel, while the ZL method was done in software
automatically. An example of the surface strain profile obtained using the automated LSI device is
shown in Figure 43. Note the transfer length estimated by the ZL method is calculated and reported at
the upper right corner of the plot instantly without human interference required.
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Transfer Length of Mix Designs and Reinforcements
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Figure 44. Comparison of Transfer Lengths for 959 AMS Method and ZL Method

Figure 44 shows a visualization of the 220 transfer-length values measured for each cast, with the
estimates by the 95% AMS method denoted as squares and the estimates by ZL method denoted as
diamond symbols.
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Figure 45. Difference Between Transfer Length from 95% AMS Method and ZL Method

The figure also shows the distance to the rail seat as well as the individual plant and cast information.
From this diagram it is easy to see the smallest transfer length measured was 4 in. while the largest
transfer length measured was about 27 in. It is obvious that some of the transfer lengths measured
were longer than the 21- or 24-in. distance to the rail seat. Ties with transfer lengths above 21- or 24-
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in., extending beyond the rail seat position, do not have full strength capacity at the rail-seat, and are
not as efficient or conservative in handling rail loading as ties with shorter transfer lengths.

Figure 45 shows the difference between by the 95% AMS method and ZL method in the 220 transfer-
length value estimates. It can be seen that the estimate by the two methods have differences within -2
to 3 in., with the majority of the measurements indicating that the 95% AMS method usually yields
transfer-length measurements that are higher than those obtained using the ZL method. Alternatively,
the same transfer-length estimation data was plotted with respect to the transfer-length value, as shown
in Figure 46.

AMS Estimation - ZL Estimation

Transfer Length Value Difference
between AMS and ZL (in.)

Transfer Length Value estimated by ZL(in.)

Figure 46. Measured Transfer-Length Bias Between 95% AMS and ZL Method

It can be seen in Figure 46 that there is a clear trend (or bias) in the difference between the two
methods, and that this bias depends on the magnitude of the transfer-length value. Using the ideal
strain profile obtained from Equation (5.1), and solving for the intersection of this curve with an ideal
95% Smax horizontal line, it is easy to show that the theoretical bias error associated with the 95%

AMS estimate can be expressed by
= 1_ Lt .1- 5.10
E=1Lg [2 /2 1 S)J ( )

where E is the bias, Lg is the gage length of the sensor, Ty is the "true" or actual transfer length and ¢ is
the percentage value that the AMS method uses (usually 95%). The difference between the 95% AMS
method estimates and the ZL method estimates is consistent with the bias predicted by Equation (5.10)
, @s shown by the solid curve in the Figure 46. In addition to the bias, more detailed uncertainty
analysis clearly shows that the 95% AMS method also exhibits a larger overall uncertainty in the
estimation of transfer length.
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6. Uncertainty Analysis of Transfer-Length Measurement for Prismatic
Members

6.1 Monte-Carlo Simulation of Transfer-Length Measurement Errors

A series of Mont-Carlo simulations were conducted as part of an initial investigation into the
uncertainty associated with the assessment of transfer length from measured longitudinal surface strain
on a prestressed concrete tie member. The objective was to test the capability of the new ZL method
of determining transfer length for various hypothetical measurement scenarios. The simulation setting
consisted of a variation of parameters defined below.

e The actual (simulated) transfer lengths were set to 254 mm (10.0 in.), 508 mm (20.0 in.), 762 mm
(30.0in.), 1016 mm (40.0 in.), 1270 mm (50.0 in.) and 1524 mm (60.0 in.) respectively.

e The gage length of the strain sensor ranged from 50.8 mm (2.00 in.) to 203 mm (8.00 in.) with 2.54-
mm (0.100 in.) increments.

e The strain sensor measurement error was assumed to be only random.

e The random error of the strain sensor was assumed to be normally distributed, with mean zero and
standard deviation, given empirically by.

o =20 203 mm _ 8.00 in.
L

20us™

(6.1)

where L is the gage length of the sensor. Equation (6.1) means that for a strain sensor with a gage
length of 203 mm (8.00 in.), the standard deviation of the random error is assumed to be 20ue,
which is typical for manual measurement with either the Whittemore gage or the earlier version of
the LSI strain sensor. For a strain sensor of gage length other than 203 mm (8.00 in.), the standard
deviation of its random error is assumed to be proportional to the ratio of the gage lengths, (8.00
in./L). The basis for this assumption is that both the Whittemore gage and the laser speckle sensor
measure the strain by dividing the distance change between gage end points by the gage length of
the sensor. Given a fixed absolute resolution of the distance change measurement, the strain
measurement resolution is inversely proportional to the gage length of the sensor. This assumption
was verified for the optical sensor by measuring the repeatability of the LSI sensor at different gage
lengths. The standard deviations of measurement error (repeatability) and the standard deviations
calculated using Equation (6.1) agree with each other very well, as shown in Table 3 and also
graphically in Figure 9(a).

Table 3. Standard Deviation of LSI Strain Sensor Error for Different Gage Lengths

Actual standard deviation | Standard deviation calculated using Equation
Gage length
of measurement error (10)
203 mm (8.00in.) | 19.3 #¢ 20.0 #¢
152 mm (6.00 in.) | 27.0 #¢ 26.7 H¢
102 mm (4.00in.) | 43.5 #¢ 40.0 #¢
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Figure 47. Standard Deviation of Random Measurement Error for LSI Sensor

e The maximum strain of the concrete member is a factor that does not affect the estimation results of

the transfer length, and was fixed at 800 microstrain.

e Data sampling rate was 1 data point per 25.4 mm (1.00 in.).

e The data point measurement range was set to be twice of the length of the “actual” transfer length.
For example, if the actual (simulated) transfer length was 508 mm (20.0 in.), the data points range
was 1016 mm (40.0 in.), which makes the total number of data points 41 at 1 data point per 25.4-
mm (1.00 in.) sampling rate.

e The total number of the simulation settings was 360. For each simulation setting, 100 repetitions

were run.

Both the ZL method and the 95% AMS method were applied to every set of generated simulation data
to estimate the transfer length. In current practice, the 95% AMS method requires human judgment to
determine the plateau representing the maximum strain. But for this simulation, it was impractical to
have an individual interpret the data and determine the plateau area for all the simulation data sets. To
get around this difficulty in simulating the 95% AMS method, the plateau level was determined by
Equation (5.7), whose value was then multiplied by 95% to obtain the 95% maximum line. Figure 48

shows the flowchart of the simulation procedure.
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Figure 48. Flowchart of the Monte-Carlo Simulation Procedure
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The difference between the estimated transfer lengths (obtained by using the ZL method and the 95%
AMS method) and the actual transfer lengths, i.e. estimated values minus real values, are plotted in
Figures 11-16. Each figure corresponds to different actual transfer-length scenarios ranging from 254
mm (10.0 in.) to 1524 mm (60.0 in.). Though the repetition number is 100, only 25 of them are shown
in the graphs for each simulation setting so that the simulation result plots are not overwhelmed by too
many points.

The plot on the left side of each figure represents the ZL method simulation results, and the plot on the
right side represents the 95% AMS method simulation results. The two smooth curves at the outer
edges of the data in each plot represent the upper bounds and lower bounds of the 95% Confidence
Intervals.
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It can be seen that the differences between the estimated transfer lengths and the actual transfer lengths
(i.e. estimated values minus real values) increase as the gage length decreases. This is due to the fact
that larger random errors were simulated for the smaller gage-length scenarios, as indicated in
Equation (6.1).

It can also been seen that the estimation accuracy (random uncertainty) of the ZL method appears to be
better than that of the 95% AMS method. In particular, the ZL method is able to estimate the transfer-
length values with a 95% confidence interval narrower than £38 mm (£1.5 in.), when the gage length
is larger than 102 mm (4.00 in.). In addition, the ZL method gives an unbiased estimation, while the
95% AMS method usually gives a biased estimation that tends to be larger or smaller than the actual
transfer-length value depending on the simulation scenario. More importantly, the 95% AMS method
always underestimates the transfer-length value when the actual transfer length is equal to or larger
than 762 mm (30.0 in.), making the 95% AMS method potentially an unsafe method to use in these
situations.

6.2 Transfer-Length Uncertainty based on Sensitivity Analysis of ZL MSE Equation
System

6.2.1 General Uncertainty Analysis for Solutions to Systems of Equations

The ZL transfer-length method involves the minimization of the mean square error function, MSE,
given earlier in Equation (5.5). This equation represents an example of an implicit equation system in
terms of the unknown average maximum strain, Smax, and the transfer length, t parameters. The
purpose of this section is to introduce a general method for determing the uncertainty associated with
the solutions to such equation systems.

Implicit Equation Systems. In general, an equation system of the type described above can be represented
in the following form:

F (X, %o Xy Pry Pose-- Py)

Fz(xl,xz,...xm:, P Por-e P | _ (6.2)

I:m(xl’XZ"”Xm7 pl’ pz""pn)
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where the Fi represent the implicit equations formulated to determine the m unknown physical quantities, X;
, and the pi represent a set of n measured physical input parameters associated with the physical problem.

Each of the measured parameters has an associated experimental uncertainty, U, . The basic task is to
determine the corresponding uncertainties in the unknown and to be determined dependent variables, U, ,
in terms of the uncertainties in the given independent physical parameters. For simplicity,

interdependencies between the input parameters will not be considered here, and deviations associated with
the output (solution) variables are also assumed to be independent.

Implicit Sensitivity Analysis. Implicit differentiation of Equation (6.2) yields the following matrix
representation:

oF, oF, | oF, oF, |
o [dx] | e, |[dpy
S R : |=0 (6.3)
oF,, oF, || dx, oF,, oF, || dp,
x| N
Equation (6.3) can be put in simplified form as follows:
[S]dX +[P]dP =0 (6.4)

where [S] is the output sensitivity matrix, or matrix of sensitivity coefficients associated with the
dependent (i.e., solution) variables, and is defined by

X%, OX,,
S=| : N (6.5)
ok, Ok
K2 Xy, |
where [P] is the input sensitivity matrix, or matrix of sensitivity coefficients associated with the
independent (i.e., measured input parameter) variables, and is defined by
opy P,
P=l @ . (6.6)
ok, OF
| P, P, |
and where dX =[dx, --- dx,] and dP=[dp, --- dp,] are the deviation vectors associated with
differential changes in the dependent variables and the independent parameters, respectively. Solving
Equation (6.4) for the dependent variable deviations yields
dX =—-[S]"'[P]dP =[K]dP (6.7)
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where [K] is the resultant sensitivity matrix relating deviations in the independent parameter variables
(p,ypP,, -+ Pp,) todeviations in the dependent variables (x,,X,, -+ X,) which result from the
solution to the system of equations.

Determination of RMS Uncertainty. As with standard sensitivity analysis, it is assumed that the
differential changes represented by the deviation vectors are small and statistically independent.
Furthermore, these differential changes are assumed to represent the solution errors due to errors in the
independent parameters. Thus, the errors in the solution to the equation system may be expressed as
follows:

Xl_)A(1 K11 Kln P — le
: =/ . (6.8)
Xp — X Km1 Kmn pn - f)n

where % and p; represent the true values of the solution variables and the independent parameter

variables, respectively. The individual resultant or overall sensitivity coefficients, Kj; , are to be evaluated
at the true values, % and p;, which practically speaking means that they are evaluated using the best

known experimental estimates of these values.

From Equation (6.8), the mean squared deviations (or variances) are given by

V) 2 S
(X1 - X1)2 Ox K121 K12n (pl - p1)2 Op
: = o=l : =[K*] : (6.9)
0 =%)7 ] [%% ] [Km o K[ (p,—p,)? o,
where [K?] is the matrix of squared sensitivity coefficients. As a result of the assumed independence, no
cross product terms appear in Equation (6.9). Multiplication of the standard deviation associated with each

variable by an appropriate t-value yields an estimate of the bound, or absolute uncertainty, at an
appropriate level of confidence. Equation (6.9) then becomes

Ufl K121 Klzn UF211
Dl=[ug )=l e o=[ K [UE] (6.10)
Uy, Ko o Ko ||Up,

where U, and U p, are the absolute uncertainties of the equation system solution and the independent

measured input parameters, respectively. From Equation (6.10), the resultant absolute uncertainty in the
equation system solution is thus given by
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U JKAUE ++KZUZ
U= @ |= z (6.11)
U | | JK2UG +-+ K2 U

P
Inspection of the matrix of squared sensitivity coefficients given in Equation (6.10) offers a convenient
method to identify the relative size of the contributions of each input parameter to the resultant absolute
uncertainty of the solution to the equation system. An alternative and even more useful matrix may
constructed by forming the product of each term in the matrix of squared sensitivity coefficients with the
corresponding squared uncertainty itself. This matrix takes the following form:

KlZIU Fz)l e Klan Sn
[K2U2:|= : . . (612)

2112 2112
KaUp, - KaUp,

The elements in each row of the above matrix give a term-by-term representation of the individual
contributions to the absolute uncertainty for each of the separate variables calculated from the solution to
the equation system. For example, the terms in the first row are the squared contributions to the squared
uncertainty in the first solution variable, x1. The first term in this row represents the contribution to the
squared uncertainty due to uncertainty in the measured input parameter, p1. The focus on the squared
uncertainty contributions gives a clear picture of all terms which will have a significant contribution to the

rms uncertainty given in Equation (6.12). Any terms K;U; in each row which have magnitudes of about

10% or less than the largest KU term in the row will produce a squared term of negligible magnitude.

Hence such small terms will have a negligible effect on the rms uncertainty. Thus, this focus on the
squared elements in Equation (6.12) provides a convenient tool for eventually simplifying the uncertainty
analysis to including only the most important sources of uncertainty. In certain cases this may also lead to
a useful approximate analytical result for the uncertainty of the equation system?.

6.2.2 Application of General Uncertainty Analysis to the Estimation of Transfer-
Length Uncertainty

For the analysis of transfer-length uncertainty, the equation system corresponding to Equation (6.2) is
given by

F (7, Shaxs Yo Y2+ ¥,) =0 (6.13)
F, (7, S Y1s Y21 ) =0 (6.14)

where,
F(2,S s Yo Yoo ¥Ya) = D[S 8 (X, 7) = ¥, J9 (X, 7) (6.15)

i=1

1 In some cases it may be possible to use less accurate approximations to the generally non-linear equation system for the
purpose of assessing reasonable estimates of the solution uncertainty. While such approximations may not yield sufficient
overall solution accuracy, they can lead to very useful (even analytical algebraic) results for the uncertainty. In practice,
such approximations can be on the order of + 10% and still yield useful uncertainties.
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o (7, S Yo Yoo Yi) =i[8maxg(xi,r)—yi]% (6.16)

Now the S-matrix (Output Sensitivity Matrix) is formed as follows:

o/ ok
or 0S,.,
S= (6.17)
o/ ok
or 0S,.,

Next, the Input Sensitivity Matrix, P, is formed as follows:

P: 8yl ayz ayS DED 8yn (618)
oF, OF, OF, oF,

%, 0y, Oy, Yy

Performing the indicated operations on the elements of the above sensitivity matrices, in terms of the
definitions for F1 and F> given in Equations (6.15) and (6.16) yields

S 3 Do) Saxin)
S = =1 = (6.19)

SMZ[%} i[%}g(m

i=1

and,
_g(X:L!T) —g(Xz,T) —g(X3,T) —g(Xn,T)
P=\ og(x,1) 09(%.7) ag9(xs,7) 10 og(x,.7) (6.20)
or ot ot or
The matrix of uncertainties in the transfer length, U-, and in the average maximum strain, U, is thus
given by o -
H U,
u? u? 2 K2 ...K2]lU?
[U 2:|:|: 21’ :|:|:K2:| .yz :|:K121 122 12n ‘yz (621)
USmax : K21 Kzz”' K2n :
Uy, ] Uy, |

where, [K] =—S7'P. The uncertainty can then be extracted by performing the least squares operation
given in Equation (6.11), yielding

[U]{ 5 } pla A (6.22)
Usn | | JKZUZ +-+K2UZ
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6.2.3 Verification of General Transfer-Length Uncertainty Analysis using Monte-Carlo
Simulation Data

The General Equation System Uncertainty Analysis presented in the previous section will now be
compared with the Monte-Carlo simulation of random errors associated with the ZL algorithm for transfer-
length evaluation presented earlier in this Chapter. The uncertainty predictions for both the transfer length
as well as the average maximum strain are presented as a function of the gage length of the measuring
instrument (either mechanical Whittemore or Optical LSI system) for different magnitudes of transfer
length ranging from 10 in. to 30 in. in length.

Figure 55 shows uncertainty bands for transfer length and average maximum strain level for the case where
the transfer-length magnitude is 10 in. The average maximum strain level for all of these simulations is
800 microstrain, the same as for the Monte-Carlo simulation data presented earlier in this Chapter.
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Figure 55. Uncertainty Bands vs. Gage Length for Equation System Theory (Lt = 10in.)

The scatter data represents random scatter in the evaluated transfer length and average maximum strain and
the solid lines represent trend lines corresponding to the 95% confidence limits for this simulated scatter
data. The solid triangular data points correspond to the theoretical uncertainty predictions using the
equation system uncertainty analysis. These predictions were evaluated for several discrete gage lengths
ranging from about 2 in. to 8 in. The 8-in. length corresponds to the Whittemore gage length, and a gage
length of 6 in. more closely represents the gage length of the optical LSI system. The measurement system
uncertainty used for the theoretical predictions is the same as that for the previous Monte-Carlo simulation.

It is assumed for this analysis that U, =U g, is the same for all strain measurements in the simulation.

This gives the following uncertainty for the measurement system as a function of gage length at
approximately the 95% confidence level:

.8.00in.

U, =U, =20=40us (6.23)

Yi

- 203me — 40uz

The uncertainty in both transfer length and average maximum strain is seen to decrease as the gage length
is increased. The magnitude of the random uncertainty (random scatter) in the transfer length is observed
to range from about + 1.2 in. at 2-in. gage length to about + 0.5 in. at an 8-in. gage length, for the 10-in.
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transfer-length level shown in Figure 55. The corresponding uncertainty in the average maximum strain
ranges from about + 50 microstrain to about + 11 microstrain as the gage length covers a similar span.
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Figure 56. Uncertainty Bands vs. Gage Length for Equation System Theory (Lt =20 in.)
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Figure 57. Uncertainty Bands vs. Gage Length for Equation System Theory (Lt =30 in.)

Comparing the results shown in Figure 55, Figure 56, and Figure 57shows that the magnitudes of the
uncertainty decreases with increasing transfer-length magnitude.

6.2.4 Development of Simple Statistical Theory for ZL Transfer-Length Uncertainty

This section presents a simple algebraic statistical theory for transfer-length uncertainty. This will be
compared later to the previous rather complex equation system uncertainty analysis.
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Figure 58. The Slope Region and Plateau Region for a Typical Prism Strain Profile

The strain data plot in Figure 1 can be broken into two regions: the slope region and the plateau region.
The data points in the slope region are denoted as (xi, Yi ), i = 1...N. The data points in the plateau region
are denoted as (xi, i ), i = N+1,N+2... N+ M.

By applying through-origin linear regression to the data points in the slope region, the fitted linear function
is denoted as

y =X (6.24)
Assuming the standard deviation of the strain sensor is
o, =20yg*8'oﬁ N (6.25)
the variance of £, can be calculated as
2
Var(B,) = -2 (6.26)
X
i=1
Additionally, the maximum strain S, calculated by
N+M 5
Yi
g ==L 6.27
v =2 (6.27)
Thus the variance of S, is
2
O
var(S, . )=—" 6.28
(Srax) v (6.28)
Therefore, the uncertainty of S, is approximately (95% confidence level)
2
U, =422 229 Y (6.29)

M M M
where Uy is the uncertainty (approximately 95% confidence level) for a typical single measurement by
the LSI strain sensor.
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To calculate the uncertainty of the transfer length estimated by the ZL method, notice that the transfer
length 7 can be expressed as

— (6.30)

as illustrated in Figure 58.
(Note: all the estimated parameters: 7, f,,S,,,, should actually be written asz, £, §max , indicating that

they are only statistical estimates. However, for simplicity, the additional symbol complexity will be
omitted.

Thus the variance of 7 is
2

Var(7) :Var(%) = SLf;XVar(,ﬁ’l) + %Var(smax) - 2;”;“ Cov(p,S

1 1 1 1

(6.31)

max)

p, and S are independent of each other since they are calculated using different groups of data points,

i.e. data points in the slope region and data points in the plateau region; therefore, the Co-variance
term, Cov(p,,S,..,) =0. Therefore, Equation (6.31) becomes

2
Var(r) = Smjx Var(4,) +i2Var(Smax) (6.32)
A B
Substituting Equation (6.26) and Equation (6.28) into Equation (6.32) yields
2 2
Var(r)=2mx %y 1 o (6.33)
161 ZX ﬂl
I S, .. - . .
Substituting £, = —™* into Equation (6.33) gives
T
4 2 2 2 2 2 2 2
Var(r)=——— 4+ 2 2 T2 (ULS'j LA (6.34)
max inz Sma\x M Smax 2 inz M
i=1 i=1

Assuming that the data points (xi, yi ), i = 1...N are uniformly distributed with s as the sampling interval,

N
the term Z x? can be expressed as
i=1

ZNZX.Z e N(N +1)(2N +1)

: (6.35)
= 6
Substituting Equation (6.35) into Equation (6.34) yields
2 (Ug Y 67’ 1
Var(r) = — 5 +— (6.36)
Srax U 2 S“'N(N+1)(2N+1) M

Thus the uncertainty of 7 is therefore (to the approximately 95% confidence level)
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2
U -4 \/ 67 1 637

+_
i Sioe VSN(N+D(2N+1) M
Since
T2
————~1 (6.38)
s°N(N +1)
Equation (6.37) can be simplified to
U ==+ Y 6 +i (6.39)
Sox V2N+1 M
Further approximating
2N +1~2N (6.40)

simplifies Equation (6.39) to the following:

U -+ (31 (6.41)
S, VN ' M

It is worth noting that Equation (6.41) has the sampling interval s embedded within, since the sampling
interval s is determined by

S= L (6.42)
N+M

where L is the measurement range(total distance) and N + M the total number of data points.

If it is further assumed that the number of data points on each side of the transfer-length position are equal,
then M = N and

N+M 2N N N
Then, Equation (6.41) simplifies to the following:

U :iTULSI /i_,_i:i% /i.,.i:im—'ﬁ' (6.44)
: Smax N M Smax N N Smélx\/W

Substituting for N in Equation (6.44) from Equation (6.43) yields the following simplified expression for
the uncertainty of the transfer-length measurement:

U :+2ULS'\/E:+2ULS' Lrs
S S

max max

(6.45)

where the transfer length is set to 7= Ly . Introducing the same M = N assumption into Equation (6.29) for
the average maximum strain uncertainty yields

:ULSI :ULSI =U i
S max N \/W LSl L-T

And where Us is dependent on gage length L according to Equation (6.29) as follows:

U (6.46)
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U =20, :40/,15*8'00 in.

(6.47)

For illustration purposes, the uncertainties are estimated from Equations (6.45), (6.46), and (6.47) for one
of the scenarios of the Monte-Carlo simulation presented earlier in this Chapter for a z= Lt = 20 inch
transfer length with an average maximum strain of Smax = 800 microstrain. The results are shown
graphically in Figure 59 where the simple statistical theory is presented as a solid line in Figure 59, and the
data points represent the discrete solutions obtained using the equation system analysis. The agreement
between the three theoretical results is quite remarkable. Plus, the very simple algebraic result for the
transfer-length uncertainty directly shows the influence of transfer length and sampling interval. More will
be said about this simple theory in conjunction with the implications of the simple uncertainty result and
what it indicates about the number of samples required for accurate transfer-length assessment.
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Figure 59. Comparison between Simple Statistical Theory, Monte-Carlo Simulation Data, and
Equation System Uncertainty Analysis

6.3 Bias Errors due to Traditional 95% AMS Transfer-Length Measurement

In addition to the random errors and their associated uncertainty, the 95% AMS method has been
shown to exhibit significant bias, in terms of defining the location of the transfer length.
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Figure 60. Bias Error Introduced by 95% AMS Method

More will be said about this in conjunction with a general discussion of the development of a reliable
method for real-time transfer-length monitoring for railroad crosstie production. Figure 60 show the
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origin of the bias introduced by the 95% AMS method of transfer-length assessment. Apart from the
fact that if human judgment is involved in the determination of AMS, the transfer length determined as
the intersection of the 95% AMS line and the actual strain profile (rounded due to finite gage length)
appears shifted from the “true” value. Under the assumption of an underlying bilinear strain profile,
the true value corresponds to the vertex of the strain profile. The difference between the “apparent”
transfer length, ta and the “true” transfer length, t, is the bias error, E. If the theoretical measured
strain profile given in Equation (5.1) for an ideal strain measurement with gage length L, the bias error

is given by
Ezra—r:Le[%— /2-%-(1—3)] (6.48)

It is of interest to compare the theoretical bias error with both simulated (Monte-Carlo) data and also
actual data from tie plant testing. Figure 61 shows a comparison between values of transfer length
determined using the 95% AMS transfer-length method with the values obtained using the ZL
unbiased algorithm.

Real Data: Transfer Length Estimation. AMS vs. ZL Simulation Data: Transfer Length Estimation. AMS vs.
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Figure 61. 95% AMS and ZL Transfer Length for Real and Simulated Data
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Figure 62. 95% AMS Transfer-Length Bias Error for Real and Simulated Data
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The similarities between bias in transfer length associated with the real plant data [21] and the
simulated theoretical results is quite remarkable. Figure 62 shows a similar comparison for the bias
error defined by Equation (6.48), and again the similarity between real plant data and simulated
theoretical results is very good.
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7. Extension of ZL Transfer-Length Algorithm to Non-Prismatic Members
(Crossties)

7.1 The Need for Considering Effects of Non-Prismatic Crosstie Geometry

The most commonly used algorithm is the 95% AMS method [7]. The 95% AMS method assumes the
surface strain of the prestressed concrete member follows a general trend as shown in Figure 63, which
is obtained from a typical prestressed concrete prism. The surface strain value increases from zero
linearly until it achieves its maximum value, after which the surface strain maintains constant. Thus,
the strain profile is assumed to consist of two sections: the slope section and the plateau section. A
critical step in the implementation of the 95% AMS method is to determine the location that separates

the two sections [7].

Microstrain . )
Estimated Tronsfer Length = 4.8 in.

WW

>
Distance(in.)

Figure 63. Bilinear Shape of the Strain Profile of a Typical Prestressed Concrete Prism

Although the typical bilinear shape that comprises a slope section and a plateau section is generally
observed in the surface strain profiles obtained from prismatic concrete members, for which the 95%
AMS method works well, the method has shortcomings for other types of prestressed members.

Transfer Length data (01/16/13)

Micro-Strain

20 30 40 50 60 70 80
Distance From End of Tie (Inches)

Figure 64. A Typical End-to-End Strain Profile for a Prestressed Concrete Railroad Tie

The strain profile from non-prismatic concrete members, for instance prestressed concrete railroad
ties, can depart significantly from the classic bilinear shape. In fact, the authors have measured the
transfer length on hundreds of prestressed concrete railroad ties during field trips to all six major
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concrete railroad tie plants in the U.S. [21]. Most of the strain profiles deviate significantly from the
bilinear strain profile shape assumed by the traditional 95% AMS method. Figure 64 shows a
representative strain profile (full length, from end to end) obtained from a prestressed concrete railroad
tie in the plant. Note when determining the transfer length for one end of the concrete tie, only half
side of the plot is needed. The strain curve not only lacks an obvious plateau section but also exhibits
several bumps. This kind of curve pattern is repeatedly observed in essentially all of the strain profiles
we have measured on prestressed concrete crossties. Since the determination of a distinct plateau
section in the strain profile is necessary to perform the 95% AMS method, the ambiguity in
determining the plateau section makes it hard to implement the 95% AMS method on these strain data
consistently and in an unbiased manner. Consequently, the resulting transfer-length estimation suffers
from significant uncertainty.

Previously, a statistically-based transfer-length determination method, called ‘Zhao-Lee’ method was
developed and has been shown to produce unbiased and more accurate estimation than the 95% AMS
method [21]. However, to date, this new method has not addressed the problems arising from non-
prismatic behavior in concrete members. In this paper, we investigate the source of the deviation of the
non-prismatic concrete member surface strain profile from the bilinear shape, and proposed a
generalized ‘Zhao-Lee’ method that can be used on prestressed concrete members of arbitrary shape,
including either the simple concrete prisms, or the non-prismatic concrete members such as concrete
railroad crossties.

7.2 Effect of Cross-Section Shape on Crosstie Surface Strain Profile

Figure 65 shows a 3D (Abaqus®) model of a railroad tie that was built following the actual
dimensions of a typical USA railroad concrete crosstie. The cross-sections of the railroad concrete
model with 0.5-in. spacing are shown in Figure 66. It can be seen that at any location of the railroad
tie, the cross section is roughly the shape of trapezoid, as shown in Figure 67.

Detailed Variation

Figure 65. A 3D CAD Model of a Concrete Railroad Tie

In the Figure, the location of the centroid of the wire grids is illustrated as C, y represents the distance
from the centroid of the cross-section of the concrete tie to the bottom of the concrete tie, and e is the
eccentricity, which is equal to the distance between the centroid of the wire grids and the centroid of
the cross-section of the concrete crosstie. All these values can be calculated accurately at any given
cross-section, given the full detailed information of the concrete tie dimensions, including the scallop
structure on the sides the concrete crosstie. Even the rounded corners can be taken into account as
well.
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Figure 66. The Cross Sections of the 3D CAD Model of the Concrete Railroad Tie

Figure 68 and Figure 69 show plots of the cross-sectional area and eccentricity, respectively, at 0.5 in.
intervals along a standard concrete railroad tie from one end to the middle of the tie.
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Figure 67. The Trapezoid Shape Representing the Cross Sections
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Figure 68. Area of the Cross Section along the Concrete Tie

In contrast to prismatic concrete members whose area and eccentricity of the cross-section remain
constant, the area and eccentric of the cross section of the railroad concrete tie vary from location to
location. The overall trends in the cross-sectional area and the eccentricity are due to the non-prismatic
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shape of the concrete tie, while the local variation of the area and eccentricity are caused by the
scallops on both sides of the concrete tie. In particular, before the seat location of the tie, the cross-
section centroid is above the wire’s centroid, giving a positive eccentricity; whereas after the seat
location, the cross-section centroid is below the wire’s centroid, giving a negative eccentricity.
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Figure 69. Eccentricity of the Wire Centroid along the Concrete Tie

This shift in prestressing eccentricity is intentionally designed to offset the bending that the concrete
would experience during service [22]. It is the variation of the cross-section shape that causes the
strain profile from the concrete tie to deviate from the simple bilinear shape.
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Figure 70. Predicated Strain Profile of a Prestressed Concrete Railroad Tie

Given the combined prestressing force in the wires at an arbitrary cross-section location, the surface
strain on the bottom surface of a concrete tie at location x (the distance that the cross-section is from
the end of the tie) can be calculated as

Strain, (x) =

P(x){ L, e(x)y(x)} (7.1)

E | A(X) 1(x)
where P(x) is the prestressing force or bond force at the location of x; E is the plastic module; A(X) is
the area of the cross-section; e(x) is the eccentricity of the wire grid centroid; y(x) is the distance from

the bottom of the concrete tie to the neutral axis of the cross-section, and I(x) is the moment of inertia
of the cross-section of the concrete tie at the location of x.

Figure 70 shows a plot of representative surface strain generated by Equation 1 with the above
standard concrete tie dimensions and E modulus value of 4,000,000 psi.. The prediction here also
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accounts for the finite strain sensor gage length. This theoretical prediction of the strain profile of
railroad concrete tie agrees with the basic shape of the actual measured strain profile (half side) in
Figure 64.
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Figure 71. Simulated Crosstie Strain Profile with Random Error of the Strain Sensor

In reality, due to random strain measurement errors associated with the strain sensor, modulation of
the cross section of the concrete tie, as well as the rounding (averaging) effect of the strain sensor
having finite gage length, the measured strain points scatter about the ideal strain profile, as shown in
Figure 71, making the estimation process not as straightforward as it might first appear to be.

7.3 Generalization of Zhao-Lee (ZL) Method of Transfer-Length Assessment

The original ZL method was able to produce unbiased and more accurate estimation of the transfer
length for the prismatic concrete member [21]. To extend its capability to the non-prismatic concrete
members, the cross-section variation of the concrete member must be incorporated into the transfer-
length estimation algorithm. A method of accomplishing, based on the simple strain relationship
given in Equation (7.1), is illustrated below.

Now, suppose that the underlining prestressing force distribution in a prestressed concrete railroad tie
has a trend represented by the function P(x). The actual form of the function P(x) is hard to measure
experimentally, but a bilinear function seems to be a good approximation and has been in use in the
classical transfer-length determination methods for many years. Thus, it is assumed that P(x) varies
linearly over the transfer-length zone, from zero at the end of the pretensioned concrete member to the
maximum level, described by the function:

X
—P X<T

P(Xx)=4T, ™ ' (7.2)

L

P X>T

max L

where T is the transfer length and Pmax is the maximum prestressing force, as shown in Figure 10. The
determination of the transfer length is, in essence, the problem of determining the function of P(x), i.e.
its parameters Pmax and Ty, given the measured strain data points.

When using an ideal strain gage of gage length L to measure the strain profile in Figure 71, the
measured strain data point will be affected by the gage rounding effect [21], i.e. averaging of the strain
across the finite gage length.
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The strain, f(x, To), measured by an ideal strain gage of gage length L will follow a curve expressed by

+

N

1 X
fT) =+ [ strain,, (x)dx

L
2

X—

Now, define a shape function, R(x) as

R(x) = 1 N e(x)y(x)
A(x) 1(x)
Substituting Equation (7.4) into Equation (7.1) yields
P(x)R(x)

Strain, (x) =

Then substituting Equation (7.5) into Equation (7.3) yields

L
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Taking the random error of the strain sensor into account, a set of surface strain data that are obtained
using a real strain sensor can be denoted as (x,y,),i=1..N, as shown in Figure 71. The ith strain value

y,, Is associated with f(x,T,) through y = f(x,T)+¢ , wWhere ¢ isthe random error, which is
assumed to follow a normal distribution with mean zero and standard deviation & ; i =1..N . Thus, the

Transfer-Length Problem Definition for non-prismatic concrete member can be stated as: given a set
of data points (x,y,),i=1..N, find P_ and T_ so that the mean squared difference between the

function f(x,T,) and the measured data yi given by,

Z(f(xi’TL)_yi)2

MSE(P_,T,) = N (7.7)

IS minimized. The minimization problem can be solved using statistical techniques, similar to the
process described in an earlier paper [21].

7.4 Application of Generalized Zhao-Lee (ZL) Method to Crosstie Strain Data

During field trips to all six major concrete tie plants in the United States, several hundred transfer-
length measurements were made using the manual Whittemore gage as well as using the automated
Laser-Speckle Imaging (LSI) device [9]. Most of data were measured using the LSI device at the
CXT concrete railroad tie plant in Tucson, AZ.
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Figure 73. Generalized ZL Method (Transfer-Length Estimation = 7.4 in.)
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Figure 74. Generalized ZL Method (Transfer-Length Estimation = 14.2 in.)
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Figure 75. Generalized ZL Method (Transfer-Length Estimation = 18.1 in.)

Figure 73 thru Figure 75 show three representative strain profiles obtained from in-plant prestressed
concrete railroad tie measurements. The fitted curves, using the proposed generalized ZL method with
the bilinear prestressing force assumption, are also plotted. The transfer-length estimations for these
three strain profiles are 7.4 in., 14.2 in. and 18.1 in., respectively. It can be seen that the curves fitted
by the generalized ZL method agree with the strain data quite well and hence, the variation in the
cross-section of the railroad tie has been also accounted for reasonably well. Thus, the estimations
based on this modified (generalized) ZL method are likely more reliable than previous methods
(including the standard 95% AMS method) that do not take the cross-section variation and eccentricity
of the concrete tie into account.
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8. Uncertainty of Transfer-Length Measurement for Prismatic and Non-
Prismatic Members (Crossties)

8.1 Effect of Prestressing Force Distribution Shape on Strain Profile

The generalized ZL method described above assumes the classical bilinear function for the
prestressing force distribution. Though the bilinear assumption has been traditionally accepted for
some time [7], recent research utilizing finite element analysis to predict the stress and strain
distribution in the concrete railroad tie suggests that the prestressing force distribution may be closer to
an exponential function or a hyperbolic tangent function shape [11]. Since the two functions have very
similar shape and produce almost the same transfer-length estimation, only the exponential function
situation will be discussed here.

Figure 76. Exponential Prestressing Force Distribution
Given an underlying exponential assumption, the prestressing force may be express by

P(X)=P_(l—e") (8.1)
as plotted in Figure 76, where Lc is a characteristic length constant.

Since the generalized ZL method has the advantage of incorporating any kind of prestressing force
assumption, it was adapted with exponential prestressing force function and applied to both prism data
as well as the strain data obtained from the railroad concrete tie plant testing.

8.1.1 Laboratory Prism Test Results

Figure 77 shows typical experimental prism data fitted with both the bilinear and the exponential
prestressing force function.
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Figure 77. Comparison of the Curve Fitting of Concrete Prism Strain Data by the Generalized
ZL Method with Bilinear and Exponential Prestressing Force Assumption; Typical Development
Length

It is clear from the graph that the bilinear prestressing force distribution appears to provide a better
representation of the test results, from an overall mean-square deviation viewpoint. Figure 78 shows
an additional set of prism test results, this time illustrating data with unusually development length.
Again, the bilinear prestressing force distribution appears to provide a better representation of the test
results.
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Figure 78. Comparison of the Curve Fitting of Concrete Prism Strain Data by the
Generalized ZL Method with Bilinear and Exponential Prestressing Force Assumption; Long
Development Length

8.1.2 In-Plant Crosstie Test Results

Figure 79 shows typical results from actual in-plant testing. In this case, and in contrast to the prism
test results, it can be seen that for the railroad concrete ties, the generalized ZL method with
exponential prestressing function assumption performs better than that the bilinear prestressing
function.
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Another example of plant test results is shown in Figure 80, which has a considerably longer
development length. Again, the exponential prestressing force distribution appears to better represent
the test results for the crosstie data.
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Figure 80. Comparison of the Curve Fitting of Concrete Tie Strain Data by the Generalized ZL
Method with Bilinear and Exponential Prestressing Force Assumption; Long Development

Length

The reason that the prestressing force appears to exhibit different functional form in the prismatic
concrete members (bilinear) than the non-primatic concrete tie members (exponential) is still under
investigation.

8.1.3 Issues with Transfer-Length Estimation

For prism test results, the ZL method with bilinear prestressing force assumption appears to best
represent the experimental data, and the resulting estimation of transfer length corresponds to the well-
defined “breakpoint” in the bilinear form of the force distribution. Furthermore, since the prism test
data also has a well-defined plateau of average maximum strain, the data can also be analyzed using
the standard 95% AMS processing procedure—either manually in a spreadsheet or in an automated
procedure using the unbiased least squares curve fitting method associated with the generalized ZL
method described earlier. In this situation, it should also be noted that the 95% AMS transfer-length
assessment will typically yield transfer lengths significantly longer than the values obtained using the
unbiased ZL method.
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Since the prism strain measurements appear to be better represented by the bilinear prestressing force
distribution, the issues associated with assessing transfer length for the case of an exponential
prestressing force distribution do not need to be addressed from a practical viewpoint. However, for
crossties, there are two important issues that clearly cause difficulties in properly assessing a
meaningful value of the transfer length. These are (1) the non-prismatic behavior of the crossties
resulting from varying cross-sectional area and wire eccentricity, and (2) the exponential prestressing
force distribution appears to better represent the measured surface strain data.

The non-prismatic behavior of the crossties means that there is no longer a well-defined plateau in the
surface strain field. This makes evaluation of the so-called average maximum strain difficult due to
the inherent “bumpy” strain profile. In fact, attempts to estimate the average maximum strain will thus
depend on how much of the non-prismatic crosstie geometry is intercepted by the strain
measurements. Crude estimates of transfer length obtained using the conventional 95% AMS method
are still possible; however, the poor reliability and consistency of these estimates may seriously
challenge the desired goal of making automation of the transfer-length assessment during in-plant
operation for quality control purposes. This is illustrated in Figure 81 for the data presented in Figure
80 above.
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Figure 81. Issues Associated with Determining Average Maximum Strain for Non-Prismatic
Crosstie Transfer-Length Assessment
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Figure 82. Possible Alternative Transfer-Length Assessment by Focusing on Prestressing Force
Distribution Parameters

As an alternative to the inherently inconsistent conventional transfer-length assessment procedure, it
might be possible to focus attention on the prestressing force distribution parameters. These
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parameters, namely the average maximum prestressing force, Pmax, and the characteristic length
parameter Lc, follow directly from an application of the generalized ZL method of curve fitting
surface strain data. Figure 82 shows how the 95% AMS method might be extended to determine a
more meaningful value of transfer length consistent with the data. However, this method is somewhat
removed from the raw strain measurements and hence, may not be widely accepted as a desirable
alternative to the somewhat crude conventional procedure of Figure 81. Current research efforts are
nonetheless investigating procedures similar to this for accurate and reliable transfer-length evaluation
for use with future automated in-plant quality control measurements.

8.2 Effect of Thermal Offset on Surface Strain and Transfer Length

Figure 83 shows an evaluation of the transfer length for the full-length crosstie measurements in
Figure 64. The dashed line represents the direction application of the minimization relationship given
in Equation (7.7).
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Figure 83. Effect of Thermal Strain Offset on Full-Length Crosstie Transfer-Length
Measurement

It is apparent that the fitted strain profile is not so well represented by the extracted parameters and, in
particular, the transfer-length assessment appears to be too short (only 12.5 in) as suggested by the
rather steep rise in the strain profile near the crosstie ends. This results from the forcing of the strain
profile through zero strain at each end of the tie. However, from the trend of the strain profile at each
end of the tie, it appears that the strain should exhibit a strain offset at each end. The existence of this
offset is due to the fact that frequently during the in-plant measurement process, considerably time
passes between the baseline measurements (prior to de-tensioning) and those subsequent to the de-
tensioning and cutting operation. There is thus sufficient time for appreciable cooling of the concrete
tie, and this introduces a type of parasitic thermal strain or offset in the resulting strain measurements.

To compensate for this effect, a thermal offset parameter, TS, is introduced into the expression for the
measured strain as follows:

mnﬁ$:%ﬁammm+mhx (8.2)

X
2

Smeas

where TS is the effective thermal strain or offset shift. This introduces an additional unknown
parameter into the MSE minimization procedure, resulting in the following more general expression:
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Z(Smeas(xi’TL’TS) - yi)2

MSE(P,,T,,TS) = - . (8.3)

Applying this more general algorithm to the data in Figure 64, then yields the red solid line shown in
Figure 83, which exhibits a significant improvement in the fit to the measured strain data and a
considerably longer transfer length (19.7 in). Clearly, the incorporation of this thermal strain effect can
have a significant influence on the transfer-length determination.
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Figure 84. Effect of Thermal Strain Offset on Typical In-Plant Crosstie Data

As an additional example of the significance of this thermal offset, consider the measured crosstie
strain profile shown in Figure 84. The dashed line corresponds to the modified (generalized) ZL
transfer-length algorithm with no thermal offset, while the solid red curve includes a thermal offset
parameter that is extracted during the minimization process associated with Equation (8.3). Without
thermal offset, the resulting transfer length is only 6.3 in., whereas with thermal strain included the
resulting transfer length is 24.9 in. With this much potential variation, it is quite clear that proper
assessment of the thermal offset will be critical to accurate transfer-length determination in an
automated in-plant operation.

8.3 Bias Errors due to Traditional Bi-linear Prestressing Force Assumption

It is desired to investigate the possible bias error resulting from the complex strain profile exhibited by
the non-prismatic crossties. The original ZL transfer-length processing algorithm assumed an
underlying bilinear surface strain profile, which is the traditional shape used in all early methods of
transfer-length assessment. If the general non-prismatic strain profile represented by Equation (7.1) is
assumed to be the “true” strain profile, and the “true measured” strain profile is assumed to then
correspond to Equation (7.3), then it is of interest to see how an effective bilinear strain profile would
do in capturing the transfer length. This will be investigated here along with the effect of the length of
the strain measurement region on the transfer-length bias error. For simplicity, thermal strain offset
effects will not be considered here.
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Figure 85. Comparison of Non-Prismatic Strain and Effective Bilinear
Strain Profiles (Lmeas = 40 in.)

Figure 85 shows an example of the predicted “true” crosstie strain field over a measurement length of

Lmeas = 40 in., with an underlying bilinear prestressing force distribution and a “true” transfer length of
10.0 in. The data points represent ideal surface strain measurements taken at 1.0 in. intervals over the

measurement length, with a gage length of L = 6.0 in.
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Figure 86. Bias in Traditional Assessment of Transfer Length Based on Bilinear Surface Strain

The solid blue curve represents an effective bilinear strain profile fitted to the more general non-
prismatic profile using the general MSE minimization procedure described above. For the effective
bilinear strain profile, the shape factor reduces to a constant—corresponding to a fixed cross-section
prism. This procedure is representative of using the classical prismatic crosstie assumptions to fit to
the actual non-prismatic crosstie strain distribution. The resulting transfer length is conceivably a
function of the sampling interval, Ax, the length of the strain measurement interval, Lmeas , and the
magnitude of the transfer length itself, although the effect of sampling interval is small.

Figure 86 shows a comparison of the predicted bias in transfer-length assessment as a function of the
magnitude of the transfer length for both a 30-in. and a 40-in. measurement length. The results were
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calculated for sampling intervals of 0.5 in., 1.0 in., 2.0 in., 4.0 in. and 8.0 in., and for four different
transfer-length magnitudes of 5 in., 10 in., 15 in., and 20 in. For each measurement length, the
predicted bias error (calculated transfer length minus “actual” transfer length) is negative. This would
indicate that the measured transfer length would likely be lower than the actual transfer length.
Furthermore, the trend in the bias error is to increase approximately linearly with the magnitude of the
transfer length. For the 40-in. measurement length, the potential bias errors are about 10% of the
transfer length itself, whereas for the 30-in. measurement length, the bias errors are only around 5% of
the transfer-length magnitude. The shorter (or truncated) measurement length encroaches less into the
region of significant strain drop-off along the crosstie. Hence, there is likely to be less indicated bias
error. The apparent scatter in the calculated points shown in Figure 86 is due to the effect of the
different sampling intervals, AX. The points represent averages of the calculated transfer-length bias
error over the different sampling intervals processed.

It should be noted that the bias error estimates shown in Figure 86 are likely worst case estimates,
since they are based on the very simple 1D non-prismatic crosstie model. Clearly there are some
deviations from this simple model observed in Figure 83, which shows the measured and predicted
strain profile over the full length of a crosstie. These deviations appear to be more significant in the
middle region of the tie, where the cross sectional area is smaller and there may be some “creep” effect
taking place. This has yet to be verified.

8.4 Comparison of Alternate Versions of ZL Transfer-Length Assessment

During field trips to all six major concrete tie plants in the United States, several hundred transfer-
length measurements were made using the manual Whittemore gage as well as using the automated
Laser-Speckle Imaging (LSI) device [9].

Smooth Chevron Diamond Spiral Dot

Sl : e

-
19.0+
18

4152
14 ; 143
133

Transfer Length (Inches)

T 115
,
$ 9.0 l $9.2
8 J 2

Fso
471 I

T T T T T T T T T T T
WA WG WB WD WI W) WH WF WE WC WK WL

Figure 87. Prism Transfer-Length Measurements for Different Types of Prestressing Wire

Most of data were measured using the LSI device at the CXT concrete railroad tie plant in Tucson,
AZ. In addition to these in-plant transfer-length measurements on concrete crossties, extensive
laboratory measurements on prisms have been conducted under more controlled conditions for the
same wire types.

Figure 87 shows the results of laboratory measurements of transfer length on prisms, for a wide variety
of different prestressing wire types. The prestressing wires in this Figure are organized according to
basic wire indent pattern shape, and the measured transfer lengths range from about 5 in. up to in
excess of 20 in..
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Figure 88. In-Plant Crosstie Transfer-Length Measurements for Different Types of Prestressing
Wire

Figure 88 shows, for comparison purpose, in-plant transfer-length measurements on crossties for this
same range of prestressing wire types. It is evident that there is a significant increase in the “scatter”
in the measurements. This may be due to the inherent difficulties in conducting in-plant

measurements in the harsh environmental conditions, along with issues such as significant thermal
strain offset.
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Figure 89. Comparison of Different Transfer-Length Processing Algorithms for Crossties and
Prisms

In an attempt to assess the significance of various transfer-length processing issues, and potentially
explain at least a portion of the scatter in the data shown, different processing algorithms were
compared for the assessment of transfer length associated with the in-plant crosstie data. Figure 89
shows such a comparison, along with the combined data shown in Figure 87 and Figure 88. The data
shown in Figure 89 includes the prism and crosstie transfer-length measurements in Figure 87 and
Figure 88, which were obtained using the traditional form of the ZL method with the inherently
bilinear strain profile assumption.
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Figure 90. Comparison of Averaged Transfer-Length Measurement Data for Prisms and
Crossties

In addition, the generalized ZL method, which accounts for the non-prismatic crosstie cross-section
behavior, was used both with and without the thermal strain offset compensation procedure. As can be
seen from the results, the processing algorithms for the general non-prismatic profile case provide very
little improvement in the scatter of the transfer-length measurements. Hence, there is likely another
influence, yet to be identified, which is the main contributor to this increased scatter (in comparison to
the laboratory testing results on prisms).

In spite of the relatively large amount of scatter in the in-plant transfer-length measurements, it is
extremely interesting to note that the averages of the transfer-length data (grouped by wire type and by
measurement method) are in excellent agreement, as shown in Figure 90.

8.5 Effect of Sampling Interval on Transfer-Length Uncertainty for Prisms

Further investigation of the ZL method has shown that, unlike the 95% AMS method that requires
dozens of strain data points to make transfer-length estimation, the newly proposed ZL method is able
to make reasonable and accurate transfer-length estimation with fewer strain data points. This
experimental discovery suggests the possibility of a simpler transfer-length measurement system,
which has the potential to provide in-plant real-time implementation.

Presumably, the shorter the sampling interval is, the more accurate the transfer-length estimate
becomes. However, the higher accuracy of the transfer-length estimation comes at the cost of longer
measurement time. A natural question that arises then is: What is the appropriate sampling interval to
make a reasonable accurate transfer-length estimate? The automated LS| system enables us to take
strain measurements at various spatial sampling intervals. To first investigate this question
experimentally, we proceeded to cast a prestressed concrete prism and utilized the automated LSI
system to measure the surface strain at a sampling interval of 0.125 in. The measured strain profile is
shown in Figure 91. To obtain the strain data with different sampling intervals, instead of measuring
the concrete prism surface strain again, we dropped out every other data point in Figure 91 and plotted
the remaining data points in Figure 92, which represent a strain profile that would be collected with a
sampling interval of 0.25 in.
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Figure 91. Strain Values Taken at a Sampling Interval of 0.125 Inches
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Figure 92. Strain Values Taken at a Sampling Interval of 0.25 Inches

Table 4. Transfer Lengths Calculated with Different Sampling Intervals

Sampling Interval (in.) Estimated Transfer Length (in.)
0.125 9.1
0.25 9.0
0.5 9.2
1 9.5
2 9.0
4 9.6
6 9.0
8 10.3
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Figure 93. Strain Values Taken at a Sampling Interval of 2 Inches
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Figure 94. Strain Values Taken at a Sampling Interval of 6 Inches

Further removing data points in a similar manner, the strain profile with other sampling intervals of
0.5in.,1in., 2in.,4in., 6in. and 8 in. were obtained. Figure 93 and Figure 94 show the strain data
corresponding to sampling intervals of 2 in. and 6 in., respectively.

The ZL method was applied to the strain profiles associated with each of the different sampling
intervals, and Table 4 shows the resulting calculated transfer-length values. The data in Table 4
suggests that reasonable estimates of the transfer length can be made using considerably large
sampling intervals, even as high as 6 in.

The experiment described above was repeated 8 times on the same prestressed concrete prism, but
with slightly different starting locations so as to make the measurements statistically independent for
each separate traverse. Figure 95 shows the transfer-length results from the 8 different measurements
at different sampling intervals. The results from the 8 repetitions are seen to be similar, and it is clear
that a sampling interval of even as large as 6 in. can provide an estimation of the transfer length to
within £1 in.
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Figure 95. Transfer-Length Values Calculated from 8 Different Measurements

The relatively accurate estimation of transfer length with larger sampling interval, i.e., less data points,
can be achieved by the ZL method, but not with the 95% AMS method, which exhibits considerable
bias. Figure 96 illustrates two groups of strain data points that were taken from the same strain profile.
The data points in the upper graph are collected with short sampling interval while those in the lower
graph are collected with larger sampling. Using either group of data points should produce the same
transfer length because they are from the same strain profile. However, as shown in Figure 96, the
95% AMS method gives significantly different transfer-length estimates from the two data points

groups.

Error of transfer length estimation by AMS 95% method
due to various sampling interval
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Figure 96. Bias Sensitivity of 95% AMS Method on Sampling Interval
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Further evidence of the capability of the ZL method to achieve accurate transfer-length measurement
can be established by considering a formal sensitivity analysis of the method.

Uncertainty Region
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Figure 97. Strain Graphical Relationship Between Transfer Length and Average Maximum
Strain Uncertainties

The details of this analysis are beyond the scope of the current paper, but the results can be illustrated
graphically. Figure 97 shows a simplified schematic diagram of the transfer-length region, along with
the expected range of confidence limits for the strain measurements. From the geometry it can easily
be shown that the uncertainty in the transfer length, U, is approximately related to the uncertainty in

the average maximum strain according to

S

th(zng%M (8.4)
where

U = Uncertainty in average maximum strain

L, = Transfer length

S...x = Average maxmum strain

Now, the uncertainty in the average maximum strain can be expressed in terms of the uncertainty in
the strain sensor itself as follows:

U, :iULSI

SR

(8.5)

where

U,y = Uncertainty of strain sensor = +(40u¢)(8in/ L)
N = (L,-L;)/s=(L)/s

L,, = Strain measurement distance = 2L,

L, = Gauge length

s = Sampling interval
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The uncertainty of the transfer length is then given by introducing Equation (8.5) into Equation (8.4),

yielding
U] L= iZULS'S— VS(LT) (8.6)

max

which shows that the transfer-length uncertainty is approximately proportional to the square root of the
sampling interval. This has been verified both experimentally and with Monte-Carlo simulation
results over a large range of sampling intervals, as shown in Figure 98. Note that Figure 98 is
consistent with the experimental results suggested in Table 4 and Figure 87; namely, that it is possible
to achieve transfer-length measurements to a nominal uncertainty of about +1 in. with a sampling
interval as coarse as 152.4 mm (6.00 in.).

Effect of Sampling Invertal on Transfer Length Determination
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Figure 98. Effect of Sampling Interval on Transfer-Length Uncertainty

8.6 Effect of Sampling Interval on Transfer-Length Uncertainty for Non-Prismatic
Members (Crossties)

By means of the automated LSI system, it was possible to rapidly take data at an unprecedented
resolution of 0.5-in. increments during extensive in-plant diagnostic testing [9,21,25,26,27]. This
represents a large data base from which to extract useful additional experimental evidence on the
influence that key parameters have on transfer-length measurement uncertainty. The main objectives
here are to present the results of an investigation, through the use of this in-plant transfer-length data,
into the effect of strain measurement sampling interval, along with the applicability to crossties of
theoretical transfer-length measurement uncertainty analysis that was previously developed for
prismatic members. A key question is what is the least number of point strain measurements required
to make an accurate crosstie transfer-length measurement. This has important implications associated
with the development of a practical in-plant transfer-length measurement system.

8.6.1 Selection of In-Plant Strain Measurement Data

During field trips to all six major concrete tie plants in the United States, several hundred transfer-
length measurements were made using strain measurements obtained using the manual Whittemore
gage as well as the automated Laser-Speckle Imaging (LSI) device [9,21,25]. Most of the data were
measured using the LSI device at the CXT concrete railroad tie plant in Tucson, AZ. The crossties
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were manufactured with many different prestressing wire types, resulting in a wide range of transfer
lengths. In addition to these in-plant transfer-length measurements on concrete crossties, extensive
laboratory measurements on prisms have been conducted under more controlled conditions for the
same wire types [9,10,21]. Figure 99 shows a comparison between the laboratory prism test results
and the in-plant transfer-length measurement results [27]. The selection of transfer-length data for the
wire types used in the present analysis was made so as to cover a large transfer-length range, and is
denoted by the circled wire types in Figure 99(b). It is evident that there is a significant increase in the
“scatter” associated with the measurements. This may be due to the inherent difficulties in conducting
in-plant measurements in the harsh environmental conditions, along with issues such as significant
offset due to thermal strain [27]. It should be noted, however, that on the average the transfer lengths
for the prism data agree very well with the averages associated with each wire type for the in-plant
measurements [27].
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Figure 99. Transfer-Length Measurements for Various Prestressing Wire Types

Three wire types were selected for the current sampling interval analysis. These are shown in Figure
100 and consist of types WA (smooth), WD (Chevron), and WF (Diamond).

3

(@) WA (Smooth) (b) WD (Chevron) (c) WF (Diamond)
Figure 100. Selected Wire Types for Transfer-Length Analysis

These correspond to the wire types identified in association with the transfer-length data shown in
Figure 99(b), and represent wires types that resulted in relatively long (WA Smooth), intermediate
(WD Chevron) and relatively short (WF Diamond) transfer lengths. For each wire type, a sample of 7
crossties was included in the analysis, presenting 14 tie end transfer-length measurements. For each of
the three wire types analyzed, these crossties were selected from those located during casting in the
central portion of the plant casing bed, as shown by the schematic in Figure 101.
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Figure 101. Plant Casting Bed Layout for Transfer-Length Measurements

Selected crossties were also measured using the manual Whittemore gage, and these are designated by
the RED shading in Figure 101, whereas the ties measured using the automated LSI system are
designated by the BLUE shading. The numbering shown represents the tie number from the LIVE end
of the casting bed. Figure 102 shows how the measurements of transfer length for each crosstie vary
from one end of the casting bed to the other. It was observed from these results that there was a
tendency for the magnitude of the transfer lengths to increase near the ends of the casting bed. The
reasons for this variation are not yet known. One possible explanation, although pure speculation at
this point, is that it may be due to non-uniform heating of the bed. As a result of this phenomenon, it
was decided to select the samples of crosstie strain measurement data from the central region of the
bed comprised of crossties 19 — 25 as shown in Figure 102. It was thought that these would likely give
the most unbiased set of results from which to investigate the effect of sampling interval on the
uncertainty of transfer-length measurement.
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Figure 102. Typical Transfer-Length Measurement Results Spanning the Full Casting Bed

8.6.2 Selection of In-Plant Strain Measurement Data

From the existing plant data, surface strain profiles for each crosstie selected were available to a
maximum spatial resolution (i.e., sampling interval, s) of 0.5 in. To investigate the effect of sampling
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interval size, s, on the resulting transfer-length measurement, strain data was selectively removed from
each overall crosstie sample in much the same manner as was done previously with laboratory prism
data [27]. It should be noted, however, that the plant data consists of separate strain profile data for
completely different crossties.
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Figure 103. Effect of Strain Data Removal for Typical Strain Profile (WA-19-D Crosstie)

The earlier sampling interval testing was obtained on a single laboratory prism, and repetitions of
measurements were made on the same prism by moving the location of the starting point for LSI strain
measurements. This resulted in an ideal statistically independent set of surface strain profile data with
different sampling intervals obtained using the LSI system. With the current plant data, each of the
centrally located crossties will be used to represent an independent sample of strain data for the same
wire type. Thus, the crossties central to the casting bed (numbered 19-25) will now comprise an
approximately independent sampling of strain profile data for each wire type testing. The usefulness
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of this in revealing the influence of sampling interval on the resulting transfer-length measurement
will be shown below.

Figure 103 shows some typical strain profile data for wire type WA (Smooth) data resulting from the
procedure for selective removal of strain profile data described above. The procedure yields sampling
intervals, s, of 0.5 in., 1.0 in., 2.0 in., 4.0 in., 6.0 in., and 8.0 in., as shown. The solid data points
represent individual strain measurements, and the solid line represents a fit to the data using obtained
using the Generalized Zhao-Lee method which uses a least-squares minimization algorithm to obtain
an unbiased fit to the discrete strain profile.

It is clear from Figure 103 that in spite of the severe removal of data, the basic shape of the profile,
and more importantly the basic shape of the smooth curve fit to the discrete sample of strain data,
remarkably remains intact even as the data is reduced to only a few measurements. The curve fit
includes compensation for a thermal strain offset parameter, TS, which is included in the algorithm for
transfer-length assessment. The variation of transfer length, T, , with sampling interval associated
with the data shown in Figure 102, along with the balance of the data selected for subsequent analysis
here, will be investigated below both experimentally and theoretically.

8.6.3 Effect of Sampling Interval on Crosstie Transfer Length

Following the approach used in the generalized Zhao-Lee method of transfer-length assessment [27],
the surface strain on the bottom surface of a concrete tie at position x (the distance that the cross-
section is from the end of the tie) is represented as

Strain(x) = P(EX) {A(lx) + e():)(igx)} 8.7)

where P(x) is the prestressing force or bond force at the location of X, E is Young’s modulus, A(x) is
the area of the cross-section, e(x) is the eccentricity of the wire grid centroid, y(x) is the distance from
the bottom of the concrete tie to the neutral axis of the cross-section, and I(x) is the area moment of
inertia of the cross-section of the concrete tie at position, x. Following this same analysis, it will be
assumed that P(x) varies linearly over the transfer-length zone, from zero at the end of the
pretensioned concrete member to the maximum level, and is described by

X
—P X<T

max L

P(x)=4T, (8.8)
P x>T

max

where Ty is the transfer length and Pmax is the maximum prestressing force. The determination of the
transfer length is, in essence, the problem of determining the function P(x), i.e. its parameters Pmax and
Tv, given the measured strain data points.

In addition to the determination of the key parameters Pmax and Ty, in-plant strain measurements have
revealed the presence of an offset in the strain profile [27]. The existence of this offset is due to the
fact that sometimes during the in-plant measurement process, considerably time lapses between the
baseline measurements (prior to de-tensioning) and those subsequent to the de-tensioning and cutting
operation.
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Figure 104. Transfer-Length Estimation as a Function of Sampling Interval

There is thus sufficient time for appreciable cooling of the concrete tie, and this introduces a type of
parasitic thermal strain or offset, denoted by the parameter TS, in the resulting strain measurements.
To compensate for this effect, a thermal offset parameter, TS, is introduced into the expression for the
measured strain as follows:

L
X+—

S, (4P T, TS) =% [/ [strain(x) + TS ]dx (8.9)

X——
2
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where TS is the effective thermal strain or offset shift, and L is the gage length of the LSI strain
measurement system. This introduces an additional unknown parameter into the MSE minimization
procedure, resulting in the following more general expression:

Z(Smeas (Xi’ PmaX’TL’TS) - yi)2

MSE(P,_.T ,TL) =- N (8.10)

Taking the random error of the typical strain sensor into account, the ith strain measurement value y; at
position xj will be y, =S .. (x.P...T,,TS) +¢& , where ¢, is the random error. The random error is

typically assumed to follow a normal distribution with mean zero and standard deviation o ; i =1..N .
The Transfer Length Determination Problem for non-prismatic concrete members can then be stated as
follows: Given a set of data points(x,y,),i=1..N, find P_ ,T, and TS, so as to minimize the mean

squared error (MSE) between the function S P T, TS) and the measured y; data. The MSE
function is defined by the following:

meas (XI ! ax !

Z(Smeas(xi ' Pmax’TL’TS) - yi)2

MSE(P,_..T,,TS) =~ N (8.11)

Applying this general algorithm to strain data like that shown earlier in Figure 7, then yields the red
solid line curve fit, along with the transfer length and thermal offset parameters.

Figure 104 shows a comparison of the calculated transfer length as a function of the sampling interval
for the crossties associated with the three different wire types WA, WD and WF. The separate Live-
End and Dead-End measurements are also shown. Two completely different, but identically designed,
LSI strain measurement systems were used to take the in-plant strain measurements, which greatly
speeded up the collection of data. This was especially important for the baseline measurements taken
prior to the de-tensioning and cutting operation. From the result in Figure 104, it is clear that there is
variation in the transfer length as the amount of measured data is reduced in size, effectively reducing
the sampling interval. However, it is also apparent that there is bias in the measurements from one
crosstie to another. This may be due to individual crosstie differences, or due in part to differences in
the two LSI measurement system uncertainties. It is particularly interesting to note that the variations
from crosstie to crosstie are about the same as the variations resulting from the different sampling
intervals.

8.6.4 Effect of Sampling Interval on Transfer-Length Variations

To further investigate the effect of sampling interval, and distinguish this effect from the apparent bias
variations associated with individual crosstie behavior, the transfer-length measurements were
normalized. The procedure is a common statistical normalization process [28] which removes the
variations between crossties and adjusts the individual variations in transfer length around a common
average transfer length according to the following:

T «T, _(T_U_TT) (8.12)
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where T,; is the mean of the transfer-length measurements using various sampling intervals for a

given crosstie, and T,; represents the mean of the transfer-length measurements for all the investigated
crossties in the particular sample.
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Figure 105. Normalized Transfer Length vs. Sampling Interval

Initially, the process was applied to the Live-End and Dead-End data separately, in case this might
reveal some differences between the different LSI systems. Comparing the normalized results shown
in Figure 105 with the original un-normalized and biased data shown in Figure 104, clearly indicates
that the normalization process has reduced much of the bias associated with the individual crosstie
measurements.
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Figure 106. Effect of Sampling Interval on Pooled Transfer-Length Data

There is a clear trend appearing to come into view indicating some apparent increase in the scatter as
the sampling interval is increased. However, the extent of the trend is somewhat obscured by the
small sample size of only 7 tests per crosstie. In an attempt to further extract information regarding
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the quantitative trend of the effect of sampling interval on the variation in crosstie transfer length, the
Live-End and Dead-End data was pooled into a single set of measurements for each wire type,
following the same normalization procedure indicated in Equation (8.12). The results of this pooling
procedure are shown in Figure 106 for each of the wire types.

8.6.5 Effect of Sampling Interval on Transfer-Length Variations

To further reveal the effect of sampling interval, and better distinguish this effect from the apparent
bias variations discussed above, the statistical characteristics of the standard deviation of the transfer
length will be compared to the known influence of parameters associated with prisms. A well-
developed analysis of the uncertainty has been presented previously for prismatic members [24].
According to this theoretical analysis, the uncertainty in the measured transfer length, U, , can be

expressed as follows:

(8.13)

where,

U, = Uncertainty of the LSI strain sensor
L, = Transfer length

S,.x= Average maxmum strain
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Figure 107. Effect of Sampling Interval on Pooled Transfer-Length Data

Equation (8.13) shows that the transfer-length uncertainty is approximately proportional to the square

root of the sampling interval, s. Equation (8.13) can be recast in terms of the standard deviation of the
measured transfer length, yielding

o :izolm sL,
L S

max

(8.14)
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where o  is the standard deviation of the measured transfer length, and o is the standard deviation
of the LSI strain sensor measurements. Equation (8.14) can be further rearranged to yield

oL _ 201 S

8.15
LS. VL (8.15)

max

which indicates a simple dimensionless theoretical relationship between the standard deviation of the
transfer-length measurements and the sampling interval. Figure 107 shows a plot of this theoretical
result compared with the entire set of experimental data for all three wire types WA, WD and WF.
Note that the pooled transfer-length data associated with each wire type has a separate pooled average
transfer length corresponding to the values indicated on Figure 106 for each wire type WA, WD and
WEF. The fact that this relationship represents the measured standard deviation of the transfer-length
measurements indicates that the essential features developed for prisms [24] still appear to be largely
true, in spite of the non-prismatic crosstie behavior. The slope of the line fit shown in Figure 107 is
given theoretically from Equation (8.15), and has an approximate value of

Slope = ZSJ—LS' ~0.2 (8.16)

max

Substituting a nominal value for the average maximum strain of about S__ =600ues from Figure 103

max —
yields a nominal standard deviation for the LSI measurement system of about o, = 60& , which is

comparable with the level of scatter observed in the measured strain data. The in-plant random scatter
was somewhat larger than the scatter associated with laboratory prism data, as evidenced by the larger
scatter in the measurements of transfer length shown in Figure 99(b). However, this scatter does
appear to be largely random scatter since the average in-plant measurements and the laboratory
measurements of transfer length agree very well. Hence, the statistics in the present paper have
revealed that the effect of sampling interval for crossties is essentially the same as that established
earlier both experimentally and theoretically for prismatic members [24]. It is important to note that
this is the first time this type of statistical comparison has been attempted with actual in-plant
experimental results. More detailed analysis is needed to establish this empirical relation on a more
firm theoretical foundation.
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9. Development of Multi-Camera Strain Measurement System for In-Plant
Transfer-Length Assessment

9.1 Effect of Sampling Interval on Transfer-Length Uncertainty for Prisms: Basis for
New Multi-Camera Transfer-Length Measurement System

The effect of sampling interval on the uncertainty in transfer-length measurement for prisms is
presented in [24], and summarized in the simple algebraic result of Equation (9.1) below

U, :+LS'— VS(L) (9.1)

T S

max

It is also represented graphically, as shown in Figure 108 below.
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Figure 108. Effect of Sampling Interval on Transfer-Length Uncertainty

Based on the findings above, it was considered feasible to extend the current automated LSI sensor to
a multiple camera/module system that is capable of capturing the strain in multiple locations at the
same time.

“Full-Field” Automated Multi-Module
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Figure 109. Depiction of LSI System with 5 Stationary Modules

Assuming a sampling interval of 6 in., to cover a 24-in. transfer zone, 4 data points are sufficient to
achieve an uncertainty of about = 25.4 mm (1.00 in.) as illustrated in Figure 108.
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This means nominally only five cameras are needed to capture the surface strain information with a
single shot. A schematic representation of the proposed system is shown in Figure 109. It utilizes 5
individual stationary LSI modules that are spaced with a gage length of 6 in.. As with the current dual
LSI modular system, the 5 LSI modules are rigidly mounted on common reference plate, whose
thermal expansion coefficient is close to zero to reduce the sensor gage length change caused by
temperature changes. Using this type of setup, a single baseline 5-image capture could be taken prior
to de-tensioning, followed by a second 5-image capture after de-tensioning, from which the transfer
length could then immediately be determined, as suggested in Figure 110.
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Figure 110. Automated multi-camera transfer-length measurement

9.2 Design of Multi-Camera Surface Strain Measurement System

From the above analysis it was possible to extend the previously successful automated LSI sensor
concept to a practical multiple camera/module system that is capable of capturing the strain in multiple
locations at the same time.
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Figure 111. Schematic of Multi-Camera Strain Measurement

Experimental tests using the automated scanning system, as well as theoretical analysis of the
associated transfer-length measurement uncertainty, have shown that a sampling interval as coarse as 6
in. (152 mm) provides sufficient spatial strain measurement resolution [24,29]. To cover a
measurement field (transfer zone) of about 24 in., 4 data points are sufficient to achieve an uncertainty
of about £1.0 in. to £1.5 in. (25 mm to £38 mm). This means only as few as five cameras are needed
to capture the surface strain information with a single shot. However, since measurements have shown
that transfer lengths can vary from nominally around 5.0 in. (130 mm) to 25 in. (640 mm), a total of 6
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cameras spaced 6-in. (152 mm) apart were chosen for the first prototype. A schematic representation
of the prototype 6-camera system is shown in Figure 111.

It should be noted that in a typical railroad tie plant the ties are cast in a continuous bed, with the
bottom surface facing up. The initial baseline surface displacement measurement, necessary for late
determination of the surface strain, would typically then be made from above on the upward facing
bottom surface. After cutting, the ties are inverted and transferred to another station where rail seat
attachment takes place. It should also be noted that not all tie manufacturers use this same
manufacturing process, but this is apparently fairly common.

This procedure is depicted schematically in Figure 112, which shows the overall automated in-plant
transfer-length measurement process. In practice, separate multi-camera systems would likely need to
be installed such that measurements of surface position could be determined both before de-tensioning
and after the cutting operation.
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-AABEEE- g-Sensor Module

-gee senene aay--
-J‘ \-
L u
w L]
L L}
A b
Distance Along Railroad Tie

Figure 112. Automated Multi-Camera Transfer-Length Measurement

Surface Strain

Figure 113 shows the determination of local surface strain from the separate displacement
measurements of adjacent cameras, where L is the camera spacing (or gage length).

" 2 (;CJ 6c1+1
Ogja — g
j+1 Cj
Smeas(xmj) = L

Camera, C; Camera, C;,;

Figure 113. Strain from Separate Camera Image Displacements

For a 6-camera system, with a camera spacing of nominally 6 in. (152 mm), there will be 5 separate
measurements of strain, beginning at approximately 3 in. (76 mm) from the end of the tie being
measured. This will span a total measurement range of about 27 in. (690 mm), which should be of
sufficient span to capture typical transfer lengths and just sufficient to nominally capture the 25 in.
(640 mm) worst-case transfer-length situations. A partially transparent 3D CAD view of the prototype
6-camera transfer-length measurement system is shown in Figure 114. It consists of 6 vertically
oriented CMOS cameras mounted on a low thermal expansion coefficient carbon fiber tube, which is
anchored at one end and allowed to float at the other end. High-intensity light-bar illumination of the
concrete surface is provided by three flash-lamp (light-bar) assemblies which are directed at 45
degrees to the vertical, as shown in the schematic diagram in Figure 115.
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(a) Cameras and Supporting Hardware (b) Rear View Showing Strobe Light Assembly
Figure 114. Semi-Transparent View of Prototype 6-Camera System

In the Figure, the possibility of a dual linear array system is shown, with arrays on opposite sides of
the camera array. However, a single illumination array has thus far proved to be sufficient. Strobe
lighting and simultaneous image capture of the concrete surface is controlled by a LabVIEW interface.
This same interface is also used to implement the processing of transfer length using image analysis
features within LabVIEW, along with the unique Generalized Zhao-Lee (ZL) processing algorithm
[27,29].

Multi-Camera

Lighting
System
(Linear LED
Array)

Concrete
Tie

Figure 115. Schematic of Offset Light-Bar Illumination

There are some key differences to note in this new multi-camera design that are quite different from
the earlier automated traversing transfer-length measurement system. First, illumination of the field of
view for each camera is from a strobed linear LED array, which produces a synchronized flash of high
intensity white light rather than continuous monochromatic laser illumination. Secondly, the system
can either capture images of the plain concrete surface itself, or alternatively, the surface can be spray-
painted with reflective particles to trace surface movement. Finally, all of the transfer-length
processing is accomplished entirely within the LabVIEW interface, in contrast to the previous
automated system in which LabVIEW was used primarily for image capture and traverse control.

The system has three-point support and can be easily manually positioned to any desired location for
measurement. The system also has large depth of focus, and large lateral high resolution image
capture field, so that vertical alignment and horizontal alignment are not critical. It is sufficient to
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simply manually mark measurement points with a felt tip marker for system positioning alignment.
Realignment of the system on this felt tip marker grid is not critical and approximate manual
positioning on this grid is sufficient for accurate surface strain measurement simultaneously at the 5
discrete points. The nominal strain measurement accuracy is +25-50pue, which is comparable to strain
measurements using the manual Whittemore gage.

For eventual in-plant operation on a production basis, two separate multi-camera units would be
required, to enable their operation at fixed stations first before de-tensioning and then after the cutting
operation. Two identical prototypes were built; however, the current paper will be presenting results
with a single prototype used for both before and after measurements. Use of two independent 6-
camera systems, with one used for the baseline (before de-tensioning) and the other used after de-
tensioning and cutting, requires a more extensive calibration which is currently under development.

& 5 s

Figure 116. Initial Testing on Prisms in CE Laboratory

Figure 116 shows a photograph of one of the prototype 6-camera systems being tested on prismatic
members in the Civil engineering (CE) Laboratory at Kansas State University (KSU). For visual
purposes, the protective housing has been removed to reveal the internal hardware arrangement. Brass
points were also embedded in the prism so that measurements with the Whittemore mechanical gage
could be compared to the strain measurement results from the new 6-camera system.

Several approximately independent measurements were made using the prototype 6-camera system, by
slightly repositioning the support feet of the unit. As seen in Figure 117, the repeatability appears to
the quite good (on the order of + 50ue) and the measurements also compare quite well with the
Whittemore gage results. More extensive measurement results obtained from in-plant testing of the
prototype will be presented in the next Chapter.
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Figure 117. Comparison of 6-Camera System and Whittemore Gage

9.3 Normalized Crosstie Transfer-Length Algorithm with Thermal Offset

The LabVIEW interface associated with the multi-camera strain measurement system incorporated a
somewhat more general processing algorithm for determining transfer length.

Subsequently, this same algorithm was also used in the improved Continuous Scanning/Traversing
(CST) system, which is discussed later in this report. The key feature associated with this new
algorithm was that it utilized a normalization of the equations associated with the implementation of
the Zhao-Lee statistical algorithm. Furthermore, it included a thermal offset parameter directly into
the Mean Square Error (MSE) minimization equations presented in Section 7.3. The earlier
minimization procedure also determined a similar thermal offset parameter, but using a more “brute
force” dual parameter search procedure to minimize the MSE.

Detailed Variation

( «— with Distance, x

along Tie

3D CAD Model

Figure 118. CAD Model of Typical Non-Prismatic Crosstie Shape

The normalization process eliminated the need to input absolute magnitudes of crosstie parameters
such as Young’s Modulus and maximum prestressing force. It should be noted that these parameter
inputs had no direct effect on the earlier processing of transfer length, but when testing the previous
algorithm against simulated ideal data they provided a means of easy comparison against all expected
input parameters associated with the simulation. The same general shape factor input was also
included in this modified algorithm, except that only a normalized shape factor was required.

93



The details of the new algorithm are presented in this section. Figure 118 shows a 3D (Abaqus®)
model of a railroad tie that was built following the actual dimensions of a typical USA railroad
concrete crosstie. At any given location along the railroad tie, the cross section is roughly the shape of
trapezoid, as shown in Figure 119. The location of the centroid of the wire grid is illustrated as point
C, y represents the distance of the cross-section of the concrete tie to the bottom of the concrete tie,
and e is the eccentricity, which is equal to the distance between the centroid of the multiple
prestressing wire grid (typically 20 wires) and the centroid of the cross-section of the concrete crosstie.

Neutral Axis

>

o -f----0--
(@]

Figure 119. General Crosstie Parameters

9.3.1 General Non-Prismatic Crosstie Strain Profile

Given the combined prestressing force in the wires at an arbitrary cross-section location, the “true” or
actual surface strain, St(x) , on the bottom surface of a concrete tie at position x (the distance that the
cross-section is from the end of the tie) can be modeled as

P(x)[ 1 +e(x)y(x)}
E, [A(X) I (x)

where P(X) is the prestressing force or bond force at the location of X, Ey is Young’s modulus for the
concrete crosstie material (nominal value, Ev = 3000 kpsi), A(X) is the area of the cross-section, e(x) is
the eccentricity of the wire grid centroid, y(x) is the distance from the bottom of the concrete tie to the
neutral axis of the cross-section, and 1(x) is the area moment of inertia of the cross-section of the
concrete tie at position, Xx.

S;(x) = (9.2)

Now, the effect of the non-prismatic crosstie geometry on the local surface strain given in Equation
(9.2) can be expressed in terms of a shape factor parameter, R(x) as follows:

P(X)R(x
5, () - LR 9.3)
Ey
where R(X) is given by

L ey
Ax)  1(x)
For the crosstie, the shape factor variation in normalized form, r(x), is given by

R(x) = (9.4)
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RO) R,
Figure 120 shows a plot of the normalized shape factor for the tie shown in Figure 118. A simple
linear interpolation method was used to provide a continuous representation of R(x) in between the

values calculated from the 3D CAD model at 0.5-in. intervals, which is sufficient resolution to
represent the important features of the shape factor.
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Figure 120. Normalized Shape Factor Distribution

The theoretical true crosstie strain distribution shape is shown in Figure 121 for a typical set of
parameters. The crosstie length is Ltie = 102 in.
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Figure 121. Typical Theoretical Strain Profile Shape

9.3.2 Normalized Crosstie Strain and Displacement Profiles
The surface strain representation given in Equation (9.3) can be normalized as follows:

5, (0 = [ ngRf’j[ FF’,‘X))( Réx)j - K[?j{ RFEX)} —KoPOIr() = KSy () (96)

max max

Where Sn(x) is the normalized true strain distribution given by

95



S, (x) = [?j{%} = p(YF(x) ©.7)

max

where p(x) is the normalized prestressing force distribution, and where Ko is an overall strain
normalizing factor given by
PR
K, =—m22 (9.8)
EY
From the true strain profile, the local total displacement profile, relative to one end of the crosstie, can
also be represented as follows:

0;(X) = j' S; (x)dx = ]' KoSy (X)dx = KoLy, (Lii Sy (X)dX} = K, L0y (X) (9.9)
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Figure 122. Local Total Displacement Profile

Figure 122 shows a typical plot of the displacement for the tie shown in Figure 118. The normalized
local displacement, on(x), appearing in Equation (9.9) is a given by
S, (x)dx K,S, (x)dx S, (x)dx
[s:00 s x)_'([ oSy (X) _!N()

Oy (x) = ;T (LX) == = ; =1 = (9.10)
T( Tie) J-ST(X)dX max J‘ KOSN (X)dX J-SN(X)dX

where Lrie is the total length of the crosstie (the half-length could also be used here). The actual total
displacement, or(x), can thus be expressed in terms of the normalized displacement as follows:

5, (X) = 5By (X) (9.1)

The total displacement profile shape shown in Figure 122 is for a typical set of crosstie parameters,
and for a bi-linear prestressing force distribution given by
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P(X)=4T. (9.12)

Bi-Linear P(x)
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Figure 123. Bilinear Prestressing Force Distribution
A typical normalized displacement profile is shown below in Figure 124,
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Figure 124. Typical Normalized Displacement Profile

9.3.3 The Measured Strain Profile

The theoretical measured strain distribution, Sm(x) , for an ideal strain gage of gage length, L , will be
given by

L L
1 x+E 1 x+E
Su() =1 [ s:()dx=K, = [ S (0dx | = KySyy (%) (9.13)
L L
x—E x—E

where Sun(x) is the measured normalized strain distribution. The finite gage length has the effect of
“smoothing” the strain distribution given—effectively averaging the strain over the gage length
interval, L. Note that Sun(X) does not depend on the prestressing force level or Young’s modulus.
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Figure 125. Multi-Camera Strain Measurement System

Now, for the multi-cameras system, the strain is ultimately going to be measured using a series of
adjacent cameras, as suggested in Figure 125. Each camera will measure the local displacement field,
at discrete positions along the crosstie. From these discrete displacement measurements, the local
measured strain distribution will be obtained by subtracting adjacent displacements and dividing by
the camera spacing, which represents the gage length, L, as suggested in the Figure 126 below.

X = XCjJrl-i_XCj i @)= 1 - -
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Figure 126. Multi-Camera Strain Measurement

The discrete measurements Sm(Xmj)= Smj thus correspond to the theoretical measured strain relationship
given in Equation (9.13). Now in practice, it has been observed that there is likely to be a significant
period of time from when the baseline surface profiles are taken using the above discrete method and
when the measurements of displacement subsequent to de-tensioning take place. Hence, there is likely
to be sufficient time for appreciable cooling of the concrete tie, and this introduces a type of parasitic
thermal strain or offset in the resulting strain measurements. The “real measured” strain field is thus
more likely to be of the form

1 ><+E
Su (%70 Pr) = [ [8+(x.7,Py,,) +TS]dx (9.14)
_L

Equation (9.14) also emphasizes the fact that there are really three unknowns in the measured strain
distribution, namely, t = T the transfer length, Pmax the maximum prestressing force level (typically, a
bilinear prestressing force is assumed for practical measurements), and TS the thermal shift due to
thermal expansion effects.
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9.3.4 Determination of the Transfer Length

The Transfer Length Determination Problem for non-prismatic concrete members can be stated as
follows: Given a set of data points(x,y.),i=1..N, find P_ , TS, and r= T, so as to minimize the
mean squared error (MSE) between the function s,, (x,T,, P, TS)and the measured y; strain data. The
MSE function is defined by

N
Z(SM (Xi !TL' I:)max’-rs) - yi)2
MSE(T,,P...TS) = =1 N (9.15)
The minimization problem given in Equation (9.15) can be solved using standard statistical
techniques. First, modify Equation (9.14) to embed the unknown maximum prestressing force
distribution within the normalization constant, Ko as follows:

L ik
1 1
S, (x,7,K,,TS)=— K S (X, 7)|[dx+TS =K, | — | |Sy (X,7)|dx |+TS
0 (67 Ko TS) = [ [KoS (07 o T [ [8u0x)] .16
x—E x—E
=KySyn (X, 7)+TS
Now note that Sun(x,7) = p(x,7)r(x) and hence does not depend on Pmax Or any other specific level
setting parameter. For simplicity, let g(x,z) be defined as
L
1 x+E
90%,7) = Sy (x,7) = [ PO )r(x)ox (9.17)
L
Thus, the minimization objective function MSE can be expressed as
N
MSE(r, KO,TS)=%Z[Kog(xi,r)+TS—yi]2 (9.18)
i=1
The minimization process to determine the unknown transfer length, =T, requires that
OMSE(z, Ky, TS) _ 0 (0.19)
oK,
OMSE (7, K,,TS) _ 0 (9.20)
oTS
OMSE (7, K,,TS) _ 0 9.21)
or

However, some simplification can be achieved if we first consider the minimization with respect to the
variables Ko and TS in Equations (9.19) and (9.20), respectively. Applying the condition in Equation
(9.19) to the MSE function in Equation (9.18) yields
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N N
aMSE(aTkKO,TS) %za og(X TB(-FTS yl _%Z og(xi,T)‘i'Ts—yi]g(Xi,T):O
0 A 0 1N (9.22)
2
E{KoZgz(X.,rHTSZg(X.,r) Zy g(X.,r)}
Cancellation of the 2/N factor reduces the above expression to the following:
N N N
KOZgz(xi,r)+TSZg(xi,r)—Zyig(xi,r)=O (9.23)
i=1 i=1 i=1
Similarly applying the condition given by Equation (9.20) yields
N N
aMSE(aTTK ) ; Za[Kog(X"T)SJrTS I =§Z[ Kog(x,7)+TS—y,]=0
= | . = (9.24)
2
_E{Kozg(xi’f)‘*‘(Ts)N _Zyi} =
i=1 i=1
Cancellation of the 2/N factor in Equation (9.24) reduces to the following expression:
N N
Ko 9%, 7)+(TS)N =Dy, =0 (9.25)
i=1 i=1

It should be noted that Equations (9.23) and (9.25) represent two independent linear algebraic
equations for the unknown parameters Ko and TS, expressed in terms of the unknown transfer-length
distance, 7. As such, they can first be solved in terms of rand then substituted into Equation (9.18) to
yield the MSE expression entirely in terms of the single unknown t , the transfer length. Finally, the
condition expressed by Equation (9.21) can be applied using some available single-variable
minimization procedure.

Solving Equation (9.25) for the TS parameter yields
13 13
- K. — X:, 9.26
N ;yl 0 N ;g( i T) ( )
Substituting the expression for TS in Equation (9.26) into Equation (9.23) yields
N 5 1 N 1 N N N
Kozg (Xi17)+{ﬁz yi — Ko Wzg(xi’r)}zg(xiir)_Zyig(xi’r) =0 (9.27)
i=1 i=1 i=1 i=1 i=1
Rearranging Equation (9.27) and solving for the parameter Ko results in the following:

:iNZlyig(xi,r)—ﬂiyiﬁguﬂ)}

i=1

S0~ | Satx.n|

i=1

Ko

(9.28)

Substituting the expression for Ko in Equation (9.28) into Equation (9.26) yields
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N iyig(xi,r)—ﬂi i@g(xi,r)} -

TS= =3y | > 9(x,7) (9.29)

i=1 N N ? W i=1
Zg?(xi,r)—ﬂzg(xi.r)}

Finally, rearranging Equation (9.29) and putting the expression in terms of a common denominator
yields

l%l{i yi}{igz(x“r)}_;{i yig(xi’z-)i||:ig(xi7r):|
i92(xi,7)—’t{ig(xi,r)}

Equations (9.28) and (9.30) represent expressions for Ko and TS in terms of the unknown transfer
length, t. As such, they can be inserted into the general expression for MNE give in Equation (9.18)
to yield the following:

TS (9.30)

N
MSE(r) = MSE(z, K, (), TS(2)) = %Z[Ko(r)g(xi 7)+TS(0) -y, (9.31)
i=1
which can then be minimized using any number of available methods (e.g., Newton’s method, simple
search, etc.). MathCAD also has built-in functions to accomplish such minimization. Once t has been
determined through this minimization, the parameters Ko and TS can be evaluated from Equations
(9.28) and (9.30) respectively. Furthermore, the unknown maximum prestressing force, Pmax , can also
then be determined by inverting the definition of Ko to yield

P - KoEy

max
R0

(9.32)
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10.In-Plant Testing of New Multi-Camera Strain Measurement System

10.1 Demonstration of Prototype 6-Camera System on Prismatic Turnout Ties

In-plant testing of the prototype transfer-length measurement system was conducted at the voestalpine
Nortrak, Inc. facility in Cheyenne, Wyoming. This plant manufactures turnout ties which have a
constant cross-sectional area, and therefore should have prismatic behavior. The final cutting
operation thus involved only cutting of the prestressing wires (or strands), and could therefore be done
after the final surface displacement measurements were made. This represents an ideal type of test for
the first in-plant evaluation of the performance of the new 6-camera system. It closely resembles an
ideal laboratory prism geometry, while at the same time providing an actual tie plant setting for
conducting these initial shake-down tests of the new multi-camera automated system.

6-Camera__. _ \ ‘4’
eSystem . - \
Laptop —
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\

Figure 127. 6-Camera System on Turnout Ties at Nortrak Facility

Figure 127 shows one of the 6-camera systems positioned on one end of a railroad tie, along with the
laptop on the right which provides the LabVIEW control and image processing.

Figure 128. Close-Up of 6-Camera System on Concrete Tie
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Figure 128 shows a more close-up view of the 6-camera system positioned at one end of a tie.
Measurements were made on both Live-End, which is the end from which tensioning and de-
tensioning is initiated, and on the Dead-End, as suggested in Figure 129 below.
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Figure 129. Live-End and Dead-End Railroad Tie Positions

An actual screen capture of the LabVIEW interface is shown in Figure 130. The upper portion of the
window shows the images captures and the image correlation region.
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Figure 130. Screen Shot of LabVIEW Interface and Strain Profile

The lower portion of the window shows an actual 5-point measured strain profile resulting from the
processing of strain using the displacement of adjacent images as indicated earlier in Figure 113. As
shown, this particular measured strain distribution displayed almost ideal bilinear strain profile
behavior.

600
500 *
= * d
IS
= 400 /e
(%]
z /
=
© 300
é + Measured Strain
- (No Offset)
.= 200
I
S - -
s/ L =11.1in
100
0 . . .
0 10 20 30 40
Position, x (in)

Figure 131. Single 5-Point Strain Profile with Transfer Length
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Figure 131 shows a more typical measurement of strain profile, along with a solid line representing the
curve fitted ideal bilinear strain profile, including the smoothing (or averaging) effect of finite gage
length. This particular profile was captured from a tie which had been painted with reflective paint.
The reflective paint appeared to provide slightly improved resolution from the bare concrete surface
images, since the reflective particles provide a more consistent high-resolution target for tracking
surface displacement. The paint eliminated some of the variability in the clarity of identifiable
macroscopic features in the images of the concrete surface that are able to accurately track surface
displacement.

In an effort to determine the repeatability of the measurements of transfer length based on the very
coarse 5-point strain profile, several independent measurements of the same strain profile were
undertaken. This was accomplished by zero-shifting the 6-camera system a known amount and
repeating the 5-point measurement of strain. Using each of these independent 5-point strain profiles,
an independent evaluation of transfer length could be made. Since the system had been shifted a
known amount, the measurements of transfer length were adjusted by the amount of the shift.
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Figure 132. Zero Shifting for High-Resolution Strain Measurement

The statistical results of these independent tests are shown in Figure 18. Transfer-length assessment

on three separate rows of shifted strain measurement data were collected and processed using the ZL

method for turnout ties (prismatic members), in which the cross-section was uniform along the length
of the tie, as a special case of the more general variable cross-section typical of railroad crossties.
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Figure 133. Statistics of 5-Point Transfer-Length Measurements
It is important to note that the bound on the variation in transfer-length assessment for these
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independent tests is seen to be nominally about +1.5 in. Furthermore, this is clearly in line with the
expected variation in transfer length for the discrete 5-point measurements, as noted in earlier
experimental and theoretical analyses [24,27,29].
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Figure 134. Strain Profile from 30-Point Grid Overlay

An interesting application of the zero shifting procedure utilized above is to increase the spatial
resolution of the strain profile measurements. Since each separate 5-point set of strain data represents
an independent measurement, but shifting or offsetting the measurements in a systematic manner in
successively increasing increments, it is possible to overlay these measurements and achieve the effect
of a high spatial resolution. This is somewhat similar to scanning with the automated LSI traverse
system, except that the process is achieved manually without computer-controlled traversing.
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Figure 135. 30-Point Grid Overlay with Curve Fit to Strain

Figure 134 shows the results of an overlay of a 30-point grid of strain measurements using the 6-
camera system. It should be noted that the random scatter is observed to be well below +50pue.
Superimposed on this larger sample of data is the individual 5-point sample of strain shown in Figure
131, which represents one typical set of 5-point strain measurements for this same tie. For this same
30-point grid overlay, Figure 135 shows the curve fit resulting from the application of the ZL method
to this same enlarged data set, and the resulting transfer length. It is important to note that, as
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expected, the resulting transfer length is very close to the result obtained by using only a single
sampling of 5-point strain, as shown in Figure 131.

10.2 Investigation of Influence of Contaminants on Strand and Wire Bond

The new multi-camera strain profiling system [30] was designed as a prototype for a practical system
that would not only be compatible with the tie manufacturing environment, but could be used on a
production basis for quality control of tie manufacturing. The overall goal is to provide the capability
of measuring the transfer length for every manufactured tie.

(b) Close-up of Teeth on an Indent Roller

" Wire Indent Pattern

(c) Close-up of Resulting Wire Indent Pattern
Figure 136. Manufacture of Prestressing Wire Indents

In addition to its use for quality control, the new device, in its current portable configuration, could be
used to investigate a variety of scenarios associated with the manufacture of ties, for the purpose of
improving production quality. This section of the report presents an investigation of one such scenario
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connected with the relative significance of lubricants on pretensioning wires and strands; specifically,
their effect on the wire (or strand) bond characteristics and on the important transfer-length parameter.

Lubricants have long been used in the manufacture of prestressing wire and strand, both in the wire
drawing process, as well as in the process of forming wire indents to improve the wire-concrete bond
characteristics. Figure 136 shows a typical set of indent rollers and the resulting indent pattern
generated on a section of indented wire.

Without the new multi-camera surface strain measurement system, the investigation of how lubricants
affect the transfer length would be very difficult, and likely would have been possible only in a
controlled laboratory setting. The effect of lubricants on bond, and the significance of this on the
resulting transfer length, has apparently never been investigated experimentally. Furthermore, it is
highly unlikely that any such investigation has ever been conducted “in the field;” that is, at an actual
tie manufacturing plant. Consequently, this influence has never been established conclusively. This
paper presents the results of tests conducted in a “worst-case scenario” to determine whether oil
contaminants have any measureable influence on transfer length. Also of interest is whether there is
any measureable relative difference in the influence of lubricants on indented wire reinforcement, in
comparison to smooth 7-wire strand. The extent of the influence of surface contaminants in more
realistic (i.e., actual) manufacturing situations, will require further experimentation and analysis
beyond that presented here.

The railroad ties associated with the work presented in this paper are of fixed cross-section, or in other
words they are prismatic. Prismatic members generally exhibit a bilinear strain profile, similar to that
depicted in Figure 137. The bilinear shape is characterized by a well-defined plateau region in the
strain profile. The measured strain profile deviates some from the ideal bilinear profile as a result of
the finite “gage length” of the measuring instruments, as depicted by the dashed line in Figure 137 for
the Ideal Measured Profile. This smoothing effect arises since the finite gage length has the effect of
averaging the strain over the gage length interval.
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Figure 137. Ideal Bilinear and Measured Strain Profile

For prismatic members, a statistically-based transfer-length determination method, called the ‘Zhao-
Lee’ (or ZL) method was developed and has been shown to produce unbiased and more accurate
transfer-length estimation than the 95% AMS method [21]. More recently, this method was
generalized to include the non-prismatic behavior associated with concrete members, and in particular
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concrete crossties [26], in addition to allowing for an arbitrary underlying prestressing force
distribution. This statistically based ZL method approach to transfer-length assessment has been
particularly important for use in conjunction with the development of an automated transfer-length
measurement system. Experimental results and theoretical analysis have shown that, by using the
Zhao-Lee method, only a few discrete surface strain measurements are required to achieve accurate
and reliable transfer-length assessment [24]. It was this discovery that led to the design of the 6-
camera non-contact transfer-length measurement system.

The 6-camera works by illuminating the concrete tie surface and capturing images of surface features
or artificially introduced patterns that tag the surface deflection. For example, microscopic reflective
particles can be bonded to the surface and used to tag surface displacement. These images are then
recorded digitally at the 6 discrete measurement points along the concrete railroad tie. An initial
image set is captured before de-tensioning and serves as a baseline image. After de-tensioning, a
second set of images is captured, and the difference in surface deflections from these two sets of
images represents the strain, as shown in Figure 113.

The current portable version of the multi-camera system has three-point housing support and can be
easily manually positioned to any desired location for measurement. It also has large depth of focus,
and large lateral high resolution image capture field, so that vertical alignment and horizontal
alignment are not critical. It is sufficient to simply manually mark measurement points with a felt tip
marker for system positioning alignment. Realignment of the system on this felt tip marker grid is not
critical and approximate manual positioning on this grid is sufficient for accurate surface strain
measurement at the 5 discrete points. The nominal strain measurement accuracy is +25-50pe, which is
comparable to strain measurements using the manual Whittemore gage.

The effect of oil contamination of prestressing steel on transfer length was investigated using the new
6-camera portable strain measurement system described earlier in this paper. Both smooth strand
reinforcements and indented wire reinforcements were tested for the effect of oil contamination. The
in-plant testing was conducted at the voestalpine Nortrak, Inc. facility in Cheyenne, Wyoming. This
plant manufactures turnout ties which have a constant cross-sectional area, and therefore exhibit the
bilinear strain profile characteristic of prismatic members.
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Figure 138. Testing Scenario for Oil-Soaked Smooth Strand

Figure 138 depicts the testing procedure for smooth strands, which involved the last three ties in a
casting bed. Right after the prestressing tension force is applied at the Live-End (LE) of the bed, the
prestressing strands at the Dead-End (DE) of the last tie in the bed were literally soaked with
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lubricating oil. An actual photograph of these oil-soaked strands, prior to the casting of the ties, is
shown in Figure 139.
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Figure 139. Photograph of Oil-Soaked Smooth Strands

Measurements of the resulting strain profiles along each end of the three ties depicted in Figure 138
were made after the casting process, using the new 6-camera strain measurement system. Transfer
lengths were also evaluated using the ZL statistical method for the Live-End (LE) and the Dead-End
(DE) associated with each of these three ties. To reveal more detail regarding the effect of oil on the
strain profile, a zero shifting procedure was utilized as depicted in Figure 140 (a) and (b).
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Figure 140. Zero Shifting for High-Resolution Strain Measurement

Since the 6-cameras system provides only 5 discrete strain measurements from each separate image
capture, the system was shifted manually by fixed amounts to yield a higher spatial resolution strain
profile. An example of the effect of this offsetting procedure is shown in Figure 140. Figure 141(a)
shows the result of a single 5-point strain (6 camera image captures), whereas Figure 141(b) shows the
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result of repeated measurements on a 30-point grid overlay as suggested in Figure 140(b). These
strain profiles were taken for normally cast ties, and do not represent oil contamination. They merely
show the effect of increased spatial resolution resulting from this zero shift procedure.
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Figure 141. Strain Profile from 30-Point Grid Overlay

Figure 142 shows the results of the oil-soaked strand scenario. In Figure 142(a) it is seen that little, if
any, of the oil effect has penetrated to the 3" to the last tie, since there is an entire tie in between this
tie and the one with the oil-soaked Dead-End (DE). The transfer lengths on each end also bear this out
as they are nearly identical. Figure 142(b) shows the strain profile for the 2" to last tie, that is the one
adjacent to the oil contaminated last tie. The Dead-End shows little effect, and has a transfer length
nearly identical to the transfer lengths for the 3" to the last tie. The Live-End transfer length shows a
significant increase, indicating that the oil contamination apparently has clearly penetrated into the
Live-End of the 2" to last tie, presumably due to wicking of the oil along the strand length. Finally,
Figure 142(c) shows a somewhat elevated transfer length on the Live-End, which is opposite from the
contaminated end; however, the contaminated end shows clearly the largest effect of all.
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Figure 142. Strain Profiles for Oil-Soaked Strand Scenario

Not only did the strain level reach only about 40% of its maximum level, but there is no evidence that
a transfer length was ever achieved within the measurement window. That is, the strand-wire bond
appears to have been all but completely disrupted by the oil contamination. If the trend of the strain
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profile on the contaminated end (Dead-End) were extrapolated to the level of the maximum strain on
the Live-End, it would result in a transfer length in excess of 80 in.

The next phase of tests involved a similar contamination scenario for indented wire. Figure 143 shows
the testing procedure for the introduction of oil contamination prior to the casting of the ties.
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Figure 143. Testing Scenario for Oil-Soaked Indented Wire

Figure 144 shows a photograph of the oil-soaked indented wires, just prior to casting. Close
inspection reveals dripping of the oil contamination from the wire surfaces. As with the smooth
strands, this is clearly a worst-case scenario for contamination by lubricating oil.

Live End

DE LE
EofBed

asmoxAT

OILED HERE

Figure 144. Photograph of Oil-Soaked Indented Wires

Figure 145 shows the results of the oil-soaked indented wire scenario. It is first important to note that
the observed strain level for these wire ties is considerably lower in comparison to the previous
observations of strain level for the strand ties. This is because the design strain level for the strand ties
is substantially greater than the design strain level for the wire ties. For this scenario, the wires near
the Live-End of the last tie were literally soaked with lubricating oil prior to casting. In Figure 145(a)
and Figure 145(b), corresponding to the 3rd to the last and the 2nd to the last tie, the strain levels for
the two adjacent ties are quite similar, and the transfer lengths are likewise nearly the same. In sharp
contrast with the behavior of the smooth strand, the Live-End of the last tie, where the oil
contamination was directly applied, shows little change in the maximum strain level. However, there
is clearly a doubling of the transfer length, in comparison to the other tie ends that were measured. Of
particular significance here is the fact that even under these extreme contamination conditions, the
transfer length of the tie which directly received the oil did not exceed the nominal 21in distance to the
rail seat.
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Figure 145. Strain Profiles for Oil-Soaked Indented Wire Scenario

It would appear that the wire indents have a major effect on the bond, and suppress the effect of even
these extreme contamination conditions by preventing slippage of the wire. This is clearly in sharp
contrast with the extreme slippage that is apparent in the contaminated strand. Even the Dead-End of
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the tie that had the oil contamination applied on the Live-End shows no observable effect of the
contamination. Both the strain levels and the transfer length appear to be quite similar to the two
adjacent ties that did not receive any oil contamination, further reinforcing the idea that the effect
observed for the strand was due to oil wicking along the strand length.

10.3 Effect of Thermal Strain Offset Parameter on Non-Prismatic Members

Extensive measurements of transfer length for both prismatic and non-prismatic members, including
in-plant crosstie measurements, have revealed a significant displacement or offset in the strain profile,
as suggested in Figure 146 for a prismatic member. This offset appears to be related to some form of
thermal expansion effect. It has been hypothesized that this thermal effect results from a difference in
the temperature of the concrete member before and after the de-tensioning process. Furthermore,
algorithms have been developed to assess transfer length by including a strain offset parameter in the
transfer-length assessment process; however, the source of this offset has never actually been verified
experimentally. Without accounting for this offset when present, the longitudinal strain profile is
presumed to pass through zero strain on the ends of the crosstie. If this offset is not properly taken
into account in the transfer-length assessment algorithm, the result can be a bias in the transfer length,
as suggested in Figure 146. This paper presents the results of a systematic investigation of the offset

phenomena.
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Figure 146. Hypothesized Thermal Expansion Offset for Prismatic Member

10.3.1 Design of Non-Prismatic Members for Thermal Testing

In this study, three simplified non-prismatic prestressed concrete members were cast to represent
known variations in cross-section shape and prestressing wire eccentricity, in an effort to portray some
of the dominant effects of shape factor on surface strain profile variation. The intent was to
demonstrate with these simplified geometries the key (or most significant) influences of shape factor
variation on the strain profile, and how these effects influence the offset phenomena in a controlled

laboratory environment situation.

Figure 147 shows the geometries of the two non-prismatic prestressed concrete members used in the
present investigation. These members contain two key geometrical features characteristic typical of
railroad crosstie shapes; namely, (a) a significant reduction in cross-section in the central region of the
tie, and (b) a gradual tapering of the cross-section near the end of the tie. The non-prismatic member
shown in Figure 147(a) exhibits a block (or stepped) adjustment in the cross-section on each end,
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while the non-prismatic member shown in Figure 147(b) has a gradual linear tapering from each end
of the member toward a reduced cross-section in the middle one-third region.
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Figure 147. Non-Prismatic Members used for Thermal Study

The test member features are separated into three segments each having a length of 23 in. (58 cm),
with the central 23-in. (58 cm) section having a uniform cross-section. In addition to the non-
prismatic members, a prismatic cross-section geometry was also cast for comparison with the thermal
offset behavior of the non-prismatic members. The dimensions of this prismatic member were
identical to those of prisms that have been used in previous investigations of the influence of wire type
on transfer length [25,32]. It had a fixed square cross-section with four symmetrically placed 5.32-
mm indented wire reinforcements. The cross-section of the prismatic member, and the location of its
reinforcement wires, are represented by the dashed square outline in Figure 147(a) and Figure 147(b).

10.3.2 Casting of Prestressed Concrete Members

Figure 148(a) shows the layout of the inline casting of the three concrete test members described
above. The live end (LE) associated with the tensioning and de-tensioning process is the left end of
each specimen, and the dead end (DE) corresponds to the right end as shown in the Figure. Brass
points were embedded as shown in Figure 148(b) on both sides of each member and also on the top
surface, with a 1-in. (25 mm) spacing, running the entire 69-in. (175 cm) span of each concrete
member. Figure 149 shows a photograph of the test members aligned in the cast laboratory, with the
live end on the left. Shown is the layout after tensioning and just prior to casting and subsequent de-
tensioning. Note that the order of the in-line casting is slightly different from that depicted in Figure
148, but this order is arbitrary. A Sure-cure system was utilized to provide uniform and known
concrete characteristics for the specimens. The wires were all tensioned to 7000 Ibf (31 kN) each, for
a total force of 28,000 Ibf (125 kN). All members were cast in the upright configuration shown in
Figure 148, with the flat surface on top. Concrete forms we constructed of plywood, and foam board
was used to fill in the gaps beneath the members in order to maintain alignment of all top surfaces.
The concrete mixture used had a water-to-cement ratio of 0.32 and was similar to a mixture used by a
major concrete railroad tie producer in the United States. The mixture utilized a 1-in. maximum size
crushed river gravel as the coarse aggregate. The concrete was cast around 11:00 AM on April 20,
2015 and de-tensioning occurred approximately 13 hours later, when the concrete had reached a
compressive strength of 8300 psi.
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Figure 149. Photograph of Casting Bed Layout and Tensioning System

10.3.3 Experimental Facilities and Thermal Test Conditions

Figure 150 shows a summary of the sequence of strain measurements and associated test conditions.
The casting took place on Day 0, along with the initial set of surface strain measurements which first
involved measurement of surface position (baseline) prior to de-tensioning. After de-tensioning,
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measurements of surface strain were conducted on day 0 as well as under different environmental
(temperature) test conditions over the next five days. Both non-contact (optical) and traditional
Whittemore gage measurement methods were used to assess surface strain. Due to the large number
of processed results that come from the tests conducted, only a representative sample of test results
will be presented here.

DAY | TIME/DURATION ROOM TEST CONDITION PRISMATIC Core Ter:\Eerature STEPPED Core Temperature TAPERED Core Temperature

Tie (deg F) | Twio (deg F)| Toe (deg F) [AVE (deg F)) Tie (deg F)|Tuip (deg F) Toe (deg F)| AVE (deg F)|Tie (deg F)Twio (deg F)| Toe (deg F)| AVE (deg F)
Day 0 | 8:15PM - 11:00PM CAST, BEFORE DETENSIONING 801 | 807 817 | 81 847 | 826 844 | 84 86.2 82.9 84.4 85
Day 0 | 11:15PM - 3:00AM AFTER DETENSIONING (72F) 728 73 731 73 75.3 74 74.8 75 74.8 735 74.0 74

4:00PM - 8:00PM | ROOM TEMPERATURE for 24 HRS (66F)

Day 2 4:00PM COLD CHAMBER SOAK for 24 HRS (40.1F) 41.4 41.4 414 41 418 417 413 42 411 417 418 42
Day 2 5:.05PM TEST ROOM TEMPERATURE (60.5F) 46.9 46.9 44.8 46 -
Day 2 6:16PM TEST ROOM TEMPERATURE (61.1F) 45.6 47.3 47.2 47
Day 2 5:23PM TEST ROOM TEMPERATURE (59.9F) 44.5 46.9 46.6 46

4:16PM - 5:45PM | ROOM TEMPERATURE for 24 HRS (64.6F)

Day 4 4:06PM HOT CHAMBER SOAK for 24 HRS (107.6F) 100 103.9 104.3 103 105.7 104.5 100.5 104 105.7 1045 1025 104
Day 4 4:49 PM TEST ROOM TEMPERATURE (67.3F) 94.7 94 94.2 94
Day 4 5:45 PM TEST ROOM TEMPERATURE (67.3F) 1011 98.5 96 99
Day 4 5:18 PM TEST ROOM TEMPERATURE (67.3F) 99.4 95.7 95.5 97

Figure 150. Summary of Strain Measurement Testing

It has been hypothesized that previously observed offset phenomena can be attributed to thermal
expansion effects, which are generally not known in the typical crosstie manufacturing setting, since
no provisions are typical available in a prestressed concrete tie plan to monitor internal core
temperatures of the ties either before and after the de-tensioning process. It is clear, however, that
some temperature difference undoubtedly does take place over this time period, and that the effects
may be accented if the measurements subsequent to de-tensioning occur in an environment much
different in temperature from that of the cast concrete prior to de-tensioning.
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Figure 151. Location of Embedded Thermocouples for Core Temperature Monitoring

To help assess the thermal offset characteristics, #20 gauge copper-constantan thermocouples were
embedded along the centroid axis of the four prestressing wire, and in the middle of each of the 23- in.
(58 cm) regions along the test members, as shown in Figure 151. These embedded thermocouples
were used to provide a registration of the internal core temperature. In addition, a digital infrared
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camera was used to provide visual and quantitative information on the surface temperature distribution
of the concrete test members.

10.3.4 Experimental Test Facilities and Instrumentation

For each day of the five day testing sequence, measurements of strain were obtained for each of the
geometrical configurations (PRISMATIC, STEPPED, TAPERED), using both a conventional
Whittemore gage as well as the recently developed 6-camera non-contact optical strain sensor[30,31].
Subsequent to the day of the casting and de-tensioning, Day 0, in an effort to isolate the specific
effects of concrete member thermal expansion, the three concrete member geometries were immersed
in different controlled environmental conditions. For the measurements that took place on Day 1, the
concrete members were allowed to come to equilibrium at room temperature. The specific
temperature is given in Figure 150. Prior to measurements on Day 2, the test specimens were cold-
soaked in a COLD environment of approximately 40 F. The members were then allowed to return to
room temperature conditions for measurements on Day 3. Prior to Day 4 measurements, the concrete
members were hot-soaked in a HOT environment of just under 110 F. The last measurements
conducted on Day 5 were when the members were again brought back to equilibrium at room
temperature. Each new condition required approximately 24 hours for the new equilibrium conditions
to be obtained. The hot and cold environments were provided by a temperature controlled
environmental test chamber operated by the Institute for Environmental Research (IER) at Kansas
State University.

A photograph of the 6-camera system in use measuring the strain profile of one of the specimens just
after de-tensioning is shown in Figure 152(a). A simple wooden platform was used to support the unit
above the concrete surface under test, as shown. The positioning of the sensor is not critical and can
be simply manually set in position before and after de-tensioning. The digital Infrared (IR) camera
used to obtain quantitative and qualitative (visualization) of the concrete specimen surface temperature
distribution is shown in Figure 152(b). It was utilized to provide images both after de-tensioning as
well as after removal from the controlled hot and cold environmental chamber conditions.

(a) 6-Camera Optical System (b) Digital Infrared (IR) Camera

Figure 152. Non-Contact Optical Strain Sensor and IR Camera Instrumentation

The current portable version of the 6-camera system has three-point housing support and can be easily
manually positioned to any desired location for measurement. It also has large depth of focus, and
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large lateral high resolution image capture field, so that vertical alignment and horizontal alignment
are not critical. It is sufficient to simply manually mark measurement points with a felt tip marker for
system positioning alignment. Realignment of the system on this felt tip marker grid is not critical and
approximate manual positioning on this grid is sufficient for accurate surface strain measurement at
the 5 discrete points. The nominal strain measurement accuracy is typically about +25-50pue, which is
comparable to strain measurements using the manual Whittemore gage.

A previously developed manual shifting technique was used to shift the unit in increments of 1.0 in.
(25 mm) to provide increased spatial resolution over the fixed 6.0-in. (15 cm) camera spacing [30,31].
For the optical measurements in this paper, a single line 9-point linear shift was sufficient.
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(c) Zero-Shift of 6-Camera System (b) Multi-Point x-y Grid Layout

Figure 153. Zero Shifting for High-Resolution Strain Measurement

The 6-camera system works by illuminating the concrete tie surface and capturing images of surface
features or artificially introduced patterns that tag the surface deflection. For the current testing,
microscopic reflective particles were dispersed as a spray paint and were bonded to the surface and
used to tag surface displacement. These images were then recorded digitally at the 6 discrete
measurement points along the concrete railroad tie. An initial image set was captured before de-
tensioning and served as a baseline image. After de-tensioning, a second set of images was captured,
and the difference in surface deflections from these two sets of images represents the strain.
Measurements on each day of testing were compared directly to the original baseline image obtained
on Day 0. In addition to comparisons against this absolute Day 0 reference, the captured images for
the hot-soak and cold-soak conditions (Days 2 and 4) could be compared directly to achieve a “relative
strain” measurement indicative of the direct thermal expansion effects resulting from the temperature
change.

10.3.5 Experimental and Simulated Thermal Offset Results

As will become evident below, in addition to directly affecting the longitudinal strain distribution, the
thermal offset phenomena may also have a significant influence on the transfer length by non-
uniformly altering the strain profile shape—indirectly affecting the development region characteristics
associated with even prismatic members, and hence, also affecting the resulting transfer length.
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(a) Stepped Concrete Member (b) Prismatic Concrete Member
Figure 154. IR Camera Images Just After De-Tensioning

Figure 154 shows the result of typical thermal images captured by the IR camera setup shown earlier
in Figure 152(b). These images were taken after de-tensioning and right after the castings were
removed from plywood casting forms. The color bar shows the approximate temperature distribution
for the stepped concrete member in Figure 154(a) and for the prismatic member in Figure 154(b). Itis
quite apparent that there is a reduction of temperature near the ends of the members and this is quite
pronounced near the corners and edges where significant heat conduction “fin effect” appears to be
present. This suggests a possible non-uniform thermal expansion behavior near the ends of each
prestressed concrete member. Similar behavior is shown in Figure 155, which corresponds to images
taken using the IR camera just after the members were removed from the hot-soak where they were
brought to approximately equilibrium temperature of 107 F.

(a) Prismatic Concrete Member (b) Stepped Concrete Member

Figure 155. IR Images after Removal from Hot Environment

A comparison of the processing of transfer length for prismatic members, with and without a
uniformly imposed thermal offset is shown in Figure 156. The data shown is 5-point averaged strain
measured using the traditional Whittemore gage. Here the transfer length was evaluated separately for
each end of the concrete member. In Figure 156(a) the thermal offset parameter was set to zero, while
in Figure 156(b) the Zhao-Lee transfer-length algorithm? was allowed to evaluate the thermal offset
parameter so as to provide the best fit to the measurements of strain.

120



- e e ——
“ T.=6.70n \ . T.=8.2in T.=8.2in
TS=0 \ - TS = 340 ps TS=260pus

@ Live End \

@
=]

)

=1
a S
o
=1

E * E * ® Live End
5 400 5 400
E’ army | jue End (Trend) g e e |y Enel (Trend)
E _U— Ciead End E _“ Dead End
a 20 e (1 21l Enel (Trend) A 200 e [z BNl Trend)
100 100
a 10 20 30 40 50 60 i o 10 20 30 40 50 60
Position, x[in) Position, x{in)
(a) Thermal Offset Suppressed (b) With Thermal Offset Parameter

Figure 156. Prismatic Strain Profile and Transfer-Length Assessment

Due to possible internal thermal gradients resulting from the internal hydration reaction of the curing
concrete, the “true” thermal offset (if indeed it is due to thermal expansion effects) is probably
somewhere in between the zero offset condition and the somewhat improved curve fit with the Zhao-
Lee fitted thermal offset. Similar results are also shown for the other two concrete member
geometries. Because of the transient nature of the hydration heating making it difficult to ascertain the
real internal thermal condition, the concrete members were later subjected to known environmental
temperatures for sufficient time so as to come to equilibrium. Tests conducted on Day 2 and on Day 4
represent cold-soak and hot-soak equilibrium conditions, as depicted in Figure 150. Figure 157(a)
shows the result of surface strain measurements on the prismatic member obtained using the 6-camera
non-contact optical strain measurement system on Day 2, Day 3, and Day 4. The strain measurements
were referenced to the initial baseline on Day 0, and a 5-point smoothing was applied to the
measurements to help clarify the offset. A significant thermal offset is evident in the data; however,
the offset does not appear to be uniform over the length of the prism. Similar behavior is shown in
Figure 157(b) for the Whittemore measurements; however, the amount of the offset is considerably
less.
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Figure 159. Comparison of Observed Thermal Shift for Tapered Member

Similar behavior is shown in Figure 158 for the stepped concrete member and in Figure 159 for the
tapered concrete member. For clarify, the individual data points have been suppressed from Figure
158 and Figure 159.
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As an alternative to the absolute thermal offset portrayed in Figure 157 through Figure 159, the optical
strain sensor offers the ability to directly compare the relative thermal shift from the cold Day 2
environmental condition to the hot environmental condition on Day 4. This is accomplished by direct
image correlation similar to what is done in making the strain measurements relative to the absolute
baseline condition. Figure 160 shows the results of this relative shift for the prismatic member. There
is a well-defined plateau with a maximum strain level of about 300 microstrain. This level of relative
strain is in very good agreement with what one could expect in thermal expansion effect based on the
known thermal expansion coefficient of concrete of about 5 x 10 F*. Similar peak levels of this
relative strain are shown for the stepped case in Figure 161 and for the tapered case in Figure 162.
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Figure 161. Direct Comparison of Stepped Hot to Cold Environmental Thermal Shift

In addition to the plateau level in Figure 160 to Figure 162 being consistent with an expected level of
thermal expansion offset resulting from the approximately 60 F relative temperature difference
between the hot and cold chamber conditions, there appears to be a significant development region on
each end of the concrete members, over which the thermal offset is not uniform but increasing from
the ends of the member toward the central plateau region. This suggests that the cooling of the ends
and edges of the concrete members may influence the resulting thermal expansion effect and hence the
thermal offset phenomena.
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Comparing the surface strain measurements obtained using the Whittemore gage with those of the
optical sensor reveals an apparent reduction in the magnitude of the observed thermal offset
phenomena. This observed reduction in offset with the Whittemore gage appears to be due to the
manner in which the manual gage is prepared (calibrated) against a standard gage block prior to
conducting the measurements. The usual approach is to allow the calibration block to come to
equilibrium on the surface of the concrete member prior to making the calibration zero check. In the
case of the current concrete members, however, the surface temperature is not as representative as the
internal core temperature and in fact an appreciable temperature drop will occur from the interior to
the surface for the hot-soak condition in particular. In effect, this reduces the amount of strain
observed by the mechanical gage, resulting in a smaller effective thermal shift. This new observation
may prove to be of further importance in future situations where appreciable thermal effects are likely
to be encountered when using the Whittemore gage.

To further investigate the above thermal offset phenomena, a relatively simple transient numerical
thermal conduction simulation was developed using SolidWorks software. The sectional view of the
transient simulation is shown in Figure 163 for a half-length prism. The results correspond to the
thermal condition after about 30 minutes of exposure to room temperature conditions starting from an
elevated temperature of about 110 F. This approximates the Day 4 hot-soak conditions.
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Figure 163. Transient Thermal Simulation for Prismatic Member

The simulation shows the same observations of appreciable cooling near the ends of the prismatic
member, suggesting possible development of a non-uniform thermal expansion and hence likely
producing a strain profile similar to the measured relative strain shown in Figure 160. This same
numerical result was used to compare predicted core temperatures to the observed core temperatures.
From the observed (measured) core temperature data shown in Figure 164, the observed temperatures
correspond to a cooling time between about 10-30 min from initial exposure to the ambient room
temperature environment, which is very similar to the nominal time of measurement on each end of
the concrete members. Of course, this transient simulation depends on the specific convection
conditions imposed on the model; however, the magnitudes indeed strongly suggest correspondence
with the observed cooling effect.
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Figure 164. Simulated and Measured Core Temperatures for Prismatic Member

The transient effects noted above could affect the manner in which we evaluate the thermal offset in
the existing Zhao-Lee transfer-length algorithm, and as a result may affect the transfer-length value
itself by altering (effectively increasing) the length of the strain development region near the end of
each member. Some form of monitoring of the thermal condition of the concrete member may be
necessary in some situations for reliable and repeatable transfer-length assessment.

10.4 Effect of Non-Prismatic Shape on Prestressed Concrete Members

Figure 165 shows the complex geometry of a crosstie, constructed from the actual dimensions of a
typical USA railroad concrete crosstie. Figure 165(a) shows the 3D (Abaqus®) model of the tie, and
Figure 165(b) shows the corresponding normalized shape factor variation, which indicates the
expected departures from prismatic behavior.
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Figure 165. Typical Geometry of Concrete Railroad Crosstie

Such strain profiles for railroad crossties can depart considerably from the ideal bilinear longitudinal
surface strain profile associated with a constant cross-section (prismatic) member (e.g., a turnout tie).
Departure from bilinear longitudinal strain behavior presents difficulties in establishing a well-defined
strain plateau region and affects transfer-length assessment. This paper presents the results of a
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systematic experimental investigation of the influence of cross-section and eccentricity on the
resulting longitudinal surface strain profile, for the purpose of identifying the influence of key
geometrical features and how well these geometrical factors can be represented by a simple one-
dimensional (1D) beam bending model. The longitudinal strain under consideration is due to
prestressing only, and the effects of dead load are negligible.

10.4.1 Design of Simplified Non-Prismatic Members

In this study, three simplified non-prismatic prestressed concrete members were cast to represent
known systematic variations in cross-section shape and prestressing wire eccentricity, in an effort to
reveal some of the dominant effects of shape factor on longitudinal surface strain profile variation.
The intent was to depict with these simplified geometries the key (or most significant) influences of
shape factor variation on the strain profile, without the increased complexity of the extremely detailed
variations of shape factor suggested by the ripples shown in Figure 165(b).
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These ripples result from the scallops in the crosstie, which are used to reduce lateral movement of the
crossties under rail loading. Also of particular interest is how well the simple 1D beam bending model
used in previous analysis of transfer-length assessment for non-prismatic prestressed members is
capable of representing the resulting strain profiles [27].

Figure 166 shows the geometry of a prestressed concrete prismatic member that was used as a
“control” for the study. The dimensions of this member are identical to those of prisms that have been
used in previous investigations of the influence of wire type on transfer length [25,32]. It has a fixed
square cross-section with four symmetrically placed 5.32-mm indented wire reinforcements, as shown.

The geometries of the other two concrete members are shown in Figure 167. These members attempt
to isolate and focus on two key geometrical features characteristic of the typical crosstie shape shown
in Figure 165; namely, (a) a significant reduction in cross-section in the central region of the tie, and
(b) a gradual tapering of the cross-section near the end of the tie. The non-prismatic member shown in
Figure 167(a) was designed to exhibit the block (or stepped) adjustment in the diameter on each end,
while the non-prismatic member shown in Figure 167(b) has a gradual tapering from each end of the
member toward a reduced cross-section in the middle region. The test member features are separated
into three segments each having a length of 23 in. (58 cm). Note that the baseline cross-section
geometry is embedded within each of the non-prismatic member cross-sections shown in Figure 167;
however, unlike the prismatic member, each of these designs exhibit varying cross-section and non-
uniform shape factor along their length. Hence, a significant departure from prismatic behavior is to
be expected in the resulting strain profiles.

10.4.2 Casting of Prestressed Concrete Members

Figure 168(a) shows the layout of the inline casting of the three concrete test members described
above. The live end (LE) associated with the tensioning and de-tensioning process is the left end of
each specimen, and the dead end (DE) corresponds to the right end as shown in the Figure. Brass
points were embedded as shown in Figure 168(b) on both sides of each member and also on the top
surface, with a 1-in. (25 mm) spacing, running the entire 69-in. (175 cm) span of each concrete
member.

Figure 169 shows a photograph of the test members aligned in the cast laboratory, with the live end on
the left. Shown is the layout after tensioning and just prior to casting and subsequent de-tensioning.
Note that the order of the in-line casting is slightly different from that depicted in Figure 168, but this
order is arbitrary. A Sure-cure system was utilized to provide uniform and known concrete
characteristics for the specimens. The wires were all tensioned to 7000 Ibf (31 kN) each, for a total
force of 28,000 Ibf (125 kN). All members were cast in the upright configuration shown in Figure
168, with the flat surface on top. Concrete forms we constructed of plywood, and foam board was used
to fill in the gaps beneath the members in order to maintain alignment of all top surfaces.
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(@) In-line Casting Layout for Prestressed Concrete Test Members
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Figure 168. Casting of Prestressed Concrete Members and Embedded Whittemore Points

The concrete mixture used had a water-to-cement ratio of 0.32 and was similar to a mixture used by a
major concrete railroad tie producer in the United States. The mixture utilized a 1-in. maximum size
crushed river gravel as the coarse aggregate. The concrete was cast around 11:00 AM on April 20,

2015 and de-tensioning occurred approximately 13 hours later, when the concrete had reached a
compressive strength of 8300 psi.

5

1.75”

y

Figure 169. Photograph of Casting Bed Layout and Tensioning System

10.4.3 Description of Strain Measurements and Testing Conditions

Table 5 shows a summary of the sequence of strain measurements and associated test conditions. The
casting took place on Day 0, along with the initial set of surface strain measurements which first
involved measurement of surface position (baseline) prior to de-tensioning. After de-tensioning,
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measurements of surface strain were conducted on Day 0 as well as under different environmental test
conditions over the next five days.

Table 5. Summary of Strain Measurement Testing

3

PRISMATIC Core Temperature STEPPED Core Temperature TAPERED Core Temperature
DA TIME/DURATION ROOM TEST CONDITION
Tie (deg F) [Twio (deg F)| Toe (deg F) |AVE (deg F)| Tie (deg F) [Twio (deg F) Toe (deg F)|AVE (deg F)[Tie (deg F)Twip (deg F)| Toe (deg F)| AVE (deg F)
Day 0 | 8:15PM - 11:00PM CAST, BEFORE DETENSIONING 801 | 807 817 | 81 847 | 826 844 | 84 86.2 82.9 844 | 85
Day 0 | 11:15PM - 3:00AM AFTER DETENSIONING (72F) 72.8 73 73.1 73 75.3 74 74.8 75 74.8 73.5 74.0 74

4:00PM - 8:00PM | ROOM TEMPERATURE for 24 HRS (66F) . . .

Day 2 4:.00PM COLD CHAMBER SOAK for 24 HRS (40.1F) 414 414 414 41 418 41.7 413 42 411 417 418 42
Day 2 5:05PM TEST ROOM TEMPERATURE (60.5F) 46.9 46.9 44.8 46 .
Day 2 6:16PM TEST ROOM TEMPERATURE (61.1F) 45.6 473 472 47
Day 2 5:23PM TEST ROOM TEMPERATURE (59.9F) 44.5 46.9 46.6 46

4:16PM - 5:45PM | ROOM TEMPERATURE for 24 HRS (64.6F)

Day 4 4:.06PM HOT CHAMBER SOAK for 24 HRS (107.6F) 100 103.9 1043 103 105.7 1045 100.5 104 105.7 1045 102.5 104
Day 4 4:49 PM TEST ROOM TEMPERATURE (67.3F) 94.7 94 94.2 94
Day 4 5:45 PM TEST ROOM TEMPERATURE (67.3F) 1011 98.5 96 99
Day 4 5:18 PM TEST ROOM TEMPERATURE (67.3F) 99.4 95.7 95.5 97

Both non-contact (optical) and traditional Whittemore gage measurement methods were used to assess
surface strain. Due to the large number of processed results that come from the tests conducted, only a
representative sample of test results will be presented in this paper. The main focus of the results
presented in this paper is on the investigation of the effect of geometry on the associated strain
profiles.

10.4.4 Comparison of Measured Strain Profile Results

For each day of the five day testing sequence, measurements of strain were obtained for each of the
geometrical configurations (PRISMATIC, STEPPED, TAPERED), using both a conventional
Whittemore gage as well as the recently developed 6-camera non-contact optical strain sensor [30,31].
A photograph of the entire 6-camera system in use measuring the strain profile of one of the specimens
just after de-tensioning is shown in Figure 170(a).

(@) 6-Camera System in Use (b) Sensor Head and Support Platform

Figure 170. The 6-Camera Non-Contact Optical Strain Sensor

A close-up view of the sensor head in position above the concrete member nearest the live-end of the
casting bed is shown in Figure 170(b). A simple wooden support platform was used to support the
unit above the concrete surface under test, as shown. The positioning of the sensor is not critical and
can be simply manually set in position before and after de-tensioning.
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The current portable version of the 6-camera system has three-point housing support and can be easily
manually positioned to any desired location for measurement. It also has large depth of focus, and
large lateral high resolution image capture field, so that vertical alignment and horizontal alignment
are not critical. It is sufficient to simply manually mark measurement points with a felt tip marker for
system positioning alignment. Realignment of the system on this felt tip marker grid is not critical and
approximate manual positioning on this grid is sufficient for accurate surface strain measurement at
the 5 discrete points. The nominal strain measurement accuracy is typically about +25-50pe, which is
comparable to strain measurements using the manual Whittemore gage.

The 6-camera works by illuminating the concrete tie surface and capturing images of surface features
or artificially introduced patterns that tag the surface deflection. For the current testing, microscopic
reflective particles dispersed as a spray paint were bonded to the surface and used to tag surface
displacement. These images are then recorded digitally at the 6 discrete measurement points along the
concrete railroad tie. An initial image set was captured before de-tensioning and served as a baseline
image. After de-tensioning, a second set of images is captured, and the difference in surface
deflections from these two sets of images represents the strain. For the present paper, repeated
measurements were compared directly to the original baseline image obtained on day O.

A previously developed manual shifting technique, as shown in Figure 171, was used to shift the unit
in increments of 1.0 in. (25 mm) to provide increased spatial resolution over the fixed 6.0-in. (15 cm)
camera spacing [30,31]. For the optical measurements, a single line 9-point linear shift was sufficient.
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Figure 171. Zero Shifting for High-Resolution Strain Measurement

Figure 172 shows a plot of measured surface strain for the PRISMATIC member, using both optical
and Whittemore gage methods of measurement. Note that the Whittemore measurements have been
subjected to a 5-point boxcar filtering process, while the optical measurements are unfiltered, and
hence exhibit somewhat more random scatter.
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Figure 172. PRISMATIC Member Initial Strain Profile, Day 0

The results shown in Figure 172 indicate that the profile has a fairly well defined plateau which is
characteristic of the strain profile for a prism. Furthermore, the optical measurements are in quite
good agreement with the traditional Whittemore gage measurements, both indicating a maximum
strain level of around 900 microstrain.
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Figure 173. STEPPED Member Initial Strain Profile, Day 0

The profile in Figure 173 shows about the same maximum level of strain as the prismatic member and
again the optical and Whittemore measurements are in good agreement. There is more of a dip in the
strain level in the middle region in comparison to the end regions where the strain drops off rapidly.
In addition, there appears to be a slight bump in the center for both prismatic and stepped members.
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Figure 174. TAPERED Member Initial Strain Profile, Day 0

Figure 174 shows the variation of strain for the tapered member, and here a much more pronounced
depression in the strain level is indicated in the middle region. Again, both optical and Whittemore
measurements are in generally good agreement, although the optical measurements appear to be
slightly higher near each end.

10.4.5 Comparison with Theoretical Strain Profiles

From the known prismatic, stepped, and tapered concrete member shapes, theoretical strain profiles
can be generated using the standard 1D beam bending modeling procedure. This theoretical profile
shape can then also be used to arrive at a curve fit to the measured strain and at the same time
determine an estimate for the important transfer-length parameter.

Following the approach used in the generalized Zhao-Lee method of transfer-length assessment [26],
the surface strain on the flat upper surface of the cast concrete members at position x (the distance that
the cross-section is from the end of the member) is represented as

) Px)| 1 e(x)y(x) P(x)
S = + = R
train(x) { 0 109 } { (x) (10.1)

where P(x) is the prestressing force or bond force at the location of X, E is Young’s modulus, A(x) is
the area of the cross-section, e(x) is the eccentricity of the wire grid centroid, y(x) is the distance from
the flat upper surface of the concrete member to the neutral axis of the cross-section, I(x) is the area
moment of inertia of the cross-section of the concrete member at position, x, and R(X) is the so-called
shape factor. Following this same analysis, it is assumed that P(x) varies linearly over the transfer-
length zone, from zero at the end of the pretensioned concrete member to the maximum level, and is
described by

X
—P_ X<T
P x>T
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where Ty is the transfer length and Pmax iS the maximum prestressing force. The determination of the
transfer length is, in essence, the problem of determining the function P(x), i.e. its parameters Pmax and
Ti, given the measured strain data points.

In addition to the determination of the key parameters Pmax and Ty, the presence of an offset in the
strain profile is generally taken into account [27]. This offset parameter takes into account an
hypothesized (but unknown) amount of cooling of the concrete member resulting from time lapse
between the baseline measurements (prior to de-tensioning) and those subsequent to the de-tensioning
and cutting operation. If there is sufficient time for appreciable cooling of the concrete tie during this
period, it would likely produce a type of parasitic thermal strain or offset, which is denoted by a strain
offset TS. To compensate for this effect in the curve-fitting algorithm, this thermal offset parameter is
introduced into the expression for the measured strain as follows:

| =

S, (GP T, TS) :% [ [Strain(x, Py, T,) +TS]dx (10.3)

X——
2

where TS is the effective thermal strain or thermally induced offset, and L is the gage length of the
strain measurement system.

Taking the random error of the strain sensor into account, the ith strain measurement value y; at
position xj will be y, =S . (X.P...T,,TS) +¢& , where ¢, is the random error. The random error is
typically assumed to follow a normal distribution with mean zero and standard deviation o ; i =1..N .
The Transfer Length Determination Problem for a general non-prismatic concrete member can then be
stated as follows: Given a set of data points(x,y,),i=1..N, find P_ ,T, and TS, so as to minimize the

max !

mean squared error (MSE) between the function S .. (x,, P,a. T, TS) and the measured y; data. The
MSE function is defined by the following:

Z(Smeas(xi ! Pmax ’TL’TS) - yi)2

MSE(P,,T,,TS) = - . (10.4)
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Figure 175. Shape Definition for Non-Prismatic Members
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Applying this general algorithm to strain measurements presented in Figure 172 through Figure 174
will yield a curve fit, and estimates of the transfer-length and thermal-offset parameters.

The curve fitting algorithm (Modified Zhao-Lee Method) represented by Equation (10.4) requires an
expression for the strain profile in terms of the important geometrical parameters.

0O T T T T T T T

h(x) (in)
r(x) (in)
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x (in) x (in)
(a) Section Height Parameter, h(x) (b) Normalized Shape Factor, r(x)

Figure 176. Shape Characteristics for Stepped Non-Prismatic Member

A schematic diagram showing the varying cross-section for the non-prismatic members shown in
Figure 167 may be represented in general by Figure 175, for the purpose of defining the geometrical
parameters 1D beam bending model geometrical, and in particular, the shape factor, R(x). The
parameters w, and a are defined in Figure 167(a) and Figure 167(b) for the stepped and tapered
concrete members, and the parameter s is in all cases w/2. The variation in h(x) thus defines the
profile shape of the non-prismatic members, and is shown in Figure 176 and Figure 177, along with
the corresponding normalized shape factors, R(x)/R(0) for these geometries.
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Figure 177. Shape Characteristics for Tapered Non-Prismatic Member

Using the above defined shape factor characteristics for the stepped and tapered geometries, along
with the constant shape factor characteristics for the prismatic member, curve fits were conducted on
the experimental strain profiles. The algorithm was applied separately to the measured strain data
obtained on each end of the test members, and separate values of transfer length and thermal offset
were obtained, as shown. Figure 14 gives the Whittemore measured longitudinal surface strain
profiles for the prismatic member. Figure 178(a) shows the results assuming zero thermal offset,
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while Figure 178(b) shows the effect of including the thermal offset in the Zhao-Lee curve fitting

process.
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Figure 178. Prismatic Strain Profile and Transfer-Length Assessment

It is apparent from a comparison between Figure 178(a) and Figure 178(b) that a noticeable thermal
offset is present, hence a somewhat larger and more representative evaluation of transfer length is
achieved by accounting for this offset. The fluctuations in longitudinal surface strain profile in the
plateau region are somewhat larger than expected and may be due to a larger aggregate locally in the
concrete mix, which was representative of the typical mix used in the larger geometry associated with
manufacturing plant produced crossties.
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Figure 179. Stepped Member Strain Profile and Transfer-Length Assessment

Figure 179 shows a comparison of measured strain profile characteristics and fitted strain profile along
with transfer-length assessment, for the stepped non-prismatic concrete member. Again it appears that
some thermal strain should be taken into account for proper assessment of the transfer length;
however, the large magnitude of the thermal strain offset is not realistic. It likely results from the fact
that the 1D bending model does not appear to well-represent the strain profile resulting from the
abrupt step change in cross-section. Because the strain profile doesn’t capture this detail, the variation
in surface strain features are smaller than expected and the curve fitting process associated with the
unbiased generalized Zhao-Lee method results in a larger offset by overcompensating for this
behavior. The calculated transfer length is shown to be about 2 in. higher than the assessment without
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accounting for thermal strain offset. If more weight is placed on the profile behavior in the developing
region, it appears that the true transfer length should be closer to that for the prismatic member shown
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Figure 180. Tapered Member Strain Profile and Transfer-Length Assessment

Actually, all three concrete member geometries were designed to have approximately the same
transfer length. The trend shown in Figure 180 for the tapered concrete member appears to capture the
detail much better than that of the abrupt stepped geometry. The assessed thermal strain offsets are
also fairly reasonable, and it is clear that a better curve fit (and presumably better assessment of
transfer length) results from including an offset in the transfer-length assessment algorithm. However,
it should be noted that until recently [33] the exact source of the thermal offset phenomena has never
been identified experimentally, although it is suggested to be largely a thermal expansion effect.
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11. A Continuously Traversing Dual-Camera Optical Strain Sensor

The objective of this section of the report is to introduce a new portable non-contact continuous
scanning/traversing (CST) transfer-length measurement system which offers a significant
improvement over the previously successful automated Laser-Speckle Imaging (LSI) system
developed by the authors [10,34]. The earlier automated LSI strain measurement system has been
modified to provide significantly improved resolution of the longitudinal strain profile. The capability
of this new CST system will be demonstrated both in a table-top laboratory calibration setting and in
an actual in-plant environment, where measurements will be compared with the 6-camera system as
well as with the traditional Whittemore gage results.

11.1 Development of an Enhanced Version of Automated LSI System

A 3D CAD model representation of the new Continuous Scanning/Traversing (CST) strain
measurement system for automated transfer-length assessment is shown in Figure 181. It features a
dual-camera system similar to the earlier design shown in Figure 27; however, it incorporates much
improved optics for enhanced depth of focus, and a new ring-light illumination system consisting of
strobed white-light in place of the previous laser-based lighting system.

Figure 181. 3D CAD Drawing of New Continuous Scanning/Traversing (CST) Strain
Measurement System

The system also features both “on-the-fly”” (continuous traversing) strain capture mode, as well as a
“jog” (move-stop) mode of operation. It provides an equivalent 6-in. gage length, with arbitrary
position movement resolution in jog mode. The span of measurements is about 40 in. for the current
computer-controlled traversing system used, and with the increased depth of focus no special
positioning mechanism is required for accurate measurement of longitudinal strain. Traversing speeds
are up to several in. per second. Similar to its predecessor, the computer-controlled automated
traversing system is LabVIEW®-based, with an improved interface for automated transfer-length
assessment immediately after image capture. The new interface also allowed for “stitching” together
multiple scans, effectively providing the capability of conducting a full scan over the entire length of
the tie. The capability of this system will first be demonstrated using a laboratory strain calibration
setup. This setup was designed specifically for providing a calibrated strain input for testing of this
new system as well as the prototype 6-camera system described earlier.

11.2 Calibration of Continuously Scanning/Traversing (CST) System

A schematic of the table-top laboratory strain calibration system used in initially evaluating the
performance of both the CST system and the 6-camera system is shown in Figure 3. It consists of a
stationary steel plate mounted to an optical table, and a movable plate with a calibrated micrometer-
stage position adjustment to provide calibrated longitudinal displacement of the plate. Both plates are
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treated with a particle paint spray similar to that which has been used to prepare the surface of a
concrete tie for measurement with the previous LSI strain measurement system. Initially, the movable
plate is positioned up against the stationary plate representing the zero-displacement setting. A
“baseline” traverse of the surface is then made, capturing images of the surface by the dual-camera
system at the desired spatial increment and in the desired operation mode (jog or “on-the-fly”
continuously traversing).

Stationary Plate Moving Plate 1 |
1 Micrometer Stage
 § 3 2 NS T

Displacement
L Indicator

Photograph of
Displacement
Indicator and
Micrometer Stage

Figure 182. Schematic of Displacement (Strain) Calibration Setup

This initial measurement corresponds to the baseline traverse on a prestressed concrete railroad tie
prior to de-tensioning. The micrometer stage has a displacement resolution of 0.001 mm, which
corresponds to a longitudinal surface strain resolution of 0.001 mm/(6 in. x 25.4 mm/in.) x 10° = 6.6
microstrain. A photograph of the calibration setup is shown in Figure 183 positioned beneath the 6-
camera strain measurement system.

Figure 183. Photograph of 6-Camera System Positioned Above Displacement (“Strain”)
Calibration Setup

Initial checkout of the CST system was conducted with zero strain (zero gap displacement by the
micrometer stage). This provides a quick assessment of the random scatter (and hence, random
uncertainty) in the strain measurement. Here image captures by each camera, associated with the
image-correlation based strain measurement were made in spatial increments of 1.0 in. As with the
previous dual-camera LSI system, strain is determined by sensing the separate displacements of the
surface by each camera. Figure 184 shows how the longitudinal surface strain is determined from the
separate displacement measurements of adjacent cameras, where L is the camera spacing (or,
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equivalent gage length). The position of the strain measurement is considered to be the mid-point
position between the cameras. This is also very similar to the procedure used for longitudinal strain
measurement with the 6-camera system.

Xeg + X |
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Figure 184. Strain from Separate Camera Image Displacements

The results of a typical zero strain test of the CST system in jog-mode at a traversing speed of 0.5
in/sec is shown in Figure 185. The observed strain measurements are seen to exhibit little bias offset
and very small scatter, within about + 20 microstrain about the zero strain setting.
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Figure 185. Initial Testing of CST with Zero Strain

The next testing consisted of setting up a gap displacement corresponding to a known strain level, after
initial baseline assessment of surface position. Figure 186 shows the results from a traverse across the
gap in jog mode at a speed of 1 in/sec with a spatial resolution of 1 in. As the first camera in the dual
camera system crosses the displacement gap of the calibration system shown in Figure 182, the
displacement is registered as an approximate step change in the longitudinal surface strain. The
displacement gap setting for this test was equivalent to a longitudinal strain of 500 microstrain, and the
strain level registered by the moving CST system compares very well to this value. Figure 187 shows
a similar successful test at an equivalent 1000 microstrain level, this time with the CST system set to
continuous or “on-the-fly”” mode at a scan speed of 1 in/sec. Figure 188 shows one final comparison,
this time in jog mode for an equivalent 1000 microstrain level and at a faster traversing speed of 2
in/sec, again with very acceptable registration of the strain level.
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11.3 In-Plant Testing with CST System and Multi-Camera System

11.3.1 Scope of In-Plant Crosstie Measurements

Recent measurements of longitudinal surface strain and transfer length for were conducted in a Rocla
prestressed concrete crosstie manufacturing plant using the new CST system. A photograph of the
plant casting bed is shown in Figure 10. Only a portion of the eight tie row wide casting bed,
involving the first 11 cavities, was utilized in the current testing, each cavities containing eight
individual tie castings.

Figure 189. Photograph of Full Casting Bed

Figure 190 shows the layout of crosstie casting bed locations where strain measurements were taken
during the current phase of in-plant testing, according to cavity number and row number as shown.
The measurements were taken on each end of the individual ties, identified by casting number, tie row
number and live or dead end of the tie. For example, 4-3L corresponds to measurements being taken
in cavity 4, tie row 3, and on the live end (L) of the tie. The live end of the tie casting bed is on the
right end of the layout shown in Figure 190.
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Figure 190. Overall Layout Of Casting Bed

Cavities number 5 through 8 were not used for the current testing, as indicted in Figure 11(a). Two
different concrete mixes were represented in the casting bed, designated by mix1 and mix2 as shown
in Figure 190(b).
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The layout of ties for which strain measurement were taken in the casting bed, using the CST system,
the 6-camera system and the Whittemore gage, are shown in Figure 191. As shown in Figure Figure
191(b), measurements taken with the new CST system were made in the first three rows of cavities 2,
3,4and9, 10, and 11. All were made on the live end of the ties in the first 3 tie rows of these cavities.
In addition, full length crosstie strain measurements, using this system and its “stitching” capability,
were made in cavities 2 and 9 for tie row 1.
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(a) Cavities used for 6-camera system measurements
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Figure 191. Layout of Strain Measurements in Casting Bed

A photograph showing the new continuous scanning/traversing (CST) system in operation on a
crosstie in the casting bed is shown in Figure 192.

Figure 192. Photograph of CST Strain Measurement System in Operation on Crosstie

The 6-camera system was also used in cavities 2, 3, 4 and 9, 10, and 11, but only on the live end and
only in tie rows 1 and 2. This system thus provided a direct overlapping comparison with the
measurements using the new CST optical system for several live ends of the crossties. Complete
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overlap in all strain measurements by the two systems was not possible due to the longer time required
for the manual traversing of the 6-camera system. Figure 193 shows a photograph of the 6-camera

?u 7

system in use on the casting bed.

Figure 193. Photograph of Crosstie Strain Measurements with 6-Camera System

Whittemore measurements were also made for comparison purposes on both live and dead ends of ties
in row 8 of cavities 2 and 10, as shown in Figure 191(b). The installation of Whittemore points
required considerable special preparation, as shown in Figure 194, which limited the number of
measurements that could be obtained with this technique.

Figure 194. Photograph of Whittemore Points Installation in Row 8 of Crosstie Casting Bed

Although the two optical systems do not in principle require special surface preparation other than
removal of loose concrete or dust from the tie surfaces, particle spray paint was used to coat strips of
the concrete surface to achieve the best measurement quality.

11.3.2 In-Plant Crosstie Strain Profile and Transfer-Length Measurement Results

Figure 195 shows one of the full-length scans taken using the new continuous traversing CST system.
This Figure shows two sets of measurements taken on the tie in cavity 2 row 1 of the casting bed: one
showing the strain profile after de-tensioning but before cutting of the prestressing strands, and the
other showing the strain profile after the cutting operation. Very little difference in strain profile is
observed for the two situations, indicting very little evidence of any friction associated with the tie
cavity side-walls. The profile also shows excellent repeatability in the measurements, to the extent

143



that the fluctuations observed along the length of the tie are likely to be real variations in the local
longitudinal surface strain.
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Figure 195. Continuous Traverse Before and After Cutting in Cavity 2, Row 1 of Casting Bed

Figure 196 shows the strain profile obtained using the new continuous traversing system operating
with a 0.5-in. spatial increment at a traversing speed of about 2 in/sec. For comparison purposes, also
shown are the strain measurements obtained using the manual 6-camera system. The agreement
between these two independent measurement systems is indeed remarkable. Not only do both systems
indicate a very similar profile shape, with a characteristic “bump” in the strain profile, but even small
localized fluctuations in the surface strain are captured by both of these systems. This is a strong
indication that these fluctuations are indeed “real” strain fluctuations and not measurement noise. If
S0, this represents unprecedented resolution in the in-plant measurement of concrete tie surface strain.
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Figure 196. Comparison of Continuous Scan and 6-Camera System in Cavity 2, Row 1 of
Casting Bed

Figure 197 shows a similar strain profile for a tie in the second row, just adjacent to the one associated
with Figure 196. Again, the detailed agreement is excellent. Interestingly, the strain profiles for the
tie in row 1 and row two are somewhat different. The row 2 tie shows a somewhat faster rise in strain
level within the development region, which would suggest a somewhat shorter transfer length. Indeed,
comparing the transfer lengths for the row 1 and row 2 ties shows a shift to shorter transfer length for
the inside row 2 ties.
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Figure 197. Comparison of Continuous Scan and 6-Camera System in Cavity 2, Row 2 of
Casting Bed
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Figure 198. Comparison of Continuous Scan and 6-Camera Systems with Whittemore
Measurements in Cavity 2

The measurements shown in Figure 196 and Figure 197 for cavity 2 are combined with the
Whittemore measurements taken in the same cavity and shown in Figure 198. The shift in transfer
length associated with the optically measured strain profiles for the two different tie rows is clearly
apparent. The profile from the Whittemore measurements is slightly shifted below the optical strain
measurements, but is of a very similar shape. Because the Whittemore measurements were taken
some time before the optical measurements, it is possible that at least some of the shift is due to creep
or thermal offset effects. It should also be noted that ties cast from the same mix, and especially those
in the same cavity, would be expected to have very similar strain profiles as well as transfer lengths.
However, clear evidence of variations in both strain profile and transfer length have been shown even
in adjacent tie rows within the same cavity, according to the results shown in Figure 196 and Figure
197. Hence, at least some of the difference between the optical and Whittemore measurements may be
due to real row to row variations in the manufacture of the ties. The high degree of consistency
between the two independent optical strain measurement systems gives considerable reliability to the
measured results. It should be noted that the Whittemore measurements can also become affected by
thermal offsets associated with the procedure used in the calibration of the mechanical device prior to
strain measurement [33].
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Figure 199. Comparison of Continuous Scan and 6-Camera System in Cavity 10, Row 1 of
Casting Bed
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Figure 200. Comparison of Continuous Scan and 6-Camera System in Cavity 10, Row 2 of
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Figure 201. Comparison of Continuous Scan and 6-Camera Systems with Whittemore
Measurements in Cavity 10

Similar strain profile behavior to that illustrated above is shown in Figure 199, Figure 200, and Figure
201, for measurements taken in cavity 10. This cavity represents a different concrete mix, and thus
there is some difference in transfer length noted in the measurements. Once again there is also a
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visible trend in the transfer-length magnitude, with tie row 1 (the outside tie row) again exhibiting a
significantly larger transfer length than the inside row 2 data. This transfer-length trend is also
consistent with direct observations of the strain profile shape associated with the cavity 10
measurements, with row 2 (having shorter transfer length) exhibiting a more rapid increase in strain in
the development region. Some amount of offset in the strain profile associated with the Whittemore
measurements is again observed, in comparison with measurements by the two independent optical
systems. The exact source of the offset difference is not known, and again it could possibly be due to
real tie row to tie row behavior.
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12. Determining the Transfer Lengths in Concrete Crossties Fabricated
with Two Different Mixes at the Rocla Concrete Tie Plant in Sciotoville,
OH

This chapter summarizes the transfer-length results that were determined from concrete surface strain
measurements that were made at the Rocla concrete tie plant in Sciotoville, Ohio on Saturday
September 26th 2015 by the Kansas State University research team. The team consisted of Dr. Robert
Peterman, Dr. Terry Beck, Aaron Robertson, Robert Schweiger, James Scott, and Aref Shafiei.
Processing of the ROCLA Sciotoville measurements was performed by using the Generalized Zhao-
Lee (ZL) method and by fitting the theoretical strain curve profile to the raw data with the assumption
of a bi-linear prestressing force distribution at each end of the tie.

12.1 Methodology

The theoretical strain curve was developed using the cross-section shape parameters and prestressing
member centroid based on Dr. Hailing Yu’s 3D CAD model. The section properties that were
determined from the CAD model were in close agreement with those that were also determined from
the 3D-scanning profile that was acquired by KSU while at the Sciotoville plant. Figure 202 shows
the strand locations obtained from the 3D optical scanner.

Figure 202. Cross-Section of Sciotoville Concrete Tie from 3D Scan.
(Strand locations shown in red)

Concrete surface strain values were determined using the non-contact continuous scanning/traversing
(CST) device that was introduced in Chapter 11. A photograph of the device is shown in Figure 203.
Concrete surface strain values were taken at 0.5-in. intervals after the prestress force was released into
the concrete ties. The device recorded high-resolution images of the surface before and after the
prestressing force was released into the member, and the surface-strain measurements were then
determined by image correlation using software algorithms developed at Kansas State University.
Prior to imaging the surface, special paint was sprayed onto the concrete surface to provide increased
contrast which serves to improve the image correlation speed and accuracy.
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Figure 203. Automated Non-Contact Surface-Strain Measuring Device

Two different concrete mixtures were evaluated during the visit. The first mixture was the standard
mixture that was used at the Sciotoville plant and contained a limestone coarse aggregate. This mix is
referred to as the STANDARD mix throughout this report and colored light tan (for limestone) in
subsequent figures. The second mixture utilized a weathered granite as the coarse aggregate and was
used to manufacture prototype ties that were shipped to the University of South Carolina for additional
testing. This second mixture is referred to at the PROTOTYPE mix throughout this report and colored
gray (for granite) in subsequent figures.

12.2 Transfer-Length Results

A total of 15 transfer lengths were determined for each concrete mixture type, for a total of 30
transfer-length measurements. A labeling scheme was developed in order to denote the specific tie
end that was measured. The forms were labeled sequentially along the bed with form “1” being the
closest to the end of the bed where the hydraulic actuators stretch the strand (“live end”). Individual
tie ends were labeled either “L” for the end nearest to the “live end” or “D” for the end nearest to the
“dead end” of the bed. Additionally, each form had 8 cavities where railroad ties were cast. The
cavity closest to the center aisle of the plant was labeled “1”, with “2” being the next adjacent tie, and
so on. Thus, a tie end that is labeled “10-3L” refers to the 10th form from the jacking end of the bed,
the 3rd cavity in from the center aisle, and the “live end” of that specific tie. The surface-strain
profiles for each of the measured tie ends are shown in the Appendix.
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Table 6 lists the 15 tie ends that were measured for ties cast with the STANDARD Mix, along with the
corresponding transfer length below the tie designation. From this figure, ties with the STANDARD
mix had transfer lengths that ranged from 12.8 in. to 20.7 in., with an average of 16.2 in. Additionally,
the average transfer length per cavity is also shown in
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Table 6. This indicates that the largest average transfer lengths occurred in the exterior cavity that is
closest to the center aisle of the plant, while the shortest average transfer lengths were located in cavity
3 (the most-interior cavity).
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Table 6. Transfer-Length Results (in inches) for Ties Cast with the STANDARD Mix

11-3L 10-3D 10-3L 9-3D 9-3L
11-2L 10-2D 10-2L 9-2D 9-2L
11-1L 10-1D 10-1L 9-1D 9-1L
Avg. by Cavity
12.8 13.7 13.6 13.5 16.3 14.0
13.3 17.3 16.0 18.0 20.7 17.1
16.8 14.2 18.7 20.1 17.7 17.5
Min. 12.8 in
Max. 20.7 in
Average 16.2 in
St Dev. 2.5 in
Coeff. Var. 15.4%

Table 7 lists the 15 tie ends that were measured for ties cast with the PROTOTYPE mix, along with
the corresponding transfer length below. Ties cast with the PROTOTYPE mix had transfer lengths
that ranged from 10.2 in. to 14.0 in., with an average of 11.9 in. The average transfer length per cavity
is also shown in Table 7, indicating that the largest average transfer lengths again occurred in the
exterior cavity (Cavity 1).

Table 7. Transfer-Length Results (in inches) for Ties Cast with the PROTOTYPE Mix

4-3L 3-3D 3-3L 2-3D 2-3L
4-2L 3-2D 3-2L 2-2D 2-2L
4-1L 3-1D 3-1L 2-1D 2-1L
Avg. by Cavity
11.7 12.2 12.1 10.9 11.3 11.6
11.4 11.9 11.1 10.2 11.1 11.1
14.0 12.8 12.1 12.1 13.8 13.0
Min. 10.2 in
Max. 14.0 in
Average 11.9 in
St Dev. 1.0 in
Coeff. Var. 8.4%

Table 8 lists the 15 tie ends that were measured for ties cast with the STANDARD Mix, along with the
corresponding transfer length below the tie designation. From this figure, ties with the STANDARD
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mix had transfer lengths that ranged from 12.8 in. to 20.7 in., with an average of 16.2 in. Additionally,
the average transfer length per cavity is also shown in Table 8. This indicates that the largest average
transfer lengths occurred in the exterior cavity that is closest to the center aisle of the plant, while the
shortest average transfer lengths were located in cavity 3 (the most-interior cavity).

Table 8. Transfer-Length Results (in inches) for Ties Cast with the STANDARD Mix

11-3L 10-3D 10-3L 9-3D 9-3L
11-2L 10-2D 10-2L 9-2D 9-2L
11-1L 10-1D 10-1L 9-1D 9-1L
Avg. by Cavity
12.8 13.7 13.6 13.5 16.3 14.0
13.3 17.3 16.0 18.0 20.7 17.1
16.8 14.2 18.7 20.1 17.7 17.5
Min. 12.8 in
Max. 20.7 in
Average 16.2 in
St Dev. 2.5 in
Coeff. Var. 15.4%

Table 9 lists the 15 tie ends that were measured for ties cast with the PROTOTYPE mix, along with
the corresponding transfer length below. Ties cast with the PROTOTYPE mix had transfer lengths
that ranged from 10.2 in. to 14.0 in., with an average of 11.9 in.

Table 9. Transfer-Length Results (in inches) for Ties Cast with the PROTOTYPE Mix

4-3L 3-3D 3-3L 2-3D 2-3L
4-21 3-2D 3-2L 2-2D 2-2L
4-1L 3-1D 3-1L 2-1D 2-1L
Avg. by Cavily
11.7 12.2 12.1 10.9 11.3 11.6
11.4 11.9 11.1 10.2 11.1 11.1
14.0 12.8 12.1 12.1 13.8 13.0
Min. 10.2 in
Max. 14.0 in
Average 11.9 in
St Dev. 1.0 in
Coeff. Var. 8.4%
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The average transfer length per cavity is also shown in Table 9, indicating that the largest average
transfer lengths again occurred in the exterior cavity (Cavity 1).

12.3 Peak Concrete Surface-Strain Values and Relative Elastic Moduli

In addition to the determination of transfer lengths, the concrete surface-strain profiles may also be
used to infer information about the relative stiffness of the two concrete mixtures. At the time of de-
tensioning, the strain at the concrete surface is primarily due to the stress in the cross-section divided
by the Modulus of Elasticity (MOE) of the concrete (since changes due to creep and shrinkage of the
concrete between measurements are relatively small). Thus, an estimate of the relative MOE’s for the
two mixtures can be made by establishing the ratio of peak concrete surface strains for the two
different mixtures. This is possible since ties with the two mixtures were cast with the same cross-
section (constant geometry) and in the same cavities (constant prestress force).

Table 10 lists the 15 tie ends that were measured for ties cast with the STANDARD mix, along with
the peak surface-strain value that was determined for each corresponding end immediately below.
From this figure, ties with the STANDARD mix had peak surface-strain values that ranged from 696
ue to 823 pe, with an average of 759 pe. Additionally, the average peak-strain value per cavity is also
shown in Table 10.

Table 10. Peak Surface-Strain Values Measured on Ties Cast with the STANDARD Mix

11-3L 10-3D 10-3L 9-3D 9-3L
11-2L 10-2D 10-2L 9-2D 9-2L
11-1L 10-1D 10-1L 9-1D 9-1L
Avg. by Cavity
734 764 729 803 775 761
764 752 696 823 716 750
766 761 752 799 750 765
Min. 696 [VE3
Max. 823 UE
Average 759 UE
St Dev. 32.2 UE
Coeff. Var. 4.2%
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Table 11 lists the 15 tie ends that were measured for ties cast with the PROTOTYPE mix, along with
the peak surface-strain value that was determined for each corresponding end below. From this figure,
ties with the PROTOTYPE mix had peak surface-strain values that ranged from 868 pe to 985 pe,
with an average of 926 pe. Additionally, the average peak-strain value per cavity is also shown in
Table 11.

Table 11. Peak Surface-Strain Values Measured on Ties Cast with the PROTOTYPE Mix

4-3L 3-3D 3-3L 2-3D 2-3L
4-21 3-2D 3-2L 2-2D 2-2L
4-1L 3-1D 3-1L 2-1D 2-1L
Avg. by Cavity
906 909 952 915 922 921
950 946 985 900 936 943
947 890 913 868 950 914
Min. 868 pE
Max. 985 VE3
Average 926 JLE
St Dev. 29.0 ME
Coeff. Var. 3.1%

By examining Table 10 and Table 11Error! Reference source not found., several conclusions may b
e drawn. First, the peak strain values recorded for ties cast with each concrete mix are very consistent,
with a coefficient of variation (COV) of 4.2% for the STANDARD Ties and 3.1% for the
PROTOTYPE Ties. Second, the peak strain values for the PROTOTYPE Ties are consistently higher
that those recorded for the STANDARD Ties, indicating that the PROTOTYPE Ties had a
consistently lower MOE. The average ratio is (926 pe/759 pe) = 1.22, indicating that the MOE for the
PROTOTYPE Mix was likely 20-25% less that the MOE of the Standard Mix at the time of de-
tensioning.

12.4 Summary and Conclusions

From the concrete surface-strain measurements that were made at the Rocla Concrete Tie plant on
Saturday September 26" 2015 by the KSU research team the following conclusions may be made:

1. The transfer lengths of the 15 measured tie ends cast with the STANDARD mix ranged from
12.8 t0 20.7 in., with an average of 16.2 in.

2. The transfer lengths of the 15 measured tie ends cast with the PROTOTYPE mix ranged from
10.2 to 14.0 in., with an average of 11.9 in.

3. Peak concrete surface-strain values indicated that the Modulus of Elasticity (MOE) of the
PROTOTYPE mix was likely 20-25% lower than the MOE of the STANDARD mix at the
time of de-tensioning.
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13.Conclusions

13.1 Historical Background on Transfer-Length Measurement

This report began with a review of the importance of transfer length in diagnostic testing of
prestressed concrete members, and prestressed concrete railroad ties in particular. It was then noted
that traditionally, transfer length is determined from longitudinal surface-strain measurements that are
performed using mechanical gages such as the Whittemore gage, or demountable mechanical
(DEMEC) strain gages, and others devices using “contact” measuring principles. These methods
involve tedious surface preparation, and are also prone to significant human errors and inaccuracies.
Furthermore, these mechanical sensors can only detect lateral displacements. This report presents a
new optical sensor of measuring prestress concrete surface strains. It makes use of the laser-speckle
displacement that is detected by cross-correlating the associated optical signals from a Charged-
Coupled Device (CCD) sensor. The sensor was designed to be able to measure the surface
displacement components without being affected by other surface motions that are generally present
during the concrete de-tensioning process. The new sensor was initially tested using experiments that
were conducted on a compressed concrete beam and a real prestressed concrete member during the
manufacturing process. The results from this initial prototype optical strain sensor showed good
consistency with contact measurements made by using both a foil strain gage and with those obtained
using the traditional mechanical Whittemore gage.

Transfer-length measurements that were conducted on pretensioned concrete ties at a railroad tie plant
showed that the laser speckle technology provided a convenient and accurate method to measure
transfer length. The resolution of the transfer-length determination was shown to depend mainly on
two factors: (1) the resolution of the laser speckle sensor; (2) the estimation algorithm that is used to
extract the transfer-length value from the measured surface strain profile. The laser-speckle sensor
was demonstrated to have a resolution as high as 4 microns, or 20 microstrain if converted into strain
using the nominal (8-in. Whittemore) gage length of 203.2 mm (8 in.). With respect to the transfer-
length estimation algorithm, the 95% Average Maximum Strain method (AMS 95%) is the classical or
traditional method used in the industry. However, this traditional transfer-length estimation algorithm
requires human intervention and is subject to possibly significant human error. The introduction of a
more accurate and reliable transfer-length estimation algorithm, the Zhao-Lee (or ZL) algorithm, is
discussed later in this report in some detail, including its associated measurement uncertainty.

The early prototype of the laser-speckle technology showed great promise as a rapid and robust
method to measure the transfer length of pretensioned concrete railroad ties, with short setup time and
little preparation. The laser-speckle sensor could be easily positioned on the concrete prisms or ties
with the help of a manual traverse system, to take readings before and after de-tensioning. The first
prototype is shown and compared to the later modular and more compact prototype dual camera
system which formed the basis for the current FRA project work.

The Laser Speckle Imaging (LSI) technique, using the compact dual camera modular optical
arrangement, was shown to be more accurate than the existing Whittemore strain gage technique
because it eliminates human bias and improves repeatability of measurement. Furthermore, the
technique does not require extensive operator training to achieve reliable measurements, as does the
Whittemore strain gage technique. The resolution of the LSI technique has been shown to be as low as
10 pe, compared with a 25 pe accuracy for the Whittemore strain gage technique. Much of the error
associated with the use of the Whittemore strain gage technique is due to poor repeatability, resulting
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in a large random-error contribution. Thus, without operator training, it is difficult to get reliable
transfer-length measurements with the traditional Whittemore strain gage technique. The LSI method
offers a significant improvement in the reliability of estimating the transfer length.

13.2 The Automated LSI System

The development of an automated version of a new non-contact device, based on Laser Speckle
Imaging (LSI), was presented for measuring the transfer length of prestressed concrete railroad
crossties. This new type of sensor had previously been shown to perform well for transfer-length
measurements in prestressed concrete beam applications, during manual testing with an earlier version
of the device. In this report a newer dual-module design was utilized to automate the surface-strain
measurement process by means of a computer-controlled traversing system. It was based on the
modular prototype sensor that was successfully demonstrated prior to the initiation of this project.

The automated LSI device was shown to provide accurate transfer-length measurement comparable to
those obtained using the traditional Whittemore mechanical gage, but at much higher speed, higher
spatial resolution and increased repeatability. With its traversing hardware and LabVIEW interface, a
60-point sequence of surface-strain measurements at 1-in. increment could be measured in about one
minute on each end of a railroad concrete tie. Spatial resolutions (i.e., sampling intervals) as small as
1 mm are possible with the automated system. In addition, through the use of the unbiased Zhao-Lee
algorithm based on least-squares technique for transfer-length assessment, a much more reliable
measurement free from human bias is achieved, along with the potential for determining the transfer-
length uncertainty from the statistical characteristics associated with the fitting algorithm.

The performance of the current system was previously demonstrated in field-trip measurements
conducted in an actual railroad concrete tie production plant, by limited sampling of the manufactured
ties. This new automated LSI strain sensor represented the next step toward the goal of fully
automated in-plant operation of transfer-length measurement for real-time quality control monitoring
of the railroad concrete tie production process.

A total of 220 transfer-length measurements were conducted on prestressed concrete railroad ties with
different concrete-mix designs and reinforcement variations at six prestressed concrete tie plants in the
United States. The surface-strain profiles of the railroad ties were obtained using the traditional
Whittemore gage, as well as with the rapid, non-contact laser-speckle imaging (LSI) technology that
was previously developed by the authors.

The measured surface-strain profiles were analyzed by both the 95% AMS method, and a new
statistically based Zhao-Lee (or ZL) method that was proposed by the authors. The ZL method was
shown to be an unbiased method that provides a faster, more accurate and more reliable transfer-length
determination. A direct comparison between the 95% AMS method and the ZL method was achieved
by applying both methods to the 220 strain profiles measured on the concrete railroad ties to determine
their transfer-length values. The comparison confirmed the bias of the 95% AMS method in estimating
transfer-length value, as predicated by the theoretical bias equation.

The railroad tie transfer-length measurements obtained from the six participating concrete tie plants
ranged from a minimum of 4 in. to a maximum of 27 in. The need for accurate and reliable
measurement of transfer length is indicated by the fact that some of the values clearly exceeded the
distance to the rail seat. Furthermore, other transfer lengths are clearly quite close to these rail seat
distances and would be likely to exceed them over time. In either case, a potentially dangerous
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situation could result from tie failure under load. The newly automated LSI system is shown to
provide the potential for rapid testing of manufactured ties for quality control.

There was excellent correlation between plant-phase data (crossties) and laboratory-phase data
(prisms). This indicated that the laboratory prisms, cast with a similar concrete mixture, were able to
accurately represent the behavior of the same reinforcement in a concrete railroad tie. The automated
LSI devices performed well and enabled an unprecedented amount of data to be collected in a very
short time period. As a result, 750 transfer lengths were able to be determined during the plant phase,
of which 630 were from LSI data.

This study demonstrated several significant disadvantages of the traditional 95% AMS method in
estimating the transfer length, including the presence of bias, the likely potential for significant human
error, and the difficulty in dealing with outliers missing points in the data. The proposed ZL method
displayed several advantages over the traditional 95% AMS method. It is not prone to human error and
is able to achieve an unbiased transfer-length estimation along with prescribed uncertainty of £38 mm
(£1.5 in.) in most scenarios when the sensor’s gage length is larger than 102 mm (4.00 in.). In
addition, the algorithm of the ZL method was shown to be very easy to implement as a computer
program. For example, an Excel macro was programmed by the authors for demonstration purposes,
and is still in use.

The current investigation also exposed a fact that has been previously overlooked. Usually it was
believed that a strain gage with small gage length could achieve more accurate estimation of the
transfer length. Contrary to intuition, it was shown that, for sensors with fixed absolute resolution,
sensors with smaller gage length resulted in larger transfer-length estimation error due to a decreased
(relative) strain measurement resolution. In fact, the transfer-length estimation error was seen to
increase quickly when the gage length of the sensor was reduced to less than 102 mm (4.00 in.).

13.3 Experimental Uncertainty in Transfer-Length Assessment

Three different approaches were taken to quantify the measurement uncertainty associated with the
Zhao-Lee transfer-length assessment algorithm. The first involved a general sensitivity analysis of the
system of equations used in the statistical strain profile curve-fitting algorithm. The second method
was an independent statistical approach, which resulted in a very simple algebraic expression for the
transfer-length uncertainty. The third method was a graphical interpretation of the transfer-length
uncertainty, and it was shown that this third approach was essentially identical with the simplified
statistical approach. All three methods also gave identical estimates of the confidence interval for
transfer length, based on the given uncertainty in the local strain measurement (strain sensor). It
should be noted that the ZL method inherently assumes a bilinear strain profile for the pretensioned
prismatic concrete member. However, in some cases the real strain profile may not be bilinear. The
real strain profile could be more parabolic, or could be an even more complicated curve (Yu, 2011).
The ZL method was shown to have the potential to be adapted to other more complicated strain profile
models, to give accurate estimation of the transfer length.

In this report the previously introduced Zhao-Lee (ZL) method for transfer-length evaluation was next
extended to include an arbitrary underlying prestressing force distribution. The general curve-fitting
procedure was illustrated on both real prism test data, as well as on actual in-plant measured crosstie
surface strain measurements.

For prisms, it was shown that surface strain data is better represented by a bilinear underlying
prestressing force distribution. For non-prismatic members, in particular for railroad crossties, it was
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shown that the exponential prestressing force distribution appears to best represent measurements of
surface strain. For crossties, it was also shown that, consistent with the actual strain measurements,
the surface strain is characterized by a series of bumps which significantly alter the strain profile from
that of a prestressed prismatic member. These bumps result from the varying cross-sectional area and
prestressing wire eccentricity, and preclude accurate and reliable estimation of a so-called average
maximum strain.

Difficulties with the evaluation of transfer length were identified in relation to the non-prismatic
crosstie behavior. A direction for potentially removing this issue was proposed which focused on the
unbiased curve-fitting parameters obtained from application of the generalized ZL method of analysis.
The disadvantage is that this approach is somewhat removed from direct analysis of the strain data
itself. However, it is hoped that this procedure will be valuable for accurate and reliable transfer-
length evaluation for use with future automated in-plant quality control measurements.

The previously generalized form of the Zhao-Lee (ZL) method for transfer-length evaluation was
utilized to investigate errors in processing measured surface strain on concrete railroad crossties.
Crossties represent non-prismatic members, and require consideration of the varying cross-section
shape and the characteristics of the underlying prestressing force distribution for assessing the transfer
length. The previously developed Mean Square Error (MSE) statistical algorithm was used to
determine the transfer length, assuming an underlying bilinear prestressing force distribution for
simplicity.

The importance of accounting for thermal strain offset was shown through a comparison of both full-
range crosstie strain measurements as well as for measurements near one end of a typical crosstie.
Large differences in the resulting transfer length were shown to exist when comparing both with and
without thermal strain effects, indicating that compensation for thermal strain is extremely necessary
to achieve accurate measurement of transfer length in a plant environment.

Bias errors resulting from application of the traditional bilinear strain field assumption were estimated
through simulation using the general non-prismatic strain profile as the “true” strain field for
comparison purposes. The effects of transfer-length magnitude and strain measurement range were
both considered, and the bias error was shown to be negative in all cases with a maximum magnitude
of about 10% of the transfer length, depending on the measurement length.

Different processing algorithms, with and without thermal strain considerations, were used to evaluate
transfer-length measurements conducted on hundreds of crossties under actual in-plant field testing
conditions, for a wide range of different prestressing wire types. It was shown that in spite of
considerable differences in the transfer-length processing methods, and significant departures from
prismatic behavior, the averaged results were very consistent with the simple bilinear underlying strain
profile assumption, and with the transfer-length measurements on prisms obtained in a controlled
laboratory testing environment.

This work represents a next step in an attempt to answer important uncertainty questions which needs
to be addressed if rapid real-time transfer length is to be achieved, and if such measurements of
transfer length are eventually to be used in a practical in-plant production setting as a quality control
parameter.

13.4 The Multi-Camera Transfer-Length Measurement System

Experimental results and theoretical analysis were presented showing that, by using the Zhao-Lee
method, only a few discrete surface strain measurements are required to achieve accurate and reliable

159



transfer-length assessment. A simple algebraic representation of the transfer-length uncertainty as a
function of the strain sampling interval was developed and tested both with simulation data and with
actual laboratory strain data. The result showed that the uncertainty increases as the square root of the
sampling interval, and that the error is less than + 1.5 in. for a sampling interval as high as every 6 in.
This discovery led to the design of a 5-camera non-contact transfer-length measurement system that is
capable of continuous monitoring of railroad crossties in a production plant.

The implications of the in-plant system are significant, since they indicated that for the first time it
may be possible to conduct diagnostic tests on each and every railroad cross-crosstie that is produced.
The advantages for a concrete crosstie manufacturing plant, from a transfer-length quality control
perspective, are obvious, because it will allow producer plants to ensure that transfer lengths are within
an acceptable tolerance, and to identify the need to modify production (e.g., concrete mix) if transfer-
length specifications are out of range.

Using the ZL method and the automated LSI strain sensor, extensive plant measurements were taken
in a crosstie manufacturing plant. Statistical and theoretical analysis of the in-plant crosstie transfer-
length measurements were obtained using an automated Laser Speckle Imaging (LSI) strain sensor
system developed by the authors for rapid in-plant crosstie transfer-length assessment. Through the
use of selected samples of this in-plant data, the effect of strain measurement sampling interval on the
resulting transfer length was investigated both theoretically and experimentally, and compared with
results developed earlier for prisms. This provided a test of how well the simple uncertainty analysis
developed for prismatic members would work for the more complex crosstie geometry.

Samples of crossties manufactured using prestressing wire types WA (smooth), WD (Chevron), and
WEF (Diamond) were selected for the sampling interval analysis. These wire types had produced
crossties with relatively long (WA Smooth), intermediate (WD Chevron) and relatively short (WF
Diamond) transfer lengths. For each wire type, a sample of 7 crossties was included in the analysis,
representing 14 tie end transfer-length measurements. For each of the three wire types analyzed, strain
data was selected for crossties located during casting in the central portion of the plant casing bed.

The strain measurements were analyzed using the generalized Zhao-Lee transfer-length algorithm,
which accounted for the non-prismatic crosstie characteristics, and also compensated for the presence
of thermal strain offset. The resulting transfer-length data was pooled and normalized so as to reveal
the effect of sampling interval on the statistical scatter in the data. It was shown that, for the three
different levels of transfer length tested (associated with the three prestressing wire types), the
standard deviation of the measured transfer length correlated very well with a simple theory developed
to estimate the uncertainty of transfer lengths for constant cross-section prismatic members. Although
more analysis of the influence of non-prismatic behavior on transfer-length uncertainty is needed, the
results presented in this paper lend further support to the concept, developed on the basis of prism
transfer-length analysis, that only a few discrete surface strain measurements are required to achieve
accurate and reliable in-plant transfer-length assessment. This represents one more positive step
toward an understanding of the system requirements needed for reliable in-plant automated transfer-
length assessment as an eventual in-plant quality control parameter.

Based on the results of the sampling interval study, the development of a new multi-camera method
for measuring the surface strain profile on a railroad tie and assessing the associated transfer length
was undertaken. The performance of the new device was then demonstrated both in a laboratory
setting as well as in an actual tie manufacturing plant. Results of this testing indicated that, consistent
with earlier experimental results as well as theoretical uncertainty analysis, the device performs as
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expected and is capable of assessing transfer length to a nominal tolerance of +/- 1.5 in. with as few as
5 independent measurements of surface strain. For the current design, these independent strain
measurements are obtained from simultaneous image captures of the concrete surface features from 6
adjacent cameras.

A further demonstration was given of the system’s capability to not only provide transfer-length
measurement, but also to provide high spatial resolution measurements of the strain profile for
manufactured ties. This was accomplished by manually shifting the portable system along a
predetermined grid pattern and adjusting each set of 5 strain measurement by the amount of the shift.
Overlapping these sets of 5 discrete strain measurements provided a high resolution picture of the tie
strain profile. The procedure could also have been automated, but it was accomplished very rapidly by
simply using manual positioning, since precise positioning was not critical to obtaining accurate
surface strain measurements.

One of the first practical investigative applications of the new multi-camera system for measuring the
surface strain profile was conducted at a turnout tie plant. The device was used to conduct a worst-
case scenario on the effect of surface contaminants on bond, as evidenced by the surface strain profile
and the resulting transfer length. Ties cast with smooth strand and ties cast with indented wire
prestressing members were subjected to a literal soaking with lubricating oil on one end of the last tie
in the respective casting bed. From the results it is evident that strands undergo slippage and the bond
is severely degraded, resulting in a situation in which the strain level reaches only a small fraction of
its design level. In sharp contrast, the indented wire ties, while clearly affected by the oil
contamination, did achieve their design strain level in a manner similar to that observed in the
uncontaminated tie ends. More importantly, the transfer length, while undergoing a significant
increase, did not exceed the distance to the rail seat. Apparently, there is a significant influence of the
indents so as to reduce the tendency to slip even under these extreme conditions. It is understood that
these tests clearly represented worst-case situations. However, they have also proved to bring to light
some major differences in the behavior of strand relative to indented wire in the presence of
contaminants, suggesting that indented prestressing products may be more robust than those which are
smooth.

This work represents a practical step toward the implementation of a device such as the 6-camera
strain measurement system for continuous monitoring of in-plant prestressed railroad tie production,
using transfer length as a quality control parameter. Furthermore, the tests presented here illustrate the
usefulness of this new 6-camera system is as a diagnostic tool for improving tie quality and robustness.

13.5 Investigation of the Thermal Offset Phenomenon

Extensive measurements of transfer length for prismatic as well as non-prismatic members, including
in-plant crosstie measurements, have often revealed a significant offset in the strain profile which
appears to be related to thermal expansion effects. It has been hypothesized that this thermal offset
results from a difference in the temperature of the concrete member before and after the de-tensioning
process; however, this has never been verified experimentally. Furthermore, existing algorithms used
to assess transfer length have included a strain offset parameter for the purpose of improving the
evaluation process. However, the source of this offset, and the applicability of assuming a uniform
thermal offset parameter in assessing transfer length, has also never been verified experimentally.

As a further application and demonstration of the 6-camera system, a systematic investigation of the
observed offset phenomena was undertaken. Measurements were conducted on thermally-
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instrumented prismatic members as well as non-prismatic members subjected to known temperature
environments both before and after de-tensioning. The concrete members tested included a stepped
member and a tapered member, the features of which are somewhat representative of the main features
encountered in typical actual railroad crosstie geometry. Surface strain profiles were determined using
both the traditional Whittemore gage measurement procedure and using the new multi-camera optical
non-contact surface strain measurement system developed by the authors.

As a first step in a systematic experimental investigation of the thermal offset phenomena,
experimentally measured surface strain profiles were presented for concrete members that were
immersed in known hot and cold environmental conditions and allowed to come to equilibrium before
initiating the strain measurements. Two simplified non-prismatic prestressed concrete members were
cast to represent known variations in cross-section shape and prestressing wire eccentricity, so as to
demonstrate any effect of the geometry on surface strain profile variation and likewise on the thermal
offset phenomena. These two non-prismatic shapes were an abrupt stepped (or block) geometry and a
tapered geometry, each of which captures one of the dominant geometrical features associated with
commercially produced railroad crossties.

The strain measurements revealed that the source of the offset phenomena does indeed appear to be
associated with thermal expansion. The observed plateau in relative thermal shift when comparing
strain measurements under hot to cold conditions is consistent with thermal expansion for the
measured temperature change. In addition, there appears to be a strong indication of a non-uniform
thermal expansion effect resulting from localized cooling near the ends of the concrete members. This
has been further established by direct infrared camera images of surface temperature contours, and
also by means of a conduction simulation model. While this non-uniformity clearly will depend on the
mass of the concrete member under test, it suggests that under certain circumstances the non-
uniformity in thermal offset may manifest itself in the form of a modified strain development region,
essentially altering the slope of the strain development zone near the ends of prismatic members, and
likely also affecting non-prismatic members to an extent as well.

More analysis of the influence of the thermal offset behavior and its influence on transfer length, and
transfer-length uncertainty in particular, is needed if transfer length is to be used eventually as a
production quality control parameter. However, the results presented here represent one more positive
step toward an understanding of the measurement requirements needed for reliable in-plant automated
transfer-length assessment if it is to be used for in-plant quality control.

13.6 Investigation of the Effect of Non-Prismatic Shape

As a further utilization of the 6-camera strain sensor, work focused on the more dominant non-
prismatic features associated with railroad crossties, in an effort to identify how well the simple 1D
bending model can represent these features experimentally. In the efforts to establish and improve an
unbiased algorithm for transfer-length assessment, it is important that the potential errors in
representing surface strain measurements be identified for accurate assessment of transfer length and
for properly assessing transfer-length uncertainty.

A first step in a systematic experimental investigation of the influence of cross-section and eccentricity
on the resulting experimentally measured longitudinal surface strain profile has been presented here.
Two simplified non-prismatic prestressed concrete members were cast to represent known variations
in cross-section shape and prestressing wire eccentricity, so as to demonstrate the effect of the
geometry on longitudinal surface strain profile variation. These two non-prismatic shapes were an
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abrupt stepped (or block) geometry and a tapered geometry, each of which captures one of the
dominant geometrical features associated with commercially produced railroad crossties.

Measurements of surface strain were made using the traditional mechanical Whittemore gage, as well
as with the new multi-camera non-contact optical strain measurement system. The extent to which the
one-dimensional (1D) prestressed beam bending model can represent measured surface strain is
revealed in these tests, through comparison with the predicted behavior and through comparisons with
the prismatic concrete member behavior. These results have important implications in relation to the
experimental measurement of transfer length for non-prismatic railroad crossties.

The strain measurements were analyzed using the generalized Zhao-Lee transfer-length algorithm,
which accounted for the non-prismatic crosstie characteristics, and also compensated for the presence
of thermal strain offset. The results suggest that the 1D bending model does a reasonable job in
representing the tapered geometry, but has some difficulty in characterizing an abrupt change in cross-
sectional area. This may suggest that the 1D strain model may have difficulties in represented
accurately the more complex scalloped surface features associated with typical railroad crosstie
geometry, and this may influence the reliability of transfer-length assessment; particularly in the
presence of an unknown thermal strain offset. More analysis of the influence of such non-prismatic
behavior on transfer length, and transfer-length uncertainty in particular, is needed if transfer length is
to be used eventually as a production quality control parameter.

13.7 The Continuous Scanning/Traversing (CST) System

The last phase of this project involved another advance in the development of automated transfer-
length measurement systems for practical in-plant operation. The new device offers a significant
improvement over the previously successful automated Laser-Speckle Imaging (LSI) system, provides
significantly improved optical resolution of longitudinal surface strain, and is also capable of making
measurements of strain in a real-time continuously scanning/traversing (CST) manner over the entire
distance range of interest on the tie associated with transfer-length development. The CST device
features both a “jog” mode of operation, in which measurements of longitudinal surface strain are
automatically captured in arbitrary spatial increments over the entire range of the computer-controlled
traverse, and an “on-the-fly” mode in which measurements of longitudinal surface strain are captured
without the need for stopping at each measurement location.

The capability of this new CST device was first demonstrated in the laboratory, using a new special-
purpose longitudinal strain calibration setup. It was shown to be capable of a strain measurement
resolution of nominally about + 20 microstrain, at traversing speeds of up to several inches per second.
In addition, the new automated system was demonstrated by conducting measurements of longitudinal
surface strain on prestressed concrete crossties in a manufacturing plant casting bed (Rocla Concrete
Tie Plant in Sciotoville, OH). Crosstie strain profile measurements obtained using this new CST
system, in comparison to the recently introduced 6-camera manual device and in comparison to
Whittemore gage measurements, indicate unprecedented resolution of strain profile shape for in-plant
measurements. In particular, it was shown to be even possible to resolve differences in the strain
profile (and associated transfer length) between crossties in adjacent rows within the same casting
cavity. To the best of the author’s knowledge, this type of detailed high-resolution comparison has
never before been possible in a crosstie manufacturing plant.
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Appendix A.
Measured Strain Profiles at Rocla Concrete Tie Plant in Sciotoville,
OH

This Appendix contains the raw (un-smoothed) strain profiles that were recorded for each tie
end, along with the best-fit theoretical strain profile through the data. The theoretical curve was
developed using the geometry and prestressing eccentricities for the non-prismatic tie. The
graph order is similar to the order in which the ties appear in the casting bed.
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