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EXECUTIVE SUMMARY

Inadequate grouting has been found to be associated with corrosion of post-tensioning
steel in grouted tendons used in construction applications. Local grouting deficiencies
include voids where bleed water existed and was later reabsorbed elsewhere or
evaporated, regions of chalky low strength grout, and regions where excessive water
content or even free water is present [1,2]. In those zones, mechanical bonding of
strand to the grout is degraded, and of more concern, the strand steel risks corrosion
failure. As tendons are critical structural components, it is important to detect those
deficiencies during inspections of existing bridges and, if possible, during the
construction phase of new bridges so that early remedial measures can be taken.

In response to that need, FDOT sponsored Project BDV25-977-24 “Development of
Tendon Imaging Sensor”. The objective of that project was to develop for field
application a non-intrusive method to image strand position and grouting anomalies
inside the cross-section of external post-tensioned tendons. Furthermore, the project
developed a laboratory prototype of that technology. The objectives of this project were
to develop and produce a strand location and grout deficiency imaging sensor
prototype, suitable for field operation on external post-tensioned tendons and to
demonstrate operation in FDOT bridges.

An operating Field Tendon Imaging Unit (FTIU) was designed, constructed, and
delivered to FDOT. The FTIU uses impedance and magnetic measurements to produce
an image of the cross-section of an external post-tensioned tendon in a portable
computer, flagging air voids and other deficiencies in the grout portion that is between
the outer strand bundle envelope and the inner surface of the tendon polymer duct. The
cross-section image includes the envelope of the strand bundle inside the tendon (from
the magnetic measurements) and a color-coded indication of the condition of the grout
in the space between the strand bundle and the inner surface of the tendon duct (from
the impedance measurements). The FTIU contains a magnet with force sensor and a
flexible capacitive plate that follows the tendon duct perimeter during rotation around the
tendon. The system accommodates external tendons with a 4.5-inch outer diameter and
has a flexible design to fit other common duct sizes in FDOT bridges. The FTIU is short
and uses a clamshell arrangement to fit around the tendon with small (e.g., <1.5-inch)
overburden, thus allowing for imaging in tight spaces without interfering with other
tendons or structural members. The FTIU has a robust construction that is suitable for
extended field use.

It takes only about 10-seconds to acquire a cross-section image, which is obtained by
manually rotating the FTIU around the tendon and is displayed immediately by a laptop
computer. The computer powers the FTIU by normal low-demand battery function, so
the system is fully portable.
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Operation does not require specialized operator training, and equipment can be
reproduced at low cost and loaded with executable software produced by the project,
thus providing an economic and rapid tendon assessment method capable of
simultaneous deployment of multiple units. The FTIU provided consistent and
descriptive images of the strand bundle envelope within the tendon. With appropriate
calibration, the FTIU also reliably imaged full voids of lateral dimensions comparable to
the size of the capacitive plate and larger. Those voids are flagged by color-coding the
zone between the strand bundle envelope and the inner surface of the duct. Sensitivity
to smaller or internal void is limited; when detected, a partial color display scheme is
shown. Refined detection can be made by calibration with a tendon that has known
conditions.

Detection of high water content grout is mainly an experimental feature given that such
content causes only a fractional reduction in the impedance at the frequency used in the
FTIU.

Two field visits were made to the Ringling Bridge, demonstrating application on four test
places with multiple variations of system wiring and grounding, as well as to establish
repeatability. The field results demonstrated stability of response under grounding and
wiring variations, as well as repeatability within a given condition. All images were
successfully and rapidly acquired, consistently identifying the main pattern of strand
locations for a given test place. The FTIU retained physical integrity through extensive
repeat field testing and no breakdown or need for repair took place. Tests conducted on
the tendons at different places with respect to deviation blocks revealed strand
clustering consistent with the orientation of the deviation block and with the extent of the
deviation.

All the field images obtained at the Ringling Bridge were consistent with sound grout,
with no void or other detectable deficiency at any of the places examined, likely
reflecting prior extensive repairs there. Consequently illustrations of the ability to identify
selected types of deficiencies on a laboratory tendon mockup were presented instead.
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1. BACKGROUND AND OBJECTIVES

Inadequate grouting has been found to be associated with corrosion of post-tensioning
steel in grouted tendons used in construction applications. Local grouting deficiencies
include voids where bleed water existed and was later reabsorbed elsewhere or
evaporated, regions of chalky low strength grout, and regions where excessive water
content or even free water is present [1,2]. In those zones, mechanical bonding of
strand to the grout is degraded, and more of concern, the strand steel risks corrosion
failure. As tendons are critical structural components, it is important to detect those
deficiencies during inspections of existing bridges and, if possible, during the
construction phase of new bridges so that early remedial measures can be taken.

In response to that need, FDOT sponsored Project BDV25-977-24 “Development of
Tendon Imaging Sensor” [3]. The objective of that project was to develop for field
application a non-intrusive method to image strand position and grouting anomalies
inside the cross-section of external post-tensioned tendons. Furthermore, the project
was to develop a laboratory prototype of that technology. The project, being conducted
at the University of South Florida, succeeded in creating the basic units of a strand
imaging sensor and a complementary grout deficiency sensor. The sensing system is
both non-intrusive and capable of rapid operation and low-cost development. The
sensors are integrated into a single unit. Project BDV25-977-24 concluded with
development of a laboratory demonstration unit, but did not include construction of a
unit suitable for use and demonstration at external tendons in a bridge in the field. That
development and deployment as a continuation of effort is the subject of the present
work.

Per the above discussion, the objectives of this project were to:
1. Based on results from BDV25-977-24, develop and produce a strand location
and grout deficiency imaging sensor prototype, suitable for field operation on external

post-tensioned tendons.

2. Demonstrate operation of the imaging sensor in one or more FDOT bridges, and
provide the working prototype to FDOT.



2. APPROACH AND TASKS

The project proceeded along the following tasks.

2.1 Task 1. Adapt laboratory unit for field operation.

Progress under BDV25-977-24 resulted in development and demonstration of a
laboratory unit that produced, by external nondestructive sensing, an image of the
cross-section of an external tendon. The image revealed the position of the envelope of
the steel strand bundle inside the cross-section, and revealed also irregularities, if
present, of the normally grout-filled space between the strand envelope and the inner
surface of the polymer duct of the external tendon.

The principle of operation involved two stages conducted concurrently by the operating
unit. The first stage involved determining the position of the strand bundle envelope by
means of a magnetic sensing system, using one or more magnets that rotated around
the tendon [3]. The force acting on the magnets was measured by an electronic
transducer and converted via time-delay deconvolution and force-distance function
modeling into radial positon of the strand envelope within the tendon. Figure 1 illustrates
the basics of the arrangement and a resulting externally obtained bundle envelope
image. Comparison with the actual strand configuration in the tendon indicated close
agreement. Imaging was rapid (typically < 10-seconds) and reproducible.

Figure 1 Left: Magnetic strand position imaging method developed
under BDV25-977-24 [3]. Right: Example of strand envelope recovery
on a cross-section of a tendon segment. Duct outer diameter is ~3.5-

inch; duct wall section represented by the blue ring. The recovered

envelope (red) has been superimposed on an actual picture of the
tendon segment cross-section at the end of the segment. Covered
under Patent US 9,651,357 B1 [4] and any other applicable USF
intellectual property rights.



The second stage, illustrated in Figure 2 (Left), involved measuring the high frequency
electric impedance between an externally traveling metallic plate of finite size in contact
with the outer surface of the polymer duct, and the strand bundle (which by the nature of
the anchoring system has full mutual electric contact between all the strands). The
impedance may be seen as the sum of the duct wall impedance -nearly constant- and
the impedance of the grout space intervening between the duct and the strand bundle.
In the case of normal grout the grout space impedance is expected to be a finite,
modest value given by the appreciable effective dielectric constant and conductance of
sound grout. Deficiencies such as grout voids would on the other hand diminish the
conductive path and average dielectric constant, thus resulting in a marked increase in
impedance compared to that of sound grout. For imaging, first the value of the
impedance as function of angular position of the plate is determined by rotating the
plate around the tendon perimeter. The constant contribution of the duct wall is then
subtracted so as to focus on the impedance of the grout space. More than one plate
may be used as well to reduce need for rotating one full revolution.

The second stage impedance result is then numerically evaluated and graphically
displayed, together with the first stage strand envelope pattern, to flag the presence of
grout irregularities in the space between the strand envelope and the inner surface of
the tendon duct. An illustration of the composite image thus obtained is shown in Figure
2 (Right).

[ STRAND

AC.

Impedance
Meter

DUCT

DEFICIENCY

Figure 2 Left: Deficiency detection method via impedance measurements
developed under BDV25-977-24. The data are processed taking into account
the information on strand position previously obtained with the magnetic
imaging system. Right: Adapted illustration of the result of integrating both
imaging stages shoeing the strand bundle (green), some zones of normal
grout (white) and a void region (red). Covered under Patent US 9,651,357
B1 [4] and any other applicable USF patent applications.



In the simplest arrangement both a magnetic and an impedance sensors can be
accommodated at opposite points of the circumference of a rotating sensing assembly,
creating an integrated imaging unit that can be positioned along successive places on
the tendon length. Signal conditioning and initial processing take place on an onboard
electronic processor placed at the unit. Further processing is handled by software at a
computer linked to the traveling combined module. The resulting images can be
examined in succession resulting in a tunneling view of the tendon interior with flagged
grout irregularities. This concept was developed and implemented in a compact design
for field testing in the present project, with details provided in the following sections.
This unit is described in Chapter 3 of this report.

2.2 Task 2: Field tests, demonstrations, and optimization.

Field tests using the unit that was constructed under Task 1 were conducted in post-
tensioned structures chosen in consultation with the Project Manager and appropriate
FDOT offices. The tests were conducted in cooperation and coordination with personnel
from the State Materials Office (SMO) concerning access to the site and initial
familiarization of FDOT personnel with the methodology and equipment to be used.

The imaging unit and operating software was optimized and reevaluated via field tests.
The improved system was implemented accordingly and a finalized working prototype
was produced and delivered to FDOT with operating instructions, per description in
Chapter 3 and manual attached as Appendix 1. The field test experience is summarized
in Chapter 4 of this report.



3. FIELD TENDON IMAGING UNIT DESIGN AND OPERATION

3.1 Design and Construction

The Field Tendon Imaging Unit (FTIU) was adapted from the findings of project BDV25-
977-24 by designing with the following target performance goals:

¢ Fit tendons of size comparable to those used in the Ringling Bridge (~4.5-inch diameter).

¢ Flexible design to accommodate other common tendon diameter values.

e Clamshell configuration for immediate mounting on and removal from tendon.

e Overburden on tendon radius <~1.5-inch. Unit length body < 5-inch.

o Accommodate tendons with cross-section deviating from circular into elliptical shape up
to major/minor axis ratio (ellipticity) of 1.1.

e Acquisition and display an imaged cross-section within 10-seconds.

e Automatic data storage.

e Portable operation with a computer laptop.

¢ Minimal need for operator training and processing of data.

e Low cost of construction and operation.

The FTIU physical arrangement is shown schematically and in photographs in Figures 3
and 4. The clamshell assembly is a manually rotated unit that contains a single sensing
magnet and a single capacitive plate, set approximately 180-degrees from each other
and both covering the same cross-section of the tendon in one full turn.

The magnet has a magnetic moment in the order of ~4 Asm? and creates attractive
forces to the strand bundle that can reach ~1N at the closest operating distances. The
magnet is attached to a rigid force sensing element of the type used in electronic
balances, and rides in the center of an array of 4 ball bearing rollers, maintaining a
minimal distance h in the order of 2 mm above the outer surface of the duct, as long as
ellipticity does not exceed the design target.

The capacitive sensing plate is made of articulated stainless steel elastic segments, of
the type used in wristwatch bands. The plate is 5 cm x 5 cm square, and is pressed
closely against the surface of the duct by two springs. This construction is robust and
durable and allows the plate to tightly fit during rotation against the duct eliminating
intervening air space. Despite that, the construction minimizes friction that would
otherwise displace the plate from its intended position, as well as it tolerates the minor
duct surface scratches and similar irregularities normally present in tendons in the field.
The construction also allows for correct operation even if the surface has ellipticity
within the design target.
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Figure 3 Schematic diagram of the FTIU physical arrangement. Patent Pending.
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Figure 4 FTIU physical arrangement. Patent Pending.



For operation, detailed in Appendix 1, the unit is first calibrated and then the clamshell is
closed on the tendon place to be imaged. The unit is then manually rotated one full turn,
producing a beep signal when the turn is completed. During rotation the unit produces,
angular rotation, magnetic force, and impedance data that are sent together with
inclination data to the laptop computer via a USB cable. Immediately afterwards the
data are processed, and an image of the cross-section is displayed on the computer
screen. The instrumentation used for data generation and processing is schematically
described in Figure 5
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Figure 5 FTIU instrumentation block diagram. Patent Pending.



The FTIU with the laptop is a self contained system that can operate freely without a
need for an electrical outlet. Within the FTIU, all the components are connected to a
main microcontroller (Arduino Mega 2560 board) which does the following:

Powers the signal generator which originates a 1-MHz signal for impedance
measurements.

Powers the magnetic sensor, and a gyroscope/accelerometer board.

Transmits all the data from the components, the time, angular position, magnetic
forces, impedance measurements, and gyroscope/accelerometer measurements
to the laptop computer which then analyzes the data via executable MATLAB
code.

Construction and functional features are:

The FTIU was assembled on a 3D-printed clam-shell frame (Figure 4) printed
from a polylactide (PLA) thermoplastic filament which also contains the onboard
Arduino Mega2650 microcontroller and the various electronic circuit boards.

The impedance module consists of a driving circuit that has a 1-MHz signal
generator built with an AD9850-based board. The signal goes to a dc isolating
radio frequency (RF) transformer that feeds an RF bridge provided with a diode
rectifier. The rectified and filtered bridge output is proportional to the modulus of
the impedance between the plate and the strand bundle. That signal is then read
by an ADS1115-based analog-digital converter (ADC) board that communicates
with the microcontroller.

The magnetic strand position detection module consists of a HX711 ADC board
wired to a micro load cell with the magnet attached to the free end of the load
cell. The output goes to the microcontroller.

Readings of the accelerometers and high-precision gyroscope, both contained in
the MPUG6050 circuit board, are used by the computer to determine tendon
inclination and angular position of the FTIU. As a result, no physical contact with
a riding wheel or similar transducer is needed for angular position tracking (which
had been used in a previous version of the magnetic imaging method).

The Arduino Mega2650 microcontroller is sent commands and returns data to the
laptop computer per operator prompts.

The outer perimeter of the entire FTIU is contained within ~1.5-inch from the
external HDPE duct perimeter.



3.2 Operation and Data Management

The operating software is written for a Windows 10 platform in the form of an executable
MATLAB code. Operation is detailed in the User Guide in Appendix 1. The following is a
functional description of the way in which data are acquired and processed.

As the FTIU is rotated, it sends to the computer an array of applicable data with seven
operating columns. The first column has time t at approximately 0.1-second intervals
recorded in ms. The 2™ and 3™ columns contain the synchronous force, F(t), sensed
by the magnet force transducer and the impedance modulus, Z, reported by the
impedance meter. Columns 4 to 6 contain accelerometer readings ax, ay, and az for the
X (lengthwise tendon axis), y, and z axes, respectively. Column 7 contains gyroscope
readings gx for the x axis. The overall array covers a time interval on the order of 10-
seconds, or about 100 rows.

The FTIU microcontroller integrates internally a reading of gx to determine when the
FTIU has completed a full rotation around the x axis and provides a beep sound to
signal the operator that the rotation is completed. The ay and az readings are used to
trigonometrically compute the value of the angle ® with respect to the line joining the
center of the tendon cross-section and the apex (Figure 6) at the moment the rotation
has begun. That value is recorded, and then the reading gx is integrated to compute the
increase of ®r as time progresses. The constant tendon slope angle Os is
trigonometrically calculated via the combined values of ax, ay, and az, and used
together with ®g for gravitational force corrections as shown next. Information on the
FTIU geometry is used to correctly register the data from the accelerometer/gyroscope,
force sensor, and impedance sensor, by adding the appropriate angular offsets to
compensate for their different angular positions on the FTIU perimeter. All relevant
system parameters are introduced in the following and further listed in Table 1.
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Vertical

Horizontal

Figure 6 Side and gyrated section view of a sloping tendon,
illustrating tendon slope angle ®s and FTIU rotation angle ®g (cross-
section shown as viewed from the lower end). The accelerometer
and gyroscope x axes are oriented along the tendon length.

The magnet force information is transferred to the computer in the form values Fg in
sensor units and synchronous with the time array. The sensor has been pre-calibrated,
one sensor unit corresponding to ~3+10 N, and auto-zeroed to remove any native
signal offset so 0 units correspond to O N.

The recorded value of Fr is affected to some extent by convolution with the force-
sensor and data processing step function response - an effect not unlike motion blur in
a photograph with an unsteady camera. To sharpen the response, the Fg(t) signal is
subject to deconvolution based on independent determination of the step response of
the sensor, simplified as an exponential response with a characteristic time t. The
default value for that parameter is 1=0.065 and the signal is processed accordingly as
indicated in [3] to obtain a deconvoluted force function F(t).
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If the tendon orientation is other than vertical, as the FTIU turns the weight of the
magnet Wy will introduce a gravitational component of the force recorded by the sensor.
That component must be subtracted from F to obtain the force Fy due to magnetic
attraction only. Referring to Figure 6, for a tendon slope ®s and an angle of rotation Gr
(measurement of those values described later) the gravitational component correction is
then

Fu= F- Wy cos®s cos B (Eq. 1)

As Wy is ~0.2 N, the gravitational component is significant enough for correction to be
necessary. There is also a centripetal force component to F, but calculations indicated
at the angular speeds and dimensions involved here the contribution is usually small
enough to be neglected.

An additional correction to Fy is tentatively introduced for cases where the grout may
have a distinct magnetic behavior, whereby the relative magnetic permeability pgrout IS
significantly in excess of 1. As noted in [5], some grouts may have values approaching
Mgrout = 1.02, a situation also encountered in some cementitious materials [6].
Experimentation with the magnet placed at distances in the order of 1cm from hardened
samples of those grouts indicated attractive forces in the order of 110 N (~ 3 sensor
units). Consequently, a subtractive correction constant equal to (Mgrout - 1) «10% was
applied tentatively to Fy based on the assumed value of the grout relative permeability.
The correction defaults to zero for cases of assumed absence of grout magnetic
behavior.

The value of Fy, after all corrections is then converted into distance dys from center of
magnet to strand bundle envelope position per the procedure indicated in [3] per:

dus =(k/Fm) "™ (Eg. 2)

With parameter values k = 621.5 (sensor units « cm") and n’ = 3.185 obtained by
calibration with a known steel strand position with respect to the magnet.

The value of dys is then converted into distance dc from the center of the tendon to the
strand bundle envelope by

dc = D/2- (dus-h-W/2) (Eq. 3)

where D is the tendon duct external diameter, Pt is the tendon duct wall thickness, h is
the distance between face of magnet and tendon duct outer surface, and W is the
thickness of the magnet, all properties known for FTIU construction, direct tendon
measurement, and for Pt tendon construction detail information or estimate. The value
of dc is then used to construct a diagram of the rebar bundle envelope when creating a
diagram of the tendon cross-section.

12



The impedance information is transferred to the computer in the form of an array of
recorded impedance modulus Z values in ohms, synchronous to the time array.
Experiments conducted under [3] indicated that for tendons of size comparable to those
in the Ringling Bridge the value of Z when the capacitor plate rides over a region of
sound grout is in the order of Z, = 15 kohm, while when the sensor is over a full void,
extending from the strand bundle envelope to the inner surface of the duct, the
impedance is in the order of Zy = 30 kohm. Both values are user selectable for more
refined void detection, as shown in Appendix 1. Additional tests under [3] indicated that
a space filled with water tended to show a value <0.95+Z, . Those values were used for
default settings in the data processing program for the purposes of image display,
implemented as a polar plot exemplified in Figure 7.

Green: Strands. Red: Void. Blue: Bleed/Chalk.

05-30-2019 11-45-04 --0deg P3.txt 90
max |Z| = 30000
min |Z| = 17000
slope (deg.) =0
MU = 1
180 0 ----Horizontal
270
Figure 7 Example of cross-section image representation. Patent
Pending.

The outer black ring is scaled to correspond to the actual dimensions of the polymer
duct. At each rotation angle ®g the length from the center of the section to the inner
duct diameter at each angle of the rotation pattern is divided into three regions. Region
A, color-filled green, corresponds to the strand bundle, and the radial length of A (ra) is
obtained by Eqg. 3. Region B (white) represents sound grout, while region C represents
a void. The radial length of segment B plus C is equal to the inner duct radius, Ry minus
ra. The partition between the lengths of B and C is allotted by

C/(B+C) = [(Z(®r)-Z0) / (Zw-Z)]" (Eq. 4)
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with the void zone always assigned by convention to the side closest to the duct. For
purposes of image smoothing, before application of Eq. 4, the value of Z is set to Z, if
0.95 <Z/Z,<1.15. The fractional exponent m=0.75 was inserted to achieve greater
graphic emphasis of the irregularity manifestation as the capacitive plate transitions
between, for example, from being over a well-defined void to a sound grout region.
Given the large angular span of the plate (~ 60-degrees) the transition boundary
becomes blurred, in a manner comparable to that of a convolution of rectangular pulses
[7]. Elevation to a fractional exponent creates a form of crude deconvolution for visual
representation. A value of m=0.75 was chosen for the present implementation of the
sensor. It is noted that this display choice is a semiquantitative adjustment subject to
update in future development, and application to archived raw data.

To obtain a color coded overall pattern Eq.4 is used to obtain the radius values at the
boundary of each region and color fill assigned per the provisions of the MATLAB
platform. Nominal floor and ceiling levels of 1 cm and R, respectively were set for the
strand bundle envelope radial dimensions in case calibration variability or measurement
noise created visually unrealistic local patterns.

If the value of Z at a given rotation angle is <0.95 Z,, the region C is color coded blue
designating a high water density region (either a water filled void or region with chalky
grout), with partition assigned per Eq(4) but with Z, and 0.8 Z, substituting for Zy and Z,
respectively. For those situations the value of Z is set to 0.8+Z, if Z<0.8+Z, before
application of Eqg. 4. This display mode should be considered as an experimental
feature as the differentiation between normal grout and high water content grout spans
a small impedance range at the 1-MHz range used.

3.3 Performance

As discussed in further detail in material presented in Chapter 4 and in Project BDV25-
977-24 [3], the FTIU provides consistent and reasonably descriptive images of the
strand arrangement within the tendon. With appropriate calibration (via selection of
representative values of Zy and Z,, with the help of tests conducted in the laboratory
with mockup tendons) the FTIU also reliably detects full voids of dimensions
comparable to the footprint of the capacitive plate and larger. Those voids are flagged
with a sizable amount of red space on the zone between the strand bundle envelope
and the inner surface of the duct. Detection of full voids narrower than the capacitive
plate, or wide inner voids (voids present between the strand bundle and the duct but not
reaching all the way to the inner surface of the duct) is limited, and in such cases the
red space in the image is drawn to occupy only a fraction of the region between strand
bundle and duct. The void detection process can be further refined if there are tendons
in a bridge with previously known regions both with sound grout and with well-defined
voids. In such case the user can image cross-sections of those regions, and
experimentally reset the values of Z and Z, for optimal thresholding of white and red
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domain displays. The FTIU thus calibrated can then be used to more reliably image a
group of peer tendons with unknown conditions. Building on this concept, a fine
calibration procedure to automatically set the value of Z, (and with Z, setto 2+Z, as a
practical choice) has been implemented in the prototype for use on tendon locations
where there is reasonable expectation of a sound grout condition. The procedure is
described in Appendix 1.

Detection of high water content grout is mainly an experimental feature given that such
content causes only a fractional reduction in the impedance at the frequency used in the
FTIU. Future development with use of higher (and/or multiple) test frequencies is
anticipated to result in significant improvement [3]. Meanwhile, this feature in its present
form may still produce useful visual detection if there are tendons in a bridge with both
regions of known high moisture grout as well as sound grout. The user can then image
those regions and, analogous to the procedure described above for improved void
detection, experimentally set the value of Z, for optimal thresholding of blue zone
display between the sound and high moisture zones.

The FTIU basic design accommodates tendons 4.5-inch in diameter, with duct wall
thickness of 0.7 cm. Small variations in those values, or the presence of grout with
magnetic properties, can be taken in consideration by changing the user choice
parameter values as described in Appendix 1. Design is customizable to accommodate
smaller tendon diameters down to 3.5-inch with minor modifications in roller and
capacitive plate support. In those cases the parameter entries can be readily changed
by the user.

It is noted too that this basic system arrangement is not limiting. It is amenable to
expansion to the use of multiple magnets and capacitive plates, to allow for faster
operation by reducing or obviating rotation need to produce a cross-section image.

15



Table 1 Data acquisition and processing parameters.

Parameter Typical / Units Notes

Symbol default Value

Ro 4.95 cm Inner radius of tendon duct

D 12.7 cm Outer tendon duct diameter

Pt 0.70 cm Wall thickness of tendon duct

Hgrout 1.00 - Relative magnetic permeability of
grout

n’ 3.185 - Exponent of power law dependence
between force and distance
between magnet and strand
envelope bundle

k 621.5 sensor units * cm" | Proportionality constant of power
law dependence

T 0.065 S Force sensor time constant

w 0.32 cm Magnet thickness

h 0.2 cm Distance between magnet face and
outer duct surface

Mw 69 Sensor units Magnet weight

MPU6050_Radius | 2 cm Distance from accelerometer sensor
and outer duct wall

O offset 180 degrees Angle offset difference between
force and impedance sensors

Os Varied degrees Tendon inclination slope

Or Varied degrees Angle of FTIU rotation from starting
position

m 0.75 - Fractional exponent for graphic
display

ag 9.797 m/s® Acceleration of gravity

Zy 30 kohm Impedance for full void location

Z 15 kohm Impedance for sound grout location
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4. FIELD ACTIVITIES AND PERFORMANCE

4.1 Activities

Activities under this project included three site visits as follows, with outcomes indicated
in the following subsections:

1. Visit to Sunshine Skyway Bridge on 8/21/18.
2. Visit to John Ringling Causeway Bridge on 3/20/19

3. Visit to John Ringling Causeway Bridge on 4/30/19

4.2 August 21, 2018 site visit to Sunshine Skyway Bridge Pier 105/106

The purpose of the visit was to do a preliminary examination of tendons dimensions,
clearances and surface conditions in the field for identifying which tendons are
applicable for testing. In anticipation of subsequent activities, the opportunity of the visit
was used also to make preliminary evaluations of the functionality of an initial version of
the FTIU (with thin copper sheet capacitive plate) that was developed jointly with project
BDV25-977-24 [3].

Areas visited were:

e South End of main group span 106.
e NB and SB high approach spans 105.

Most accessible tendons in the bridge were repair-wrapped with an ~0.125-inch thick
polymeric sheet with folds that made the outside surface too irregular for normal FTIU
operation. Moreover the wrap was made in ~3 ft sections, with an overlap of wraps ~2-
inch to ~6-inch long causing furthered variations in the size of the tendons. A tendon
was however evaluated that had a ~3.5-inch nominal diameter, but having a wrap with
an irregular rough edge. It was nevertheless possible to clamshell the unit around the
tendon and conduct some trial runs, despite the wrap edge and irregularities interfering
with the development unit copper plate which became creased and bent limiting further
tests. Notwithstanding those limitations, the IFU demonstrated battery-powered full
functionality under field conditions, including providing a nominal cross-section image of
the tendon inner components. This visit helped the corrosion team at USF to become
familiar with field operating conditions and to identify the need for redesign of the
capacitor plate within the unit to a more robust and firmer configuration more suitable for
these conditions. Redesign and testing of a new plate and unit (described in Chapter 3)
took place subsequently for use in the next field visits.

17



4.3 March 20, 2019 site visit to John Ringling Causeway Bridge
Tests:

The visit started with arriving to the south end island side of the Ringling Bridge (part of
State Road 789, nominally E-W orientation road) at Bird Key Park. Entrance to Span 1
of the bridge is through a passage in the floor with the use of a 12 ft ladder. All
equipment was brought up the ladder into Span 1. The equipment used included the
Mark Ill Field Unit, the project laptop computer, all of the necessary connection wires, a
set of work lights, and an 110v extension cord for the lights. Additionally, the Mark Il
Field Unit and extra hardware were brought as a spare if necessary (including a
soldering iron).

Once inside of the bridge, two tendons were identified for testing, both located on the
nominally N side in the center section of Span 1. Figure 8 shows the orientation of the
tendons, reproduced and augmented from [8]. The first tendon tested (402L) was
located near the floor, (~1 ft) and both tendons had plenty of room for rotating the unit.
The second tendon (401L) was located at head level (~6 ft) from the floor.

Tendon 402L was evaluated at two places, labeled Test 1 and Test 4. Test 1 (Figure 9)
was approximately 6 ft W of the lower deviation block that was near the E end of the
span. The tendon was nearly horizontal, sloping about 0.5 degrees down to the E. The
tendon section was slightly elliptical, measuring from 113 mm to 116 mm in diameter
and not repair-wrapped. In here, as in the other places evaluated, after a quick wiping
with a cloth, the surface of the tendon was smooth enough for impedance scanning.
The computer was placed on a ~12-inch x 12-inch metal sheet lying on the floor.

Four groups of data (three images each, 12 in total, Figure 10) were collected at the
Test 1 place. In all cases, the magnet starting point was centered on the 12 o’clock
position on the tendon, and the FTIU was oriented with the side that connects to the
USB port facing toward the W end of the bridge. The data files were labeled
“032019H_402L_End_X" with X = 1 to 12 per the test execution order.

The first three groups at Test 1 used the regular 10’ USB unit connection cable coiled
with two rectangular ferrite blockers on the coiled section and a round ferrite blocker on
the end of the USB that connects to the FTIU. The fourth group used the short USB
cable with no ferrite blockers.

For grounding, the first group at Test 1 used an aluminum foil sheet on the floor (shiny
side down) and a thin piece of metal on top to weigh it down to the floor to form a wired
capacitive coupling ground with bridge. The second group was taken with a wired
electrical ground (connected to the ground of the work lights, connected to the ground of
the electrical system of the bridge). The third and fourth groups had no wire connection
to the ground terminal in the unit, relying on the capacitive coupling provided by the
computer via the USB cable.
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Figure 8 Tendon Layout in Span 1. Reproduced and augmented from [8]. Test places

identified by red circles and Test numbers designating the 4 places evaluated.
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Figure 9 Test place at tendon 402L showing the field
unit before (top) and after (bottom) clamshell-mounting.
Patent Pending.
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Tendon 401L was tested at two places. The first (labeled Test 2) was directly above the
single place (Test 1) on tendon 402L. The Test 2 place was about 6 ft off the ground.
The tendon measured 113 mm to 117 mm in diameter. The tendon sloped upward to
the E about 2.5 degrees from horizontal. One group of images (file names
032019H_401L_End_X, X =1 to 3) was collected with the magnet orientation the same
as for 402L. This group used the same electrical ground as group 2 of 402L.

After evaluations at the Test 1 and Test 2 places in the center of Span 1, another two
places were evaluated, Test 3 on Tendon 401L and Test 4 on tendon 402L, as shown in
Figure 8. These two places, one on top of the other were located further E into Span 1,
closer to Span 2 and about 2 ft W from the upper deviation block.

The Test 3 place on 401L was imaged with the operator standing on an 8 ft step ladder
and the computer elevated 6 ft by an assistant. Tendon 401L measured 114 mm to
116.5 mm in diameter. One group of images (file names 032019H_401L End X, X =4
to 6) was collected with the magnet oriented the same as in the other cases. This group
used the same electrical ground as group 2 of 402L.

The Test 4 place on 402L was imaged with the operator and computer as in Test 3. The
tendon measured 113.5 mm to 116 mm in diameter. The tendon sloped upward to the E
about 9 degrees from the horizontal. One group of images (file names
032019H_402L_End_X, X = 13 to 15) was collected with the magnet oriented same as
for 401L. This group used no wire ground (after the electrical ground wire became
detached from the field unit during the first data set).

Results and Discussion

Figure 10 shows the 12 images generated at Test 1 place on tendon 402L. The results
illustrated the stability of the response under grounding and wiring variations, as well as
repeatability within each row. All images were successfully acquired with tendon
rotations completed within a 10-second period. All images consistently identified the
main pattern of strand locations (green) with a lopsided strand clustering to one side
and top and a matching grout space opposite. The part of the clustering toward the top
is consistent with the proximity and orientation of the bend of the nearby deviation block.
No significant grout voids (which would have been colored red over a sizable portion of
the image) were apparent, with the exception of vestigial indications as in Figure 11 that
may be ascribed to marginal calibration and ground choices. It is noted that the duct
was not breached to verify that interpretation.

Similar reproducibility of results was manifested at the other test places. Figure 11
shows in detail one of the images obtained for the same tendon 402L, but at the Test 4
place. Here, the strands tend to cluster toward the bottom of the cross-section, as would
be expected, given the proximity to a block that deviates the strands opposite to the
case in the Test 1 place. As in Test 1 place, there was no strong indication of a grout
void.
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Figure 10 Images generated at Test 1 place on tendon 402L. Each row is for a group
numbered as identified in the text, illustrating robustness of results to wiring and grounding
variations, as well as illustrating repeatability within each condition. The strand bundle is
colored green, while sound grout is white. No grout deficiencies were strongly apparent at

this test place.
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Figure 11 Image generated at the Test 4 place on tendon 402L.
(032019H_402L_End_14). Minor red domain is not considered a strong
indication of void presence.

Figures 12 and 13 show examples of the tendon cross-sections imaged for tendon 401L
at the Test 2 and Test 3 places respectively. Reproducibility was comparable to that
seen in the other cases. The strand pattern in the Test 2 place is less irregular than in
the Test 1 place for 402L, possibly because it is less strongly deviated than 402L, as
shown in the diagram in Figure 8 401L.

At the Test 3 place, the cross-section clusters to one side and to the bottom, consistent
with what would be expected from the proximity and orientation of the nearby deviation
block.

As in the tendon 402L cases, none of the places examined in 401L yielded any
indication of significant void presence.

Since neither of the 2 tendons evaluated in the Ringling Bridge showed strong
indications of grout deficiencies that permitted demonstrating the ability of the field unit
to identify those defects, reference is made to the following excerpt of material from the
Draft Final Report being prepared for project BDV25-977-24 [3]. Figure 14 exemplifies
the results obtained with the field unit placed on a tendon mockup that incorporates
sections of sound grout, a full air void, and a void filled with unhydrated grout. The figure
illustrates the ability of the field unit to recover the strand pattern as well as the
presence and extent of grout deficiencies. The cited document has further details.
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Figure 12 Image generated at the Test 2 place on tendon 401L.
(032019H_401L_End_1)
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Figure 13 Image generated at the Test 3 place on tendon 401L.
(032019H_401L_End_5)
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Figure 14 Material excerpted from the Draft Final Report being prepared for project
BDV25-977-24 [3]. Images rotated to match orientation of the cross-section diagram.



4.4 April 30, 2019 site visit to John Ringling Causeway Bridge

Following further optimization of the FTIU this additional field visit was conducted for the
Ringling Bridge, jointly with personnel of the FDOT State Material Office, to test
operation experience by FDOT field personnel and identify closing list of items to be
improved prior to delivery of the unit to FDOT. The test consisted of repeat imaging of
various locations examined in the previous visit, with emphasis in evaluating user
experience for improved performance. The following factors were noted and
improvements in instrumentation and software were conducted accordingly with the
following results:

Simpler set up.

Simple one-touch trigger for regular imaging function.

No timeout rush for completing rotations.

Automatic tendon slope angle measurement and recording for inclined tendons
without need of manual determination.

User enters first place number at the beginning of a series of image acquisitions
on a tendon.

Next places on tendon automatically numbered sequentially unless user flags
test as a repeat.

Normal numbering resumes automatically after that.

User adds notes if desired before moving to next place on tendon.

Straight up image orientation.

Automatic force and rotation data correction for horizontal, inclined and vertical
tendons.

Tactile feel of sensor top.

All those features have been implemented as described in Chapter 2 and in the
Operation Manual in Appendix 1.
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5. CONCLUSIONS

. An operating Field Tendon Imaging Unit (FTIU) was designed, constructed, and
delivered to FDOT. The FTIU uses impedance and magnetic measurements to
produce an image of the cross-section of an external post-tensioned tendon in a
portable computer, flagging air voids and other deficiencies in the grout portion
that is between the outer strand bundle envelope and the inner surface of the
tendon polymer duct. The cross-section image includes the envelope of the
strand bundle inside the tendon (from the magnetic measurements), and a color-
coded indication of the condition of the grout in the space between the strand
bundle and the inner surface of the tendon duct (from the impedance
measurements).

. The FTIU contains a magnet with force sensor and a flexible capacitive plate that
follow the tendon duct perimeter during rotation around the tendon. The system
accommodates external tendons with a 4.5-inch outer diameter. It has a flexible
design to fit other common sizes in FDOT bridges. The FTIU is short and uses a
clamshell arrangement to fit around the tendon with small (e.g., <1.5- inch)
overburden, thus allowing for imaging in tight spaces without interfering with
other tendons or structural members. Robust construction is suitable for
extended field use. The concept is expandable to use of multiple magnetic and
capacitive sensors for faster operation.

It takes only about 10-seconds to acquire a cross-section image, which is
obtained by manually rotating the FTIU around the tendon and is displayed
immediately by a laptop computer. The computer powers the FTIU by normal
low-demand battery function, so the system is fully portable.

. Operation does not require specialized operator training, and equipment can be
reproduced at low cost and loaded with executable software produced by the
project, thus providing an economic and rapid tendon assessment method
capable of simultaneous deployment of multiple units.

. The FTIU provided consistent and descriptive images of the strand bundle
envelope within the tendon. With appropriate calibration, the FTIU also reliably
imaged full voids of lateral dimensions comparable to those of the capacitive
plate and flagged those by color-coding the zone between the strand bundle
envelope and the inner surface of the duct. Sensitivity to smaller or internal voids
are limited; when detected, a partial color display scheme is shown. Refined
detection can be made if calibration is possible with a field tendon with known
deficiency regions.
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6. Detection of high water-content grout is mainly an experimental feature, given
that such content causes only a fractional reduction in the impedance at the
frequency used in the FTIU.

7. Aninitial field visits, was made to the Sunshine Skyway Bridge to familiarize USF
personnel with field operating conditions and identify the need for robust design
features.

8. Two subsequent field visits were made to the Ringling Bridge, demonstrating
application on four test places with multiple variations of system wiring and
grounding, as well as establishing repeatability.

9. The field results demonstrated stability of response under grounding and wiring
variations, as well as repeatability within a given condition. All images were
successfully and rapidly acquired, consistently identifying the main pattern of
strand locations for a given test place. The FTIU retained physical integrity
through extensive repeat field testing and no breakdown or need for repair took
place.

10.Tests conducted on the tendons at different places with respect to deviation
blocks revealed strand clustering consistent with the orientation of the deviation
block, and with the extent of the deviation.

11.All the field images obtained at the Ringling Bridge were consistent with sound
grout, with no void or similarly detectable deficiency at any of the places
examined, likely reflecting prior extensive repairs there. Consequently
illustrations of ability to identify selected types of deficiencies on a laboratory
tendon mockup were presented instead.
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APPENDIX 1

FIELD TENDON
IMAGING UNIT
OPERATING MANUAL

An operating FTIU with computer, cabling and installed executable code have
been provided to FDOT as a deliverable under the present contract. Instructions
for use are presented in the attached Operating Manual.
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Note: Material subject to intellectual property rights by the University of South Florida and others, including U.S.
Patent US9651357 and other patent(s) pending.

SYSTEM PARTS

The following items are provided:
¢ MARK Il Field Unit. Laptop computer
o It contains:
= Shortcut “Tendon Imager” to executable saved on the desktop.

= MATLAB executable file “Tendonlmager_v053119.exe” saved on the
desktop in the folder “Field Operations”.

e Arduino v1.8.5. saved on the “C:” drive.

e MATLAB MyApplnstaller_mcr.exe, copy saved in the “Documents”

folder.

¢ Arduino sketch “FieldUnitPro7c.ino” already uploaded to the Field
Tendon Imaging Unit (FTIU) and a copy saved in the “Documents”

folder.
e Cable “USB Type-C male to USB Type-B male”.

e Ground wire with banana terminal on one end and alligator on other end.

SOFTWARE INSTALLATION

Software is already installed in the FDOT computer delivered with this project. This item is

included in case of need of transfer to another computer.
Files needed:

e MyApplnstaller_mcr.exe
e Tendonlmager_v053119.exe
Step-by-Step installation:

1. Create afolder named “Field Operations” on the computer Desktop.
2. Copy both provided files into that folder. Double click “Mylnstaller...” and wait until

completion, answering installation prompts as required.
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SYSTEM OPERATION
A - Hookup and Placement

1.

connection.
2.

screen (~13 seconds).
3.

Plug FTIU into the laptop USB-C port. Inside LEDs will turn on, confirming power

On Desktop screen, double click on shortcut “Tendon Imager”. Wait for query window on

Query window (Figure 1) asks for starting place number on tendon to be imaged.

Assign number 1 (default value) to first tendon place to be tested in the day. As

long as you stay in the same tendon, program will automatically assign

consecutive numbers to all the following places. If you are resuming testing at a

different location and you want for that series to start with a new number (say

number 57), enter 57. After desired number is entered Click OK.

4 TENDON IMAGER 05/31/19

ENTER THE STARTING PLACE NUMBER. THEN CLICK "OK".

Figure 1.

OK Cancel

4. Next query window (Figure 2) asks operator to use stored global tendon properties.

e To use most recently stored values click YES or Press Space Bar.

e Toview or change values click VIEW / CHANGE (see section C for details).

e To use “factory” default values click USE DEFAULT (see section C for details).

4 GLOBAL TENDON PROPERTIES

USE STORED GLOBAL TENDON PROPERTIES.

VIEW / CHANGE

= X

USE DEFAULT

Figure 2.
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5. Next query window (Figure 3) asks for tendon orientation.
e For horizontal or sloped tendons click HORIZONTAL/SLOPED or Press Space
Bar and FTIU will determine slope of tendon automatically.

e For vertical tendons click VERTICAL and keep blue line on FTIU always starting

facing the same direction. This line is start position for vertical tendon images.

6. Next query window (Figure 4) asks operator to place FTIU vertically on floor or horizontal
surface with USB connector facing up, then click OK or Press Space Bar. Wait until the

"y — X
@ TENDON ORIENTATION
HORIZONTAL / SLOPED VERTICAL
Figure 3.

next step is ready.

4 UNIT CALIBRATION — X

w (1) PLACE UNIT VERTICAL ON GROUND.
(2) CLICK "OK".

OK

Figure 4.

7. Next query window (Figure 5) asks user to position the FTIU on tendon starting place and

get ready for acquisition of a series of tendon images. Before clicking OK, set up as shown

in Figure 6.

4 TO GET STARTING PLACE IMAGE == X

@ WRAP UNIT ON STARTING PLACE. THEN CLICK "OK".

OK

Figure 5.
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To get ready for an imaging series:

Clean tendon surface to remove dust and debris.

b. Remove brass locking pin of FTIU, open clamshell, wrap on selected tendon place
No. 1 (or number designated). Close using pin.

c. Horizontal/Sloping tendons: Orient FTIU per Figure. Blue line should be on top of
tendon, precision positioning not needed.

d. Vertical tendons: Keep blue line always starting facing the same direction.

e. Attach ground wire to bridge ground or ground plate.

f. Ensure USB and ground cable are loose enough to allow for one full turn.

g. Click OK or Press Space Bar. The next query window will appear; proceed to

Acquiring Images.

Blue Line

Figure 6.
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B - Acquiring Images
Operations here can be conducted by single clicks/taps throughout.

8. After Hookup and Placement are complete the query window in Figure 7 appears:

4 IMAGE — X

(1) CLICK "IMAGE"
(2) ON BEEP START ROTATION.

(3) ON SECOND BEEP STOP AND REWIND.

IMAGE

Figure 7.

Click OK or Press Space Bar. A Beep will sound. After beep, start rotating FTIU in the
arrow direction. It will beep again when it senses a full turn. Stop and wind-back to start.
Cross-section image will show on screen right away (Figure 9).

T S o

Green: Strands. Red: Void. Blue: Bleed/Chalk.
05-30-2019 11-41-15 —Odeg P1.txt 90

max |Z| = 30000
min |Z| = 15000
slope (deg.) =1

cmm =0

0 ——Horizontal

270

Figure 9.

Notes:

¢ Rotate FTIU in arrow direction.

¢ While rotating, press on blue marker to ensure firm roller contact over entire turn.

¢ No need to rush turning after Beep; FTIU will not timeout.

e Take about 10 seconds to do one turn, but speed is not critical and slower motion is
ok. Do avoid extremely rapid turns. Wind-back speed is unimportant.

¢ Angular positions at the start or after wind-back are not critical. FTIU sensors find
exact apex (vertical tendons excepted) and know when full turn was completed.
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9. A new query window will appear next (Figure 10).

4. TO EXIT PROGRAM CLOSE THIS WINDOW o X

& WHAT TO DO NEXT?

| IMAGE NEXT PLACE | = REPEAT LAST IMAGE MAKE A NOTE

Figure 10.

e Ifimage is acceptable click IMAGE NEXT PLACE or Press Space Bar. Slide FTIU
to next place. Go back to Step 8.

o If arepeatis desired click REPEAT LAST IMAGE. Stay in the same place. Go back
to Step 8. Repeat image will have “R1” added to file name. Multiple repeats are
allowable and will be tagged R2, R3 etc.

e To add a comment, click MAKE A NOTE. That will launch a query window that
accepts text and appends text to end of data file for the image just generated. This
text will not affect image. Multiple notes can be appended to same data file if
needed. After making the note the Figure 10 box appears again.

Notes:

o After each image is acquired the image is automatically stored, together with a
data file used to generate the image, in the “Field Operations” folder on the
desktop. Names of image and data files contain image place and time acquired.

¢ User needs to take note as to which tendon and tendon place was imaged for the

first image, and where in the tendon with respect to the first image the other

images were acquired.

10. The final window (Figure 11) appears when user is done and closes window in step 9.
Final window acknowledges that program is ending and will close any remaining open

windows or figures. Click OK or close this window.

4 END OF PROGRAM = X

g END OF TENDON IMAGING PROGRAM.
gl CLICK "OK" TO CLOSE PROGRAM.

OK

Figure 11.
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C — Adjusting Global Tendon Properties

1. To adjust global tendon properties locate the second query window seen in Figure 12.
To view or change the current values click VIEW / CHANGE.

4 GLOBAL TENDON PROPERTIES i X

w USE STORED GLOBAL TENDON PROPERTIES.

YES | | VIEW / CHANGE USE DEFAULT

Figure 12.

2. Query window (Figure 13) asks for particulars of tendon to be imaged, showing the

values stored from last time use. If all are as desired without changes, click OK.

4 GLOBAL TENDON PROPERTIES = X

ENTER THE DUCT OUTER DIAMETER (cm) Default = 11.3
11.3

DUCT WALL THICKNESS (cm) Default =0.70
0.7

IMPEDANCE OVER A VOID (Kohm) Default = 30
30

IMPEDANCE OVER NORMALGROUT (Kohm) Default = 15
15

GROUT MAGNETIC PERMEABILITY (1.00: NONE; 1.03: HIGH) Default = 1.00

1

Figure 13 (example - numbers stored from last time use may be different).

¢ If editing is needed, enter appropriate values per notes in next page. New entries
will become the stored values for this and subsequent uses. Click OK when
done changing.
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Notes on editing global tendon properties:

DUCT OUTER DIAMETER: This entry defaults to 11.3 cm (4.5-inches, as in the Ringling
Bridge). If tendon size is different ant still falls within the FTIU specs (say for example
10.9 cm), enter here that value.

DUCT WALL THICKNESS: This entry defaults to 0.7 cm (0.275-inch, as in the Ringling
Bridge). Enter alternative value if it is known.

IMPEDANCE OVER A VOID: This entry defaults to 30 kohm, typical of value expected
when the capacitive plate is over a full void per laboratory experiments results. Enter
alternative value if recommended by a specialist.

IMPEDANCE OVER NORMAL GROUT: This entry defaults to 15 kohm, typical of value
expected when the capacitive plate is over sound grout per laboratory experiments
results. Enter alternative value if recommended by a specialist.

GROUT MAGNETIC PERMEABILITY: This entry defaults to 1.00, typical of behavior for
most commonly used grouts, per laboratory experiments results. Enter alternative value if
grout in tendons is known to exhibit magnetic behavior. If grout is known to be EUCO

Cable Grout, enter 1.015 (mid-range of choices). Otherwise consult specialist.

If the default values are desired instead (those happen to be the numeric values
listed in Figure 13), clicking USE DEFAULT prompts a query window (Figure
14) asking to confirm that user wants the default properties. To accept default

properties click YES.

4 DEFAULT? = X

ARE YOU SURE YOU WANT TO USE DEFAULT GLOBAL TENDON PROPERTIES?

Figure 14.
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