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Abstract

Tendon forces are fundamental to the performance of post-tensioned (PT) bridges.
Therefore, monitoring tendon forces is important for understanding the health of PT bridge
elements and evaluating the condition of prestressing strands. Implementing a reliable method to
monitor PT tendons during the service life of the structure, however, is a challenge. The ideal
technology should provide a measurement of prestress (or strain) over the length of the tendon and
not be limited to measurement only at discrete locations.

When installed along the length of PT tendons, optical fiber sensors provide a promising
means to overcome many of the challenges of tendon force monitoring that currently exist. The
technology offers the ability to assess the strain along the length of PT tendons as the bridge is in
service.

A research project was conducted to evaluate the use of optical fiber sensors in new PT
bridges as a means for long-term monitoring of tendon force and identification of unexpected
changes (i.e., losses) in prestress. More specifically, the use of optical fiber sensors embedded
within epoxy coating along the length of prestressing strands was assessed. The test program
included in the research was aimed at evaluating the accuracy and reliability of data acquired from
the optical fiber sensors. The program consisted of tests on optical fiber sensor-embedded
prestressing strand specimens in a universal testing machine and installed in a prestressing bed in
the laboratory. Then, the strands were used to post-tension beam specimens, allowing the strain
data to be evaluated during the post-tensioning procedures and during load tests on the beams. The
experimental results from the beam tests were compared to the results from analytical models of
the specimens to further assess the strain data from the optical fiber sensors. Overall, the test results
indicated the feasibility of using the optical fiber sensor-embedded strands as a reliable means for

monitoring PT tendons of in-service bridges.
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1. Introduction

1.1 Overview

Tendon forces are fundamental to the performance of post-tensioned (PT) bridges.
Therefore, monitoring tendon forces is important for understanding the health of PT bridge
elements and evaluating the condition of prestressing strands. When questions arise regarding the
actual tendon force for a bridge element, however, there is currently no simple, reliable method
for determining the tendon force that has been widely implemented. Furthermore, the ideal
technology should provide a measurement of prestress (or strain) over the length of the tendon and
not be limited to measurement only at discrete locations.

When installed along the length of PT tendons, optical fiber sensors provide a promising
means to overcome many of the challenges of tendon force measurement that currently exist. The
technology offers the ability to assess the strain along the length of PT tendons as the bridge is in
service.

A specific optical fiber technology that allows strain to be assessed along PT tendons is
Brillouin Optical Time Domain Reflectometry (BOTDR). Unlike optical fiber sensors that
incorporate discrete fiber Bragg gratings, BOTDR can be used to measure strain along the entire
length of the fiber (Feng et al. 2019). Moreover, the inclusion of optical fiber sensors along the
length of the prestressing strands does not impact the structural performance of the tendon.

To further explore the use of BOTDR and optical fiber sensors for monitoring PT tendons,
a research project was developed to evaluate optical fiber sensor-embedded prestressing strands,
or strands with optical fiber sensors embedded in epoxy coating along their length. In this report,

details of the research program and knowledge gained from the study are described.

1.2 Project Objective and Organization

The objective of the test program included in the research was to assess the accuracy and
reliability of data acquired from the optical fiber sensors embedded in epoxy coating along the
length of prestressing strands and build a knowledge base that could lead to possible future
implementation of the technology for the in-service assessment of bridges in the United States. To

this end, the research project was divided into three phases. Phase I included tensile tests on the
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strands and the determination of correction factors used to acquire accurate strain data from the
optical fiber sensors. Phase II was focused on performing tests on strands tensioned in a
prestressing bed to evaluate the accuracy and dependability of the strain readings collected from
the optical fibers through comparisons with other sensing technologies and by assessing the
stability of the strain readings over the time period of one week. Phase III consisted of the
evaluation of the optical fiber sensor-embedded strands through flexural load tests on two post-
tensioned concrete beam specimens. Furthermore, results from analytical models were compared
to measurements from the optical fiber sensor-embedded strands over the entire length of the beam

specimens.

1.3 Organization of Report

Prior to describing the research program, background information regarding BOTDR and
the optical fiber sensor-embedded prestressing strands is first provided in Chapter 2. The steps
taken to prepare the strands for strain measurements are also presented in this chapter. Phases I, II,
and III of the research program are then detailed in Chapters 3, 4, and 5, respectively. Comparison
of the results for the analytical models with measurements collected from the beam specimens is
included in Chapter 5. Important considerations related to the use of the optical fiber technology
for monitoring the strain in prestressing strands are discussed in Chapter 6. Finally, a summary of

the research along with concluding remarks is provided in Chapter 7.
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2. Background and Overview of Strain Measurement Technology

2.1 Overview of BOTDR

BOTDR is a technique used to measure the strain along an optical fiber. While the
technology is most often used in the telecommunications industry, the ability of BOTDR to provide
accurate strain measurements lends to the potential for its widespread implementation for the
monitoring of civil infrastructure.

A BOTDR system consists of optical fiber sensors that are connected to a BOTDR module,
as illustrated in Figure 2.1. The module injects pulses of light into the optical fiber sensor. A
portion of the light backscatters due to inherent impurities in the optical fiber. The backscattered
light that returns to the BOTDR module is analyzed. Light that returns with a frequency that is
either slightly less than or greater than the incident light is called Brillouin backscattered light
(Corning Incorporated 2015; Soto 2019; VIAVI 2019; Zou et al. 2015).

BOTDR
module

l Pulsed light
l wave

BackscatteredT
light T

Optical fiber Under

tension

Intensity

Shift in frequency
corresponds to strain

Figure 2.1: Brillouin frequency shift within portion of an optical fiber experiencing strain
(adapted from Imai et al. 2019).

When an optical fiber is exposed to strain, the frequency of Brillouin backscattered light
experiences a small change (Figure 2.1). This change in frequency is known as a Brillouin

frequency shift. A BOTDR module is able to provide strain values along the length of a fiber by
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detecting Brillouin frequency shifts at points along the fiber (Corning Incorporated 2015; Imai et
al. 2019; VIAVI 2019). The velocity of light within the optical fiber and the time needed for the
backscattered light to return to the BOTDR module are used to determine distance, or location,
along the fiber corresponding to each measurement (Imai et al. 2019). The minimum spatial
resolution of BOTDR is approximately 3.28 ft (1 m) (Feng et al. 2019; Imai et al. 2019; Okubo et
al. 2019; VIAVI 2022). In other words, each strain measurement is a weighted average over a
minimum distance of 3.28 ft (1 m) (Klar et al. 2006, 2010).

The BOTDR module used during the experimental program described in this report is
capable of providing strain values at points spaced at a minimum of 3.15 in. (80 mm) along the
length of an optical fiber. This distance between data points is known as the spatial step and can
be adjusted by the operator. The BOTDR module includes four ports with measurements along
optical fibers acquired from one port at a time (VIAVI 2022). The measurement duration varies
based on several test parameters and settings. Approximate measurement times for tests conducted
as part of the research program are reported in later sections. The coefficient relating strain to
frequency shift used as an input into the BOTDR module throughout the research program was

0.0494 MHz/pe.

2.2 Optical Fiber Sensor-Embedded Prestressing Strands

The seven-wire prestressing strand used for the research program is manufactured by
Sumitomo Electric Industries, Ltd. (SEI). The strand is epoxy-coated and contains two 0.9-mm
diameter optical fiber cables that are embedded within the epoxy and extend along the length of
the strand. The epoxy coating provides bond between the fiber cable and the steel strand. A cross
section of the strand is illustrated in Figure 2.2. As indicated, the fiber cables are located opposite
one another, and each cable is positioned between two of the outer wires of the strand and follow

the helical shape of the outer wires.
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[—\ Optical fiber
sensors

Figure 2.2: Cross section of optical fiber sensor-embedded prestressing strand.

The strand has a nominal diameter of 0.6 in. (15.2 mm) and a nominal area of 0.217 in.?
(140 mm?). The epoxy coating either has a smooth finish for unbonded applications or grit is
impregnated in the epoxy for bonded applications (Sumiden Wire 2015). Strand with both coating
types were used during the research program described in this report. Because the same bare strand
was used for both finish types, no notable differences in material properties were observed between
strand with different coatings.

In any application, specialized anchorage hardware (i.e., chucks/wedges) are used for
epoxy-coated strands. The wedges have larger teeth compared to conventional wedges to penetrate
through the epoxy coating and grip the steel strand.

During the research program, four samples of the optical fiber sensor-embedded strand were
tested to rupture using a universal testing machine. The results from the four tests are summarized
in Table 2.1, where f,, is the maximum stress resisted by the strand and f,, is the stress measured
at 1.0% strain. The strain at rupture of the strand specimens is also included in Table 2.1. The
reported values assume a nominal strand area of 0.217 in.? (140 mm?). A representative stress-
strain response captured using a digital image correlation (DIC) system is presented in Figure 2.3.
The average value of the measured ultimate tensile strength for the strand samples was 280.0 ksi
(1931 MPa). During the tests, the samples were anchored at both ends with one-time-use post-
tensioning chucks designed for epoxy-coated strand. For this reason, each specimen ruptured at
one of the chucks. Therefore, failure likely occurred prematurely during these tests. Nevertheless,

the stress-strain response provides the information needed for the research program.
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Table 2.1: Measured properties of strand.

Specimen | fo ksi (MPa) | 12 (00D | Ruptare
1 279.2 (1925) 237.3 (1636) 0.057
2 279.5 (1927) 239.7 (1653) 0.053
3 280.9 (1937) 239.8 (1653) 0.060
4 280.4 (1933) 238.2 (1642) 0.061
Average | 280.0 (1931) 238.8 (1646) 0.058
300 1 L 2000
250 4 - 1800
] - 1600
= 200 - - 1400 &
£ - 1200 S
2 150 - - 1000 o
s T - 800 O
» 100 1 L 600 &
50 A L 400
] - 200
o +¥+—-+-+rr-r-r—rrr-r-r—rrr—r—r—rrr—rrrrrrr+0
0 001 002 0.03 004 0.05 0.06

Strain (in./in. or mm/mm)

Figure 2.3: Representative stress-strain response of optical fiber sensor-embedded strand.

The strands used for the research were manufactured in Japan to meet the applicable

Japanese Industrial Standard (JIS G 3536)!, and therefore, the stress at 1.0% strain for the strand

samples (average of 238.8 ksi [1646 MPa])) is less than the value typical of strand manufactured to

meet ASTM A416°.

The average 1000-hour relaxation loss considering epoxy-coated strand samples with both

smooth and grit-impregnated finishes at a stress level of 0.7f,., where f,. is the specified tensile

strength of the strand (270 ksi [1860 MPa]), was 5.36%.

VIS G 3536, Steel wires and strands for prestressed concrete, is not a Federal requirement.
2 ASTM AA416, Standard Specification for Low-Relaxation, Seven-Wire Steel Strand for Prestressed Concrete, is not

a Federal requirement.
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2.3 Preparing the Strands

Before taking measurements along the optical fiber sensor-embedded prestressing strand
using the BOTDR module, a short length of each optical fiber cable is first extracted from the
epoxy-coated strand and then spliced with an external optical fiber cable. These procedures are
described in the following subsections. The fiber extraction and splicing procedures are performed
at each end of the prestressing strand for both optical fiber cables that are embedded in the epoxy

coating.

2.3.1 Optical Fiber Cable Extraction

The equipment used for the extraction procedure includes a custom electric heater system
(Figure 2.4(a)), an electric chisel (Figure 2.4(b)), and a pair of needle-nose pliers. The electric
heater system consists of a heater through which the strand can be inserted and a temperature
control unit. The cylindrical portion of the heater used during the research project (Figure 2.4(a))
contained a heating element and had a length of approximately 13 in. (330 mm). The electric chisel
is equipped with a rounded chisel blade (i.e., sweep gouge blade) that fits within the space between

the outer wires of the prestressing strand where the optical fiber cables are embedded.

(a) Custom heating system

(b) Electric chisel

Figure 2.4: Equipment for extracting cable from epoxy-coated strand.
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The typical process for extracting a fiber cable from the epoxy-coated strand consists of

the following steps:

1.

2.

The heater is started and the internal temperature is increased to 392°F (200°C).

After the heater temperature stabilizes at 392°F (200°C), the heater is placed on the end of
the strand for approximately 10 minutes (Figure 2.5(a)). This allows the epoxy coating to

soften and become more easily removed from the strand.

The optical fiber cable embedded in the epoxy coating is located by examining the end of
the strand. The electric chisel is used to remove the coating along the cable between the
two wires of the strand (Figure 2.5(b)) over a length of approximately 1 ft (305 mm),

resulting in the condition shown in Figure 2.5(c).

Steps 1 through 3 are repeated farther along the length of the strand until epoxy is removed
along the desired length of cable.

Starting at the end of the strand, the cable is extracted from the epoxy coating using the
needle-nose pliers (Figure 2.5(d)). If the cable cannot be readily extracted using the pliers,
the end of the strand may be reheated for up to 10 minutes at 392°F (200°C) to ease cable

extraction and reduce the risk of breaking the cable during this process.
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(c) Epoxy coating removed  (d) Partially extracted
cable

\

(b) Removing epoxy with electric ch-isel
Figure 2.5: Procedure for extracting optical fiber cable from epoxy-coated strand.

External protection to the extracted portion of the cable is provided to prevent the fiber
from fracturing when bent. During the research project, heat shrink tubing with a diameter of 1/16

in. (1.6 mm) was used, as shown in Figure 2.6. Alternatively, corrugated metal tubing may be used.
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—IY | T el b,

| Heat shrink tubing |

Figure 2.6: Protection installed on extracted optical fiber cables.

The fiber cable extraction procedure is performed at each end of the strand for both cables
embedded in the epoxy coating. The strand can then be cut to remove the portion of the strand over

which the cables have been extracted, as shown in Figure 2.6.

2.3.2 Splicing Fiber

A fusion splice is provided between the end of each optical fiber cable extracted from the
epoxy-coated strand and another cable. Providing a fusion splice reduces the signal loss caused by
other connection types. Creating fusion splices is a routine procedure in the optical fiber industry.
The splicing procedure followed during the research program involved the use of a fusion splicer
(Figure 2.7(a)), a cleaver (Figure 2.7(b)), fiber holders (Figure 2.7(c)), splice protection sleeves
(Figure 2.7(d)), a wire stripper, and optical fiber cleaning fluid and disposable wipes. Due to the
low bending tolerance of the optical fiber cables extracted from the prestressing strand, extra care
can help to ensure the fibers are not broken as they are handled. The procedure used to splice the

fiber cables from the strands during the research consisted of the following steps:

1. Using the wire stripper, the heat shrink coating was removed from the end of the optical

fiber cable extracted for the strand over a length of approximately 4 in. (102 mm). Similarly,
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the outer jacket of the cable was removed over a length of approximately 4 in. (102 mm)

from its end.

. A splice protection sleeve was slipped onto one of the cables. The ends of the cables to be
spliced were each placed in a fiber holder. The wire stripper was then used to remove the

inner coating at the end of each cable over a length of approximately 1.5 in. (38 mm).

. While still in the fiber holders, the cleaver was used to cut each fiber. The cleaver left 0.39

in. (10 mm) of optical fiber extending from the end of each cable.
. The optical fiber was cleaned with the fiber cleaning fluid and disposable wipes.

. While still in the fiber holders, the two fiber ends were placed into the fusion splicer (Figure
2.8(a)), and the splice was created. The spliced fiber was then removed from the fiber
holders, and the splice protection sleeve was moved along the cable so that it was centered
over the splice. The cable with the protective sleeve was placed within the heater located

on the fusion splicer to cause the sleeve to shrink and provide appropriate protection to the

splice (Figure 2.8(b)).
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(b) Fiber cleaver

R

(d) Splice protection sleeve

Figure 2.7: Equipment for fusion splicing optical fibers.

(a) Fiber ends placed in fusion splicer (b) Heating splice protection sleeve

Figure 2.8: Splicing procedure.
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To collect strain measurements from the strands, the splicing procedure is performed at
each end of both optical fiber cables embedded in the epoxy coating of the prestressing strand.
Once the strand and extracted fibers are prepared, the appropriate connections can be made to

develop the full setup for strain measurements, as described in Section 2.4.

2.4 General Setup for Strain Measurements

A general setup used during the research project for collecting measurements from the
optical fibers is illustrated in Figure 2.9. At each end of the prestressing strand, the fibers were
spliced to an optical fiber pigtail, or a cable with a connector only provided at one end, with a
length of approximately 39 ft (~12 m). This cable was sufficiently long to prevent back reflection
that occurs at the connector located at the end of the pigtail from interfering with the measurements
taken along the length of the strand. As shown in Figure 2.9, a 16.4-ft (5-m) long fiber patch cable,

or a cable with connectors at both ends, was installed between the BOTDR module and one of the

pigtail cables.
E-2000 . .
connection SC/AP(_: SC/APC
connection  gysjon splice Fusion splice =~ €onnector

BOTDR
module

~

Prestressing strand
16.4-ft (5-m) ~39-ft (~12-m) ~39-ft (~12-m)

long patch cable long pigtail cable long pigtail cable

*Subscriber, or square, connector (SC) with angled physical contact (APC) polishing

Figure 2.9: General setup for strain measurements.

Depending on the setup needed for the particular measurements performed during the
research project, the optical fiber cables embedded within the prestressing strands were often
connected in series as illustrated in Figure 2.10. This allowed the full length of optical fiber cable
to be connected to a single port on the BOTDR module. Because measurements along the optical
fibers could only be acquired from one port at a time, using a single port on the BOTDR module
reduced the time needed to collect strain data; only one port was scanned in order to collect data

for all of the strand specimens.
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/') I ~39-ft (~12-m)
long pigtail cable

g {
E-2000 !

connection N

BOTDR Strand 1

module

16.4-ft (5-m)

Fusion splice (TYP)
long patch cable

Strand 2

SC/APC
connection (TYP)

Strand 3

SC/APC
connector

Figure 2.10: Setup with strands connected in series.

In Figure 2.9 and Figure 2.10, the connector types used in the setups are labeled and are all
common connector types used in the optical fiber industry. As indicated, intermediate connectors
along the length of the setup as well as the connector located at the end of the setup were placed
approximately 39 ft (~12 m) from the strand specimens to avoid the effects of back reflection on

strain measurements.
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3. Elastic Modulus Tests on Optical Fiber Sensor-Embedded Strands

3.1 Introduction

During Phase I of the research program, tensile tests were conducted on the optical fiber
sensor-embedded strands to calculate the correction factor used to convert the strain measured by
the optical fiber sensors using BOTDR to the axial strain along the length of the strand. Because
of the helical shape of the optical fiber embedded in the epoxy coating of the strand, the strain
measured by the fiber is different than the axial strain measured along the longitudinal axis of the

strand. For this reason, the appropriate correction factor needs to be found experimentally.

3.2 Elastic Modulus Test Details

Four strand specimens were stressed within the linear-elastic range in a universal testing
machine to measure the modulus of elasticity of the strand and compare it with the modulus of
elasticity indicated by the strain measurements from the optical fibers. A strand specimen installed
in the machine for an elastic modulus test is shown in Figure 3.1, and an illustration of the test
setup is provided in Figure 3.2. The strands were anchored at both platens with reusable chucks
designed for epoxy-coated strand. The length of the specimen measured between the chucks was

approximately 5 ft (1.52 m).
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AP

Figure 3.1: Strand specimen installed in universal testing machine for elastic modulus test.

~5 ft
(1.52m)

BOTDR
Module

Figure 3.2: Setup for elastic modulus tests.
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The optical fibers were connected to the BOTDR module and set up in a manner consistent
with Figure 2.9. To measure axial strain along the strand, a digital image correlation (DIC) system
was used. Square-shaped paper targets with a speckle pattern were adhered to the strand as
indicated in Figure 3.1 and Figure 3.2. Movement of the targets was captured by a set of cameras,
and the engineering strain between targets was able to be calculated. The two targets indicated in
Figure 3.2 with a spacing of approximately 2 ft (610 mm) were used to determine the elastic
modulus of the strand. The other targets were provided for redundancy. An extensometer was also
attached to the strand and used for verification of the strain data from the DIC system.

Strain was measured with a spatial step of 9.84 in. (250 mm). In other words, the module
provided strain values every 9.84 in. (250 mm) along the length of the optical fiber. Considering
the spatial step of the data points and the 3.28-ft (1-m) spatial resolution, the average of the two
data points near the center of the strand specimen (i.e., near the midpoint along the length of the
specimen) was taken as the strain experienced by the optical fiber cable. Strain readings
corresponding with points farther from the center of the specimen may have been affected by the
unstrained portion of the fiber located beyond the ends of the specimen. The measurement time
for the BOTDR module to capture strain and temperature data along the length of the specimen
was approximately 8 to 8.5 minutes for each of the two fibers embedded in the epoxy coating. The
acquisition of temperature data from the optical fibers will be discussed in Section 6.2.

For each test, load was applied with increments of 5 kip (22.2 kN), corresponding to a
strand stress of 23.0 ksi (159 MPa), assuming a nominal strand area of 0.217 in.? (140 mm?).
Between each loading increment, the load applied to the strand was held constant while the
BOTDR module measured the strain in each of the two fibers. The DIC system captured strain
data while load was increased during each 5-kip (22.2-kN) increment. The incremental loading

continued up to a load of 45 kip (200 kN), corresponding to a strand stress of 207.4 ksi (1430 MPa).

3.3 Elastic Modulus Test Results

Consistent with the elastic modulus extrapolation method of ASTM A1061°, stress-strain
data between 20% and 65% of the specified tensile strength of the strand (270 ksi [1860 MPa])

were used to determine the least-squares linear regression fit line. The slope of the fit line was

> ASTM A1061, Standard Test Methods for Testing Multi-Wire Steel Prestressing Strand, is not a Federal requirement.
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taken as the elastic modulus E,. The resulting values for the four strand specimens are provided in
Table 3.1. Values assume a nominal strand area of 0.217 in.? (140 mm?). For the specimens listed
in Table 3.1, the values of E, based on the DIC data and an effective E, indicated by the BOTDR
data from both optical fibers along the length of the strand are provided. No data were collected
from one fiber of Specimen 4 due to inadvertent damage that occurred to the fiber that extended

from the specimen.

Table 3.1: Measured modulus of elasticity and correction factors from Phase I tests.

Specimen E, from DIC, | E, from BOTDR, ksi (GPa) | Correction Factor
ksi (GPa) Fiber 1 Fiber 2 Fiber 1 | Fiber 2
1 28,550 (196.8) | 30,330 (209.1) | 29,700 (204.8) 1.06 1.04
2 28,510 (196.6) | 30,440 (209.9) | 30,770 (212.2) 1.07 1.08
3 28,160 (194.2) | 29,360 (202.4) | 29,960 (206.6) 1.04 1.06
4 28,610 (197.3) - 30,040 (207.1) - 1.05
Average | 28,460 (196.2) 30,090 (207.5) 1.06

The correction factors calculated for the BOTDR data in the linear-elastic range of the
strand are provided in Table 3.1 for each specimen and are taken as the ratio of the effective £,
based on BOTDR data to the £, based on DIC data. The correction factors range from 1.04 to 1.08
with an average value of 1.06.

As an example, the test results for Specimen 2 are presented in Figure 3.3. The solid portion
of each line represents the range of data used to determine the E, value. The lines for the BOTDR

data for Fiber 1 and Fiber 2 overlap one another.
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Figure 3.3: Stress-strain response of strand in linear range — DIC and BOTDR data for
Specimen 2 (1 ksi = 0.006895 GPa).
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4. Monitoring of Strands in Prestressing Bed

4.1 Introduction

During the second phase of the research, optical fiber sensor-embedded strands were
stressed within a prestressing bed in the laboratory. The prestressing bed allowed straight strands
to be stressed “in air” with lengths significantly greater than what could be tested in a universal
testing machine. Specifically, three strand specimens with lengths of approximately 48.4 ft (14.8
m) measured between anchorage chucks were stressed and held in a prestressing bed over the
period of one week. The optical fiber sensors, a DIC system, and load cells were used to collect
data from the strand specimens. Furthermore, a thermocouple was used to continuously monitored
the temperature experienced by the strand specimens. Because the strands were not subjected to
any friction losses between the prestressing abutments, the uniformity of the strain measurements
along the strand length was assessed. Moreover, the stability of the strain readings was evaluated

over the week-long period.

4.2 Prestressing Bed Test Details

The prestressing bed used for the experimental program consisted of two steel abutments
that were each post-tensioned to the strong floor of the laboratory to prevent slip of the abutments
relative to the floor. The abutments are shown in Figure 4.1. An illustration of the prestressing bed
with the strand specimens is presented in Figure 4.2. Each of the three strands was stressed from

one end (live end) of the prestressing bed.
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Figure 4.1: Steel abutments of prestressing bed.

Live end Dead end
A Prestressing A
I Y I Y
— abutment ) ~ ~ - Load cells
Chuck/plate J Strand specimens® Chuck/plate
assemblies A ‘ S assemblies

\

7 i | — i 3 [
Post-tensioned bars \‘
47.4 ft (14.4 m)

Plate
ﬂ 3 ~48.4 ft (14.8 m) R with slot

*Two of the three strand specimens were installed side-by-side; therefore, only two specimens are visible in the illustration.

Figure 4.2: Strand specimens in prestressing bed.

The strands were anchored at each abutment with reusable prestressing chucks for epoxy-
coated strand, resulting in approximately 48.4 ft (14.8 m) of each strand specimen being held under
stress. Each chuck consisted of a three-piece wedge contained in a cylindrical barrel. A prestressing
chuck with a cap and spring was provided at the live end, while a prestressing chuck without a cap

and spring was used at the other end (dead end). Each chuck type is shown in Figure 4.3.
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(a) Chuck with cap and spring (used at live end)

(b) Chuck without cap and spring (used at dead end)

Figure 4.3: Prestressing chucks used for strand specimens in Phase II.

A series of steel plates was installed at each end of the strand. Steel shim plates with slots
were used to allow for detensioning of the strands after the strands were evaluated over a week-
long period. The plate/chuck assemblies are shown in Figure 4.4(a) and (b) for the live and dead
ends, respectively. A hollow load cell was installed on each strand at the dead end of the

prestressing bed (Figure 4.4(b)) and directly measured the force in each strand.
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(a) Assembly at live end (b) Assembly at dead end

Figure 4.4: Plate/chuck assemblies at each abutment.

The equipment used to stress the epoxy-coated strands in the prestressing bed is shown in
Figure 4.5. The force from the hydraulic cylinder was applied to the chuck shown in Figure 4.4(a)

through a steel plate during the stressing operations.

Pressure

transducer

R S

Figure 4.5: Equipment for stressing epoxy-coated strands in Phase I1.

To measure axial strain along the strand specimens, the same DIC system used for the
elastic modulus tests was again used. Square-shaped paper targets with a speckle pattern were
adhered to each strand specimen at a spacing of 6 in. (152 mm) over a length of 5 ft (1.52 m) as
indicated in Figure 4.6. Movement of the targets was captured by cameras and the engineering
strain between two targets was able to be calculated. Because the strand rotated as it was tensioned,

targets needed to be placed at various orientations on the strand. The targets initially in view of the
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DIC cameras would rotate out of view as tension was applied to the strand. Therefore, targets at a
different orientation that could be captured by the cameras as the strand was tensioned further were

needed.

DIC targets |-

&7

Figure 4.6: DIC targets installed on strand.

The setup of the optical fiber measurement system is illustrated in Figure 2.10. Based on
their placement within the setup, the three strand specimens are herein referred to as Strand 1,
Strand 2, and Strand 3 as labeled in Figure 2.10. All of the fibers (that is, both fibers in each of the
three strands) were connected in series so that only one port on the BOTDR module needed to be
scanned in order to collect data for all of the strand specimens. Strain was measured with a spatial
step of 3.15 in. (80 mm). The measurement time for the BOTDR module to capture strain and
temperature data along the full length of the optical fiber cable was approximately 12 minutes. The
acquisition of temperature data from the optical fibers will be discussed in Section 6.2.

As during the Phase I tests, the strands were stressed in increments to allow for strain using
the optical fibers to be measured by the BOTDR module between load steps while the applied load
was held on the strand. For each strand, load was applied in increments corresponding to a strand

stress of approximately 40 ksi (276 MPa), assuming a nominal strand area of 0.217 in.? (140 mm?).
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For the last load step of Strand 1 and Strand 2, instead of stopping when 200 ksi (1379 MPa) was
applied to the strand, the strand stress was increased to 202.5 ksi (1396 MPa), corresponding to
0.75f,u, where f,, is the specified tensile strength of the prestressing strand (270 ksi [1860 MPa]).
For Strand 3, the stroke limit of the hydraulic cylinder was unexpectedly reached prior to applying
a stress of 202.5 ksi (1396 MPa). Therefore, the maximum stress applied to Strand 3 prior to
anchorage set was 194.4 ksi (1340 MPa).

During the week-long evaluation period for each strand, data from the load cells were
continuously recorded, and the BOTDR module was programmed to conduct a scan every 60
minutes. Furthermore, a thermocouple was placed near the prestressing bed and was used to

continuously record the air temperature over the evaluation period.

4.3 Prestressing Bed Test Results

4.3.1 BOTDR Strain Results

To describe the procedure for collecting strain data for the two optical fiber sensors
embedded in the epoxy-coating of each strand specimen, an example from Phase II of the measured
strain values along the optical fiber using BOTDR is presented in Figure 4.7(a). The strains
represented in Figure 4.7 were collected after all three strands had been stressed. The location of
each fiber embedded in the three strand specimens is labeled in the figure. A close-up view of the
strain measured over the length of Fiber 1 of Strand 2 is provided in Figure 4.7(b). For the BOTDR
strain values used for the analysis presented in this section, the average value of the strains

measured along the relatively flat portion of the strain data is used as indicated in the figure.
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(b) Close-up of strain data for Fiber 1 of Strand 2

Figure 4.7: Example of measured strain values along optical fiber using BOTDR.

As evident in Figure 4.7(b), some scatter, or unevenness, in the strain readings is present
over the length of the strand despite the strand being under uniform strain between the prestressing
abutments. To quantify this scatter, the relatively flat portion of the strain data, such as the region
indicated in Figure 4.7(b), was evaluated for a sample of 34 measurements along the Phase II
strand specimens at various levels of applied load. The largest difference between the maximum
and minimum strain values for any particular sample (i.e., along a particular fiber embedded along

the length of a strand specimen) was 117(10°). The standard deviation of the strain data along a

strand varied from 8.45(10°) to 24.7(10°%).

38



4.3.2 During Stressing Operations

Each strand was stressed in increments as described in Section 4.2. Due to the measurement
time of the BOTDR module (approximately 12 minutes), strain readings along the optical fibers
could not be collected while the force applied to the strand was increased. Therefore, a scan using
the BOTDR module was run between each load step. Even though the hydraulic system was set to
maintain pressure in the hydraulic cylinder during this time, due to the nature of the hydraulic
system, a small decrease in load occurred over the measurement period of the BOTDR scan. Data
from the load cell were continuously recorded during stressing and between each load step.
Therefore, to determine a single load value corresponding to the strain measured by the BOTDR
module, load cell readings that were collected for the strand between the load steps were averaged.

The DIC system captured the position of the targets adhered to the strand while load was
increased during each loading increment and while the BOTDR readings were taken. However,
only select photographs that corresponded with the times of the BOTDR scans were considered in
order to provide a direct comparison to the BOTDR results.

For each of the three strand specimens, strain data collected from the optical fibers and the
DIC system during the stressing operation were compared in a manner similar to the data from the
elastic modulus tests of Phase I. The results are provided in Figure 4.8 in the form of stress-strain
diagrams. In each plot, the strain values measured between each load step using BOTDR are
plotted for each of the optical fibers (Fiber 1 and Fiber 2) embedded in the epoxy coating of the
strand specimen. The corresponding strain value measured along the longitudinal axis of the strand
using DIC is also plotted. The stress values along the y-axis are calculated as the readings from the
load cell divided by the nominal area of the strand (0.217 in.? [140 mm?]). The strain values from
the DIC system were derived by considering the relative movement of targets spaced 6-in. (152-
mm) apart located near the center of the field of view of the cameras as these targets provided the
most accurate results. The dashed portions of the DIC plots near the origin in Figure 4.8 were
extrapolated from the DIC data as inaccurate readings would otherwise be shown in this region
due to slack in the strands. Furthermore, the additional dashed portion of the DIC plot in Figure
4.8(b) represents a period during which the DIC targets rotated outside the view of the cameras.
The increase in strain was estimated within this region of the plot. The DIC data for Strand 3 was
unfortunately lost and is therefore not included in Figure 4.8(c). Nevertheless, the elongation

behavior of this specimen is expected to be similar to that of the other two strands. It should be
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noted that the lines for the BOTDR data for Fiber 1 and Fiber 2 overlap one another in each of the

three plots.
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(c) Strand 3

Figure 4.8: Stress-strain response during stressing operations of Phase Il — DIC and BOTDR
data (1 ksi = 0.006895 GPa).
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Each value for the modulus of elasticity £, provided in Figure 4.8 is the slope of the least-
squares linear regression fit line considering all of the plotted data points. These values of E, are
summarized in Table 4.1. The modulus of elasticity values from both DIC and BOTDR are similar
to the values found during the Phase I tension tests (Table 3.1). Furthermore, the average correction
factor defined as the ratio of the effective £, based on BOTDR data to the E, based on DIC data

is 1.08, relatively similar to the average value of 1.06 found during Phase I.

Table 4.1: Measured modulus of elasticity and correction factors from Phase II stressing

operations.
Specimen E, from DIC, | E, from BOTDR, ksi (GPa) | Correction Factor
ksi (GPa) Fiber 1 Fiber 2 Fiber 1 | Fiber 2
Strand 1 | 28,550 (196.8) | 30,550 (210.6) | 30,620 (211.1) 1.07 1.07
Strand 2 | 28,630 (197.4) | 31,170 (214.9) | 30,900 (213.0) 1.09 1.08
Strand 3 - 31,010 (213.8) | 30,570 (210.8) - -
Average | 28,590 (197.1) 30,800 (212.4) 1.08

After the maximum jacking stress for a strand specimen was reached and a BOTDR scan
was performed, pressure was released from the hydraulic system, and stress on the strand was
transferred to the prestressing chuck located near the abutment at the live end (Figure 4.5). This
chuck was equipped with a cap and spring as shown in Figure 4.3(a). The anchorage set due to the
seating of the wedge in the prestressing chuck was estimated to be approximately 1 in. (25 mm),
resulting in relatively large set losses. These large set losses were mitigated during Phase III by

implementing a power-seating procedure for the wedges.

4.3.3 During Week-Long Monitoring Period

After anchorage set, each strand specimen was evaluated over a week-long period as strain
on the specimen was maintained. Change in stress was expected only due to small temperature
variations in the laboratory, relaxation, and possible disturbances due to the stressing or
detensioning of adjacent strand specimens.

Stress values based on readings from the optical fibers and load cells for the three strand
specimens are presented in Figure 4.9. Data points are plotted in increments of approximately 12
hours. The stress values based on the BOTDR data for each fiber are equal to the strain in the fiber
acquired from the BOTDR module multiplied by the corresponding value of E, reported in Table
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4.1 for that fiber. The stress values from the load cell data are taken as the force value indicated

by the load cell divided by the nominal area of the prestressing strand (0.217 in.? [ 140 mm?]).
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Figure 4.9: Stress values from sensing techniques over week-long evaluation period for each
strand specimen (Ep, values from Table 4.1 applied to BOTDR data).

As indicated by the data in Figure 4.9, Strand 1 and Strand 2 were both stressed on the
same day (Day 1). Strand 3 was later stressed on Day 3. Following the week-long evaluation period
of Strand 1 and Strand 2, the two strands were detensioned on Day 8. Finally, Strand 3 was
detensioned on Day 10.

The stress in the strands at the beginning of the evaluation periods according to the load
cell data was 154.2 ksi, 148.6 ksi, and 140.4 ksi (1063 MPa, 1025 MPa, and 968.0 MPa) for Strand
1, Strand 2, and Strand 3, respectively. Over the evaluation periods, the stress values based on the
BOTDR and load cell data remain relatively constant for all three strand specimens. In general,
the stress values from both sources present a slight downward trend over the week-long period for
reasons that are unclear.

The temperatures measured by the thermocouple at the times corresponding to the plotted
stress data are presented at the bottom of Figure 4.9. The temperature varied between 80°F and

86°F (26°C and 30°C) during the evaluation period. A relationship between the stress values based
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on BOTDR and temperature is evident. The effects of temperature are further discussed in Section
6.2.

With the BOTDR strain value from each optical fiber embedded in the strand multiplied
by its specific E, value obtained during the stressing operation (Table 4.1), the resulting stress
values are nearly equal to the stresses based on the load cells for Strand 2 and Strand 3. However,
a discrepancy exists in the stress values for Strand 1. Because this discrepancy appeared after
anchorage set for this strand and was not present during the stressing operation, the cause may be
due to unexpected friction loss developing at the abutment located at the dead end of the
prestressing bed, possibly because of rubbing of the strand against the abutment or the steel plates.
Localized loss at the abutment would cause the load cell to measure a lower force than what was
carried by the strand between the abutments. The largest discrepancy between the stress values
from the BOTDR data and the load cell for Strand 1 occurs at 24 hours into the evaluation period.
The ratio between the stress value from Fiber 1 and the corresponding value from the load cell at
this time is 1.034.

In the field, it may be desired that an average value for E, be applied to the BOTDR strain
values rather than collecting data during the stressing of each strand to derive a specific E, value
for each optical fiber sensor. Therefore, Figure 4.9 has been recreated with the stress values from
the BOTDR data calculated by multiplying the strain values from the optical fiber sensors by the
average effective modulus of elasticity E, for the strands determined through the elastic modulus
tests of the Phase I experimental program. As reported in Table 3.1, the average value of E, based

on the BOTDR data is 30,090 ksi (207.5 GPa). The resulting plot is provided in Figure 4.10.
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Figure 4.10: Stress values from sensing techniques over week-long evaluation period for each
strand specimen (average E, value from Phase I applied to BOTDR data).

In this case, the discrepancy between the stress values based on BOTDR and the load cells
increases for Strand 2 and Strand 3 while it improves for Strand 1. The largest discrepancy between
the stress values from the load cell for Strand 2 and the values from Fiber 1 of that specimen occurs
at approximately 68 hours. The ratio between the stress value from Fiber 1 and the value from the
load cell is 0.964 at this time. Similarly, the largest discrepancy between the stress values from
Fiber 1 of Strand 3 and the corresponding load cell, which also occurs at approximately 68 hours,
gives a ratio of 0.967. These values may provide an idea of the error expected during field
implementation if elastic modulus values based on tensile tests performed on small strand samples

are used.
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5. Beam Tests

5.1 Introduction

During Phase III of the research project, flexural load tests were conducted on two post-
tensioned beam specimens containing the optical fiber sensor-embedded strands for further
verification of the strain data obtained through BOTDR. The details of the beam specimens,
fabrication procedure, test setup, and test results are provided in this chapter. Key observations
regarding strain data from the optical fibers are noted for both the post-tensioning operations and
load tests. Strain measurements from the optical fibers obtained during the tests are compared to
strains measured using conventional strain gauges. Furthermore, analytical models were developed
in order to compare strain values output from the models over the length of the beams with those

measured by the optical fibers.

5.2 Details of Beam Specimens

The details of the two beam specimens are presented in Figure 5.1 and Figure 5.2. Both
beams had a length of 28 ft (8.53 m). One specimen had a box-shaped cross section, and the other
beam was shaped as an I-beam. All strands in the specimens had a nominal diameter of 0.6 in.

(15.2 mm).
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The box-beam specimen contained four straight post-tensioned tendons in its bottom flange.
Each tendon consisted of one optical fiber sensor-embedded strand and one uncoated strand (i.e.,
typical strand meeting ASTM A416?). The two outermost tendons were grouted, creating a bonded
condition, while the two innermost tendons were unbonded. The epoxy coating of the sensor-
embedded strands in the bonded tendons was grit-impregnated.

The I-beam specimen was pretensioned with two straight optical fiber sensor-embedded
strands located in the bottom flange. The specimen also contained one draped post-tensioned
tendon consisting of two optical fiber sensor-embedded strands and two uncoated strands. The
tendon was grouted (bonded). The drape of the tendon (i.e., change in elevation from beam end to
midspan) was approximately 16.75 in. (425 mm). The epoxy-coating of all sensor-embedded
strands in the I-beam specimen was grit-impregnated.

Each post-tensioned tendon in the test specimens included at least one uncoated strand and
one epoxy-coated strand with optical fibers. This combination represents situations in the field for
which the desire may exist to include one or two sensor-embedded strands in conventional grouted
tendons with uncoated strands.

Each beam included thickened end blocks with lengths of 3 ft (914 mm). Expanded
polystyrene foam was used to form the voids of the box-beam specimen. Two diaphragms (Figure
5.1(a)) were provided along the length of the box beam at locations corresponding with the load
points of the test setup, described in Section 5.5. To prevent shear failure, the box-beam specimen
was reinforced with No. 3 (10-mm diameter) stirrups with four legs spaced at 5 in. (127 mm), and
the I-beam specimen contained two-legged No. 3 (10-mm diameter) stirrups spaced at 4 in. (102
mm).

As indicated in Figure 5.1 and Figure 5.2, two foil strain gauges (i.e., electrical resistance
strain gauges) were installed on each uncoated strand in both beam specimens. Their placement

corresponded with the load points of the test setup.

5.3 Beam Specimen Fabrication

The beam specimens were fabricated in the laboratory. The formwork and reinforcing

cages for the I-beam and box-beam specimens prior to casting are shown in Figure 5.3. All mild
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reinforcing steel was Grade 60 (ASTM A615%). The ducts for bonded tendons were corrugated

plastic, while the ducts for unbonded tendons were smooth plastic.

(a) I-beam specimen (b) Box-beam specimen

Figure 5.3: Formwork and reinforcing cages of beam specimens prior to casting.

The concrete used for the specimens was a self-consolidating concrete (SCC) with a target
compressive strength of 8§ ksi (55.2 MPa). Casting of the beams is shown in Figure 5.4. The box
beam was cast over a two-day period. On the first day, the concrete for the bottom flange was cast.
The remainder of the concrete was cast the following day. This procedure was followed to prevent
the expanded polystyrene foam from floating upwards, which may have occurred if the beam was

fabricated with a single cast.

4 ASTM A615, Standard Specification for Deformed and Plain Carbon-Steel Bars for Concrete Reinforcement, is not
a Federal requirement.
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(a) I-beam specie (b) Box-beam specimen

Figure 5.4: Casting beam specimens.

Before preparing the reinforcement and casting the concrete for the I-beam specimen, the
two pretensioned strands were tensioned using the same prestressing bed described in Section 4.2
(Figure 4.2). The equipment used to individually stress the pretensioned epoxy-coated strands in
Phase III is shown in Figure 5.5. The same equipment and setup were also used to stress all of the
post-tensioned epoxy-coated strands in the beam specimens. As indicated in Figure 5.5, a small
hydraulic cylinder was used to power seat the wedges prior to anchorage set to mitigate the set

losses observed during Phase II.

Hydraulic cylinder
for power-seating K

Hydraulic cylinder
for tensioning

Figure 5.5: Equipment for stressing epoxy-coated strands in Phase III.
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The post-tensioned strands in both beams were individually stressed prior to the beam tests.
A commercially available monostrand post-tensioning jack was used for all of the uncoated strands,
as shown in Figure 5.6(a). Figure 5.6(b) and (c) present the post-tensioning of an epoxy-coated

strand in the I-beam and box-beam specimens, respectively.

(c) Stressing epoxy-coated strand
in box-beam specimen

Figure 5.6: Post-tensioning beam specimens.

The jacking stress for uncoated strands in the beam specimens was approximately 210 ksi
(1448 MPa). For the post-tensioned epoxy-coated strands, the jacking stress was approximately
205 ksi (1413 MPa). The stroke on the hydraulic cylinder was reached while tensioning the
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pretensioned epoxy-coated strands in the I-beam. Therefore, the jacking stresses for these two
strands were 173 ksi (1193 MPa) and 186 ksi (1282 MPa).

Each optical fiber sensor-embedded strand in the beam specimens was stressed in
increments in order to collect strain readings using BOTDR during the stressing operation. Using
the collected BOTDR strain data, the effective modulus of elasticity E, for each fiber was
determined in a similar manner as shown for the E, values based on BOTDR in Figure 3.3 and
Figure 4.8. For the strands in the [-beam that experienced large friction losses (discussed in Section
5.4), the strain readings near the live end were used to determine an effective £, value. A correction
factor for each fiber was then calculated as the ratio of the effective £, based on BOTDR to an £,
of 28,600 ksi (197 GPa). The value of 28,600 ksi (197 GPa) is the average value for the modulus
of elasticity of the epoxy-coated strands based on previous tests performed during the experimental
program. The resulting correction factors for the strands in the beam specimens ranged from 1.03
to 1.10 with an average value of 1.07. All strains from the optical fiber sensors along the strands
of the beam specimens reported herein have had the corresponding correction factor applied.

Following post-tensioning, the bonded tendons were grouted. Custom grout caps were used
at the ends of the beams to accommodate the optical fiber sensor-embedded strands. To reduce the
risk of damage to the fibers and to provide the opportunity for repairs if any fibers were broken,

the strands extended through holes provided in the grout caps as shown in Figure 5.7. The ends of

both beams during the grouting procedure are shown in Figure 5.8.

~gr B

Figure 5.7: Custom grout cap used at ends of bonded tendons.
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(a) I-beam specimen (b) Box-beam specimen

Figure 5.8: Grouting of tendons in beam specimens.

5.4 Observations from Post-Tensioning

Important observations can be made from the BOTDR strain data collected during the post-
tensioning operations that were not possible during previous phases of the research when strands
were stressed outside of beam specimens.

First, significant friction losses were observed during the stressing of strands within the
draped tendon of the I-beam. The nominal inner diameter of the duct was 1.89 in. (48 mm). Each
of the four strands were tensioned individually, which likely increased the friction losses
experienced by the strands as they interacted inside the duct. Strain based on the BOTDR data
along both of the post-tensioned epoxy-coated strands in the I-beam is presented in Figure 5.9. The
figure shows the strains both before and after anchorage set, and the data from both optical fibers
along the strands are shown. In each plot, the extents of the horizontal axis exceed the length of
the beam specimen and include a portion of the optical fibers that extended beyond the ends of the

beam.
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Figure 5.9: Strain before and after anchorage set of post-tensioned strands in I-beam.

The strand represented in Figure 5.9(b) was the last strand in the I-beam that was post-
tensioned and presented greater friction losses than the other epoxy-coated strand in the same duct
(Figure 5.9(a)). The last strand to be tensioned was likely constrained by the three other tensioned
strands in the draped tendon, resulting in larger friction losses. Before anchorage set of this strand,

the difference in strain values between the dead end and live end was approximately 0.0012,
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corresponding to an estimated friction loss of (0.0012)(28,600 ksi) = 34.3 ksi ([0.0012][197 GPa]
=236 MPa). The 3.28-ft (1-m) spatial resolution of the BOTDR data should be kept in mind when
considering the strain values. Another observation from Figure 5.9 is that the strain in the strands
after anchorage set is less at the live end than at the dead end due to the effects of friction losses.
A similar plot is shown in Figure 5.10 for a post-tensioned strand in the box-beam specimen.

Here, any friction losses along the straight tendon are insignificant.

Distance (m)

0 1 2 3 4 5 6 7 8 9 10
0.008 11 TN N T TN TN T NN NN TN TN TN NN TN SN SN S N SUN SN SN SN N U T S S SN SN S S S SN S S S S N S " 1
] . Dead end
0.007 | e x _____
E ] ~0.0011 Anchorage Set
£o0006 3 J/Embers . - R
T ] & =
5 Anchorage Set
2 0.004
£
£ 0.003
£
£ 0.002 |
(%]
0.001 ] Extents of Beam Specimen (Approximate) -
0 +—r—>— -— —— 77—
0 5 10 15 20 25 30 35
Distance (ft)

Figure 5.10: Strain before and after anchorage set of post-tensioned strand in box beam.

The data in Figure 5.9 and Figure 5.10 can be used to estimate the value of the set distance
Aser at the live end at anchorage set of the strand (i.e., the movement of the strand prior to seating).
As an example, the strand in the box beam represented in Figure 5.10 and the last strand to be
tensioned in the I-beam (Figure 5.9(b)) will be considered. For the strand in the box beam, the loss
in strain at anchorage set is approximately 0.0011 as labeled in Figure 5.10. Multiplying this value
by the beam length (28 ft [8.53 m]) gives a value for Ay of 0.37 in. (9.4 mm). For the strand in
the I-beam, the area between the curves before and after anchorage set is equal to the estimated
value of Aser. Approximating the area as a triangle with a depth of 0.0023 and a length of 25.5 ft
(7.77 m) as shown in Figure 5.11, the calculated value of Ay is 0.35 in. (8.9 mm). The estimated

values of Ay are not unreasonable considering the use of epoxy-coated strands.
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Figure 5.11: Estimating area between curves before and after anchorage set of post-tensioned
strand in I-beam.

Another observation from the post-tensioning operations is the strain reduction due to
elastic shortening that was experienced by one strand in a beam specimen while another strand in
the same beam was being tensioned. The fracturing of a strand in a tendon of a post-tensioned
beam can be assumed to cause the reverse effect on an optical fiber sensor-embedded strand in the
same member if the strands are in unbonded tendons, which may provide valuable information if
only select strands in the beam have embedded sensors.

The strain measured by one of the optical fibers along a post-tensioned strand in the box-
beam specimen that had previously been tensioned is shown in Figure 5.12. The two curves
represent the strain distribution along the strand (Strand 1) before and after the post-tensioning of
another strand (Strand 2). More specifically, Strand 2 in Figure 5.12 was the last strand in the box
beam to be tensioned and was located in one of the tendons of the specimen that was later grouted.
Strand 1 was located in the tendon that was immediately adjacent to the tendon containing Strand
2. Only one other strand was tensioned after tensioning Strand 1 and prior to tensioning Strand 2.
It should be noted that the range of the strain values along the vertical axis in Figure 5.12 is only
0.001. Furthermore, the distance along the horizontal axis extends beyond the ends of the beam.
The difference in strain between the two curves is noticeable, but small. Of course, the elastic gain
experienced by a strand in a bridge beam due to the fracturing of another strand is dependent on

the cross-sectional properties of the member and tendon placement. Moreover, distinguishing any
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small changes in strain measurements due to a fractured strand from other possible causes, such as
service loads, temperature fluctuations, or long-term effects, could potentially be a challenge. For
the box-beam specimen, other cases examined for the loss in strain of one strand during the
tensioning of a strand in another tendon showed less change than the loss presented in Figure 5.12,

and changes in the state of strain were nearly imperceptible in some cases.
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Figure 5.12: Change of strain in one strand in box beam due to post-tensioning of a strand in an
adjacent tendon.

In a similar manner, the change in the state of strain indicated by an optical fiber along the
first epoxy-coated strand to be stressed (Strand 1) in the post-tensioned tendon of the I-beam
specimen as the second epoxy-coated strand (Strand 2) was post-tensioned is presented in Figure
5.13. In this case, both strands were located within the same duct. The change in strain is
approximately 0.0001 over a portion of the strand length. Of course, changes in strain for a tendon
of a bridge beam that consists of a greater number of strands may be different. Nevertheless, the

data from the measurements in the laboratory are informative.
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Figure 5.13: Change of strain in one strand in I-beam due to post-tensioning of a strand in the
same tendon.

5.5 Beam Test Setup and Procedure

The setup for the beam tests is illustrated in Figure 5.14. A hydraulic cylinder was used at
each load point to apply load to the beam specimen. A load cell measured the applied force at each
load point. Furthermore, linear potentiometers were used to measure the displacement of the beam
at midspan and at the two load points. Load was increased in increments, and the BOTDR module

measured the strain in the strands between each load step.

\ 28 ft (8.53 m)
p/2 P/2
© +—Roller support Roller support— &,
\Lmear potentiometer
1ft 10 ft (3.05 m) 6 ft (1.83 m) 10 ft (3.05 m) 1ft
) )
(305 mm) (305 mm)

Figure 5.14: Setup for beam tests.
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Each specimen contained a total of four optical fiber sensor-embedded prestressing strands.
The optical fibers in all four strands were connected in series, allowing the full length of optical
fiber cable to be connected to a single port on the BOTDR module. Strain was measured with a
spatial step of 3.15 in. (80 mm). For each measurement, the time for the BOTDR module to capture
strain and temperature data along the full length of the optical fiber cable was approximately 23 to
27 minutes. The acquisition of temperature data from the optical fibers will be discussed in Section

6.2.

5.6 Beam Test Results and Discussion

On the test day for the I-beam specimen, the strength of the concrete was 11.40 ksi (78.60
MPa). On the test day for the box-beam specimen, the strength of the concrete in the bottom flange
was 10.30 ksi (71.02 MPa), and the strength of the concrete in the rest of the beam was 11.23 ksi
(77.43 MPa). Concrete strengths are based on tests performed on 4-in. by 8-in. (100-mm by 200-
mm) cylinders. Effective stresses in the optical fiber sensor-embedded strands on test day were
calculated using the BOTDR strain data. Most of the strain gauges installed on the uncoated strands
were no longer functioning after being damaged during the post-tensioning and grouting
procedures. Therefore, effective stresses in the uncoated strands were estimated based on losses
indicated by available strain gauge data and losses of the epoxy-coated strands indicated by the
BOTDR data. The resulting average estimated stress in the strands of the I-beam was 151 ksi (1041
MPa) at midspan, and the average estimate stress in the strands of the box beam was 156 ksi (1076
MPa).

The load-displacement plots for both beam specimens are presented in Figure 5.15. The
load along the vertical axis is the total load P applied to the beam, and the displacement along the
horizontal axis is the beam deflection at midspan A. The maximum load P resisted by the I-beam

and box-beam specimens was 133.2 kip (592.5 kN) and 177.5 kip (789.5 kN), respectively.
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Figure 5.15: Load-displacement relationships for beam specimens.

Photographs of the I-beam and box-beam specimens during the load tests are presented in
Figure 5.16 and Figure 5.17, respectively. The beams in the test setup are shown in Figure 5.16(a)
and Figure 5.17(a). As load was increased during the tests, the beams exhibited flexural cracking
that was distributed within the constant moment region between the load points, as presented in
Figure 5.16(b) and Figure 5.17(b) for a midspan deflection of 1.25 in. (31.8 mm). The [-beam
specimen reached large midspan deflections of nearly 8 in. (203 mm) during the test. Due to safety
concerns and reaching the limit of the linear potentiometer at midspan, the test was stopped prior
to ultimate failure of the beam. The I-beam under large deflections is shown in Figure 5.16(c).
Concrete crushing, however, had initiated at the top of the member at the location of one of the
load points (Figure 5.16(d)). The box-beam specimen reached its ultimate failure condition and
experienced a flexural failure due to concrete crushing. The box beam after failure is shown in

Figure 5.17(c).
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(a) Beam in test setup

i

————

(d) Initiation of concrete crushing

(c) Beam with large deflections

Figure 5.16: Load test on I-beam specimen.
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(b) Beam under load (A = 1.25 in. [31.8 mm)], P = 133 kip [592 kN])
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(c) Beam ater failure

Figure 5.17: Load test on box-beam specimen.

The strain along the length of each epoxy-coated strand was acquired between every load

step. Representative examples of the resulting strain plots are provided in Figure 5.18 and Figure

62



5.19. Similar plots for all optical fiber sensors along the epoxy-coated strands in the beam
specimens are provided in Appendix A. In these plots, each curve is labeled with a total applied
load P (for loading increments early in the test) or midspan displacement A that corresponds with
the BOTDR strain data being presented. Curves for only select values of P and A are shown to
avoid clutter. As indicated by the plots, the optical fiber sensors continued to provide data up to
the end of the test (for the I-beam) or failure of the specimen (for the box beam).
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Figure 5.18: Strain along bonded post-tensioned strand in I-beam (1 in. = 25.4 mm, 1 kip =
4.448 kN).
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Figure 5.19: Strain along bonded and unbonded post-tensioned strands in box beam (1 in. =
25.4 mm, 1 kip = 4.448 kN).

The strain along the length of one of the bonded post-tensioned strands in the draped tendon
of the I-beam specimen is presented in Figure 5.18. Early in the test, relatively small increases in

the strand strain were observed within the constant moment region. Upon further loading,
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extensive flexural cracking and yielding of the strands resulted in large strains in the strand. Due
to the spatial resolution of the BOTDR technology, localized increases in strains at the locations
of individual cracks were not captured. Therefore, locations of strains greater than those indicated
in the plot would be expected along the strand.

A similar behavior is shown in Figure 5.19(a) for a strand in a bonded tendon of the box
beam. A different response, however, is presented in Figure 5.19(b) for a strand located in an
unbonded tendon of the beam. As expected, the strain remained relatively uniform along the length
of the strand throughout the test. At a midspan deflection A of 6.25 in. (158.8 mm) prior to the
load step that resulted in failure of the beam, the strain in the strand based on BOTDR was
approximately 0.012.

Considering data from the foil strain gauges installed on the uncoated strands in the same
tendons as the epoxy-coated strands allows the BOTDR strain data to be compared to data from
more traditional sensors. Although most of the foil strain gauges were damaged during post-
tensioning and grouting, one gauge installed on the uncoated strand located in each of the two
unbonded tendons of the box beam was still functioning. The strains indicated by these two gauges
can therefore be compared to the strains from the optical fiber sensor-embedded strands located in
the same two tendons.

Due to strain values output from the foil strain gauges at the beginning of the beam tests
being lower than expected, the gauge readings were suspected to have drifted over time since their
installation on the strands. Therefore, the strain values were offset to correspond with the estimated
effective prestress in the uncoated strands on the test day. Furthermore, similar to the correction
factor applied to the strain values from the optical fiber sensors due to their helical shape along the
strand, a similar correction was applied to the foil strain gauges because they were installed on a
single outer wire of the strand.

The strain in the epoxy-coated strands in the unbonded tendons of the box beam based on
the optical fiber data from one of the fibers in each strand is compared with the strain values from
the foil strain gauges in Figure 5.20. The strains from both sensor types that were collected between
every load step during the beam test are plotted. The BOTDR strains in Figure 5.20 are the average
of the strain values over the middle 14-ft (4.27-m) of the beam. The strain data are plotted against

the midspan displacement A of the specimen. In the figure, the strands referred to as “Epoxy-
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Coated Strand 1” and “Uncoated Strand 1” were both in one of the unbonded tendons, while

“Epoxy-Coated Strand 2” and “Uncoated Strand 2” were in the other unbonded tendon.
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Figure 5.20: Comparison of strains from BOTDR and foil strain gauges.

The data from all four sensors in Figure 5.20 present a nearly linear increase in strain with
increasing deflection of the beam. Although the slopes of the lines are different, the BOTDR and
foil strain gauge results show a similar trend. Considering the relative unreliability of more
conventional sensors for measuring strand strain, such as foil strain gauges, and the limitation of
only gathering strain data at discrete locations, optical fiber sensors and BOTDR technology are a

potential solution.

5.7 Comparison to Analytical Models

Computational models of the two beam specimens were created and analyzed to provide
an additional point of comparison to the optical fiber strain values along the lengths of the strands.
As no other sensor was used during the experimental program that allowed strain to be measured
along the entire length of the beams, the results of the computational analysis provide another
means of validation, especially in the range of service-level loads within which flexural behavior

is essentially linear and the analysis is most reliable.
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5.7.1 Details of Analysis

Sectional analysis was used to perform a flexural analysis of the post-tensioned specimens.
The analysis method can provide the load-displacement relationship of the beam models along
with strand stresses and strains during loading.

The sectional analysis was performed using an open-source analysis software, OpenSees
(McKenna 2011). A schematic of the modeling technique is shown in Figure 5.21. As indicated,
force-based beam-column elements were defined to represent the beam specimens. These elements
consisted of several cross sections which were each discretized into fibers. The fibers were
assigned material properties for concrete, high-strength steel used for strands, and mild steel used
for nonprestressed reinforcement. Bonded strands and mild reinforcement were modeled within
the cross sections. Unbonded strands, however, were modeled by defining truss elements that were
rigidly connected to the beam-column elements only at anchorage points, indicated by the rigid
elements at the ends of the beam in Figure 5.21. Nodes of the beam-column elements denoted by
black dots in Figure 5.21 were vertically constrained to the truss elements (i.e., unbonded strands)
to ensure the strands and beam displace together. For the I-beam specimen, multiple beam cross
sections and beam-column elements were defined along the beam length to properly capture the

draped profile of the bonded tendon.

L®| Unbonded strands

Bonded strands

Rigid elements ‘ Concrete
g i 2D force-based beam elements
N —1 S—
+

Cross sections Vertical constraints

Truss elementsj

Figure 5.21: Schematic of sectional analysis modeling technique for beam with bonded and
unbonded tendons.

The uniaxial stress-strain relationship for concrete in compression and tension used in the
analysis is shown in Figure 5.22 and is based on the concrete02IS material model in OpenSees
(McKenna 2011). Corresponding numerical inputs are provided in Table 5.1. Concrete

compressive strength f.’ was based on material testing from the experimental program. The pre-
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peak stress-strain curve in compression was based on the Popovics concrete model (Popovics
1973). The modulus of elasticity E. and concrete compressive strain corresponding to the
compressive strength €. were assumed to be 57,000\/E (in psi units) and 1.1f;/E., respectively.
The post-peak response in compression was calibrated based on crushing energy and assuming a
bi-linear stress-strain relationship (Pugh et al. 2015). Concrete compressive strain corresponding
to 20% of the compressive strength after the peak stress €20 was selected based on crushing energy
G. and the length of individual integration points in the beam elements L;p to ensure constant
crushing energy release (Pugh, et al. 2015). For concrete in tension, the tensile strength of concrete
f: was assumed to be 7.5\/ﬁ (in psi units), and the modulus of elasticity in tension was assumed
to be the same as the modulus of elasticity in compression. Furthermore, the tension softening

stiffness £ was selected based on fracture energy Grand the length of individual integration points

in the beam elements L;p to ensure constant fracture energy release.

fel-------= ——Popovics model fib-- .
: \ — —Assumption 71\ \ — ~Assumption
LN LN
1 AN ! \
! N\, Calibrated following [ \
9 ! \\ Pugh et al. (2015) al 1! N\
E 1 \ E I ! AN E
& : N Gl 1 *
: GJ/L N\ : G./L \\
E
& ! dtip \ N 0.2f" I|E, ! frEp
| ] : N
1 I Ec / ! N\
: ! l N\
& Strain £20 Strain
(a) Concrete in compression (b) Concrete in tension

Figure 5.22: Concrete material model used in analysis.

Table 5.1: Concrete properties input into analytical models.

Concrete

Model feo ksi | Ee, kst | o | fo Ksi
(MPa) | (GPa) | ™ ™ | (MPa)

11.40 | 6087 0.801

[-Beam 78.60) | 41.97| % | 5.52)

10.30 | 5785 0.761

Box Beam — Bottom Flange (71.02) | (39.89) 0.2 (5.25)
11.23 | 6040 0.795

Box Beam — Webs and Top Flange (77.43) | (41.64) 0.2 (5.48)
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The high-strength steel stress-strain relationship for the prestressing strand is represented
in Figure 5.23 with inputs based on material tests of the strands used in the beam specimens. The
stress-strain behavior from tests on both the epoxy-coated and uncoated strands were used to create
unique models for each strand type. The numerical values input into the models for uncoated and
epoxy-coated strand are given in Table 5.2 and Table 5.3, respectively. The Steel4 material model
in OpenSees (McKenna 2011) was used for the nonlinear strain-hardening behavior. The value of
the rupture strain g,, for the epoxy-coated strand given in Table 5.3 is based on test results on the
epoxy-coated strand reported by the strand manufacturer because the strands tested in the universal
testing machine as described in Section 2.2 are expected to have ruptured prematurely. Prestressing
was introduced to the models as a predefined stress field and was constant along the length of the
beam models. Therefore, friction losses were not included in the analysis. The values for f.
presented in Table 5.2 and Table 5.3 are the effective stress in the strands at the beginning of the

beam tests, determined as described in Section 5.6.

4 Stress

fou

g€, Strain

Figure 5.23: Steel material model for prestressing strand used in analysis.

Table 5.2: Uncoated strand properties input into analytical models.

Uncoated Strand
Model Bof’(;efgli’T, Unbﬁi;gcri PT, J(S’MIE‘:)‘ ’(Egpk:)i Epuy Yo
ksi (MPa) ksi (MPa)
[-Beam 164 (1131) - (1298301) 2(81’;’2)0 4.6
Box Beam | 153 (1055) 153 (1055) (1298301) 2(81’;’2)0 4.6

PT = Post-Tensioned
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Table 5.3: Epoxy-coated strand properties input into analytical models.

Epoxy-Coated Strand
MEEG Pre{Z’;:;)Jned, Bof’(;ef((l) l‘PT, Unbjg’;:(:l PT, ](;1\1;[’11(:)1 fgpk:)i Epus Yo
ksi (MPa) ksi (MPa) ksi (MPa)
[-Beam 136 (938) 149 (1027) - (12 98301) 2(81’96%0 6.6
Box Beam - 159 (1096) 158 (1089) (1298301) 2(81’96%0 6.6

PT = Post-Tensioned

5.7.2 Comparison of Results

The load-displacement relationships from the beam tests are compared to the results from
the sectional analysis models in Figure 5.24. As shown in the figure, the initial stiffness, post-

yielding stiffness, and maximum load were predicted well by the models.
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Figure 5.24: Comparison of load-displacement relationships from experiment and analysis.

In Figure 5.25 and Figure 5.26, the results provided by the sectional analysis models for
the strand strain along the beam length are compared to the corresponding experimental results for
select strands with optical fiber sensors. To avoid clutter, the strain data are only shown for select

values of the total applied load P and midspan displacement A of the beam specimens.
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Figure 5.25:

Distance Along Beam (ft)

Comparison of experimental and analytical strain results along bonded post-
tensioned strand in I-beam (1 in. = 25.4 mm, [ kip = 4.448 kN).
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Figure 5.26: Comparison of experimental and analytical strain results along bonded and unbonded post-tensioned strands in box
beam (1 in. = 25.4 mm, 1 kip = 4.448 kN).



Considering only the sectional analysis results, the strain distribution near the center of the
beam (i.e., along the region of the beam between the load points of the test setup) for the bonded
post-tensioned strand in the I-beam (Figure 5.25) exhibits a different pattern than the distribution
along this region for the bonded post-tensioned strand in the box beam (Figure 5.26(a)). This
difference is due to the post-tensioned strands of the I-beam being draped, which creates a
parabolic moment distribution caused by the prestressing. The straight post-tensioned strands of
the box beam, however, result in a constant moment distribution.

Comparing the experimental and analytical results for strains along the bonded post-
tensioned strand in the I-beam (Figure 5.25), the results are relatively similar prior to extensive
yielding of the strands. For larger beam displacements, however, significant differences between
the results are observed. The strains obtained from the optical fiber sensors are distributed over a
longer region with smaller maximum strains than the strains obtained from the sectional analysis.
One potential reason for the differences between the results is the 3.28-ft (1-m) spatial resolution
of the BOTDR strain data, which causes the experimental data to represent a more averaged state
of strain along the strand. The strain values obtained from the sectional analysis, however,
represent strains at individual integration points in the beam elements. Another reason for the
differences between the experimental and analytical results is the localized slip of the strands near
cracks and the region of bond development on each side of a crack in the beam specimens. These
effects of bond are not captured by the analytical model. For these reasons, when cracks begin to
develop and propagate in the beams, the data from the optical fiber sensors tend to present less
abrupt changes along the beam length and provide lower strain values for cracked regions of the
member compared to the results of the analytical model which provides strains associated with
cracked concrete at the integration points without capturing localized slip.

The comparison between the experimental and analytical results for the bonded post-
tensioned strand in the box beam shown in Figure 5.26(a) is similar to the strand in the I-beam. To
present the results more clearly for a small applied load, the results are compared separately for an
applied load of P =58.5 kip (260.2 kN) in Figure 5.26(b). In this plot, the range of the strain values
along the vertical axis is 0.003. The analytical results compare very well to the experimental data.
It should be noted that the experimental data in this plot is from the bonded strand in the box beam
with the largest effective stress value at the beginning of the test. The comparison of the analytical

data to other bonded post-tensioned strain data from the beam test would present small differences
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in strain values instead of the nearly exact match shown in Figure 5.26(b). The sectional analysis
model only considers an average effective prestress of the bonded epoxy-coated strands.

Unlike the bonded strands, the experimental and analytical strain results compare well
through the full range of beam displacements for the unbonded strand in the box beam shown in
Figure 5.26(c).

The relatively close comparison between the experimental and analytical results for the
unbonded strand through all beam loadings and for the bonded strands prior to extensive strand
yielding helps to add confidence to the suitability of using the optical fiber sensor-embedded
strands to monitor the post-tensioned tendons of bridges under service loads. At the same time, the
accuracy of strains from bonded tendons may have limitations, especially after extensive cracking
and strand yielding. This is at least partially due to the spatial resolution of BOTDR. For field
implementation, however, the absolute accuracy of the strain values is likely less important than

identifying relative changes over time.
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6. Other Considerations

6.1 Introduction

During the research project described in this report, additional considerations regarding the
use of BOTDR technology for monitoring post-tensioning tendon forces were noted. Two
considerations are discussed in this chapter that may warrant further investigation during a future

project.

6.2 Measurement of Temperature

In addition to the changes in the frequency of Brillouin backscattered light due to strain,
small changes in frequency are also caused by changes in temperature of the optical fiber (VIAVI
2019). For the data presented in this report, Brillouin frequency shifts were considered as being
due to changes in strain alone with any error due to temperature changes in the laboratory being
neglected. For optical fiber alone, the error in measured strain with changes in temperature is
expected to be approximately 20(10°) per 1.8°F (1°C). This error is estimated to be greater for the
optical fiber embedded in the epoxy-coated strand and bonded to concrete (V. Lecoeuche, personal
communication, January 26, 2024). Approximate temperature data that was collected indicate that
the change in temperature of the strand in the laboratory between the post-tensioning operation
and the beam test was likely as much as 10.8°F (6°C). In the field where temperatures throughout
the year exhibit more extreme fluctuations than in the laboratory, temperature is a more significant
factor.

BOTDR technology can be used to measure both strain and temperature along an optical
fiber. However, compared to strain, obtaining accurate temperature measurements is more
sensitive to the setup of the optical fiber sensor system and measurement parameters. This is
because temperature data depend on measuring the intensity, or power, of the backscattered light
(VIAVI 2019), which is more sensitive to the setup and acquisition parameters than measuring the
Brillouin frequency shift.

Many of the optical fiber setups used during the experimental program were not conducive
to accurate temperature measurements, primarily due to the use of several connectors along the

setup (Figure 2.10) and the fibers embedded in the epoxy coating of the strands being different
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from the external fibers used between strands. Nevertheless, the scan times mentioned in this
document include the time needed to collect data for both strain and temperature despite the
temperature data being considered unreliable in most cases. Collecting data for only strain reduces
the scan durations.

To obtain reliable temperature values along with strain, practices that will aid with
collecting dependable data include using fusion splices in place of connectors, using the same fiber
from the same manufacturer along the length of the setup, avoiding transitions between multiple
short sections of fiber, and referencing an unstrained portion of optical fiber at a known
temperature to obtain accurate temperature values (D. Costantini, personal communication,
December 22, 2023). Furthermore, correct calibration coefficients are needed to relate the
Brillouin frequency shift and intensity measurements to temperature. Attaining these correct

coefficients is explained by Lecoeuche (2023).

6.3 Accuracy in Non-Linear Range

In the research program, obtaining accurate strain values from the optical fiber sensor-
embedded prestressing strands was primarily focused on the linear range of the prestressing steel.
Direct comparisons between the measured stress in a strand to measured strains using BOTDR in
the nonlinear range of the steel were not included in the study. Therefore, the accuracy of the strain
measurements in the nonlinear range of the strands cannot be quantified.

As discussed in previous sections and illustrated in Figure 3.3 and Figure 4.8, an effective
modulus of elasticity £, was obtained for each fiber along the prestressing strands. Using this
effective modulus, a correction factor was calculated to convert the strain measured by the optical
fiber sensor using BOTDR to the axial strain along the length of the strand. For the beam tests,
this correction factor was applied to all strain readings from the optical fibers, including within the
nonlinear range of the prestressing steel. The accuracy of this correction factor outside of the linear
range of the material, however, still needs to be verified.

These uncertainties, however, do not have a significant impact on the intended use of the
strands for long-term monitoring of post-tensioned tendons in bridge structures under service loads

and the ability to detect unexpected changes in strain over time.
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7. Summary and Concluding Remarks

7.1 Summary

Research investigating the use of optical fiber sensor-embedded prestressing strands for
monitoring post-tensioned tendons was described in this report. The strands include two optical
fibers embedded in the epoxy coating that follow the helical shape of the outer wires of the strand.
Before using the strands, the optical fiber sensors are extracted from each end and the appropriate
connections are made to a BOTDR module that measures strain along the entire length of the
optical fiber.

During the first phase of the experimental program of the research, tensile tests were
conducted to determine the correction factor needed to convert the strain measured using the
optical fibers that wrap around the strand to axial strain along the length of the strand. From the
tensile tests, the factor was determined to be approximately 1.06. Correction factors were also
obtained for the fibers of the strands in the other phases of the research program by taking a series
of strain readings during the tensioning operations and relating the measured strain to the known
stress applied to the strand.

The second phase included the monitoring of the sensor-embedded strands in a prestressing
bed over a period of one week. The strand stress values based on the optical fiber strain
measurements were generally consistent with the strand stress values based on load cell data with
small fluctuations corresponding with minor temperature changes in the laboratory.

The final phase of the research program focused on the fabrication and load testing of two
post-tensioned beam specimens. Important observations from the post-tensioning of the beams
included the capture of friction losses along a draped tendon by the optical fiber sensors.
Additionally, the changes in strain along the strand at anchorage set were used to estimate the set
distance at the live end.

During the load tests, the optical fibers continued to provide strain reading through all
stages of loading as the applied load on the specimen was increased. The experimental results were
then compared to the results from analytical models of the beam specimens. The experimental and
analytical results matched well for strains for an unbonded strand, but significant differences

existed for bonded tendons after yielding of the strands. Nevertheless, based on the overall results

78



and observations from the beam tests, the optical fiber sensor-embedded prestressing strands were

shown to be a powerful tool for prestress strain measurements.

7.2 Concluding Remarks

Data collected from the optical fiber sensors can provide valuable insight into the strain,
and therefore the force, in post-tensioned tendons. Nevertheless, the limitations of the technology
must be kept in mind. For example, an important reminder for users of the technology is the 3.28-
ft (1-m) minimum spatial resolution provided by BOTDR. At locations of abrupt increases in strain,
the strain data will not capture a sharp peak but will provide a more averaged state of strain.

Overall, the optical fiber sensor-embedded prestressing strands combined with BOTDR are
a promising technology for monitoring post-tensioned tendons in the field with potential
widespread impact toward helping to ensure the safety and longevity of post-tensioned bridge

structures.
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Appendix A. Strain Data from Optical Fiber Sensors During Beam Tests

This appendix includes strains measured along each optical fiber sensor-embedded strand
in the beam specimens described in Chapter 5. The correction factors that account for the effective
modulus of elasticity E, for each fiber along the length of each strand have been applied to all
presented data, as described in Section 5.3. Each beam contained four optical fiber sensor-
embedded strands. Because two optical fiber sensors ran the length of each strand, a total of eight
plots are provided for each beam specimen. The plots present strains for several load steps with
each curve labeled with a total applied load P (for loading increments early in the test) or midspan

displacement A that corresponds with the strain data being presented.

A.1 I-Beam Specimen

The I-beam specimen contained two pretensioned and two post-tensioned optical fiber
sensor-embedded strands. During the load test on the I-beam, the optical fibers along the sensor-
embedded strands were connected in series using the arrangement illustrated in Figure A.1. The
strain data output by the BOTDR module, therefore, show the strain values along the continuous
optical fiber extending from the BOTDR module to the end of the last strand. The measured strains
plotted in Figure A.2 to Figure A.9 were extracted directly from these data, with only the correction
factors accounting for the effective modulus of elasticity £, for each fiber applied. The length
along the horizonal axis of the strain plots correspond approximately to the 28-ft (8.53-m) length

of the beam.

80



BOTDR
module W Pretensioned Strand 1 — Fiber 2

Pretensioned Strand 1 — Fiber 1

Pretensioned Strand 2 — Fiber 1
Pretensioned Strand 2 — Fiber 2

Post-Tensioned Strand 1 — Fiber 1
Post-Tensioned Strand 1 — Fiber 2
Post-Tensioned Strand 2 — Fiber 1
Post-Tensioned Strand 2 — Fiber 2

Figure A.1: Optical fiber setup for I-beam specimen.
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Figure A.2: Pretensioned Strand 1 — Fiber 1 (1 in. = 25.4 mm, 1 kip = 4.448 kN).
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Figure A.3: Pretensioned Strand 1 — Fiber 2 (1 in. = 25.4 mm, 1 kip = 4.448 kN).
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Figure A.4: Pretensioned Strand 2 — Fiber 1 (1 in. = 25.4 mm, 1 kip = 4.448 kN).
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Figure A.5: Pretensioned Strand 2 — Fiber 2 (1 in. = 25.4 mm, 1 kip = 4.448 kN).
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Figure A.6: Post-Tensioned Strand 1 — Fiber 1 (1 in. = 25.4 mm, 1 kip = 4.448 kN).
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Figure A.7: Post-Tensioned Strand 1 — Fiber 2 (1 in. = 25.4 mm, 1 kip = 4.448 kN).
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Figure A.8: Post-Tensioned Strand 2 — Fiber 1 (1 in. = 25.4 mm, 1 kip = 4.448 kN).
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Figure A.9: Post-Tensioned Strand 2 — Fiber 2 (1 in. = 25.4 mm, 1 kip = 4.448 kN).
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A.2 Box-Beam Specimen

The box-beam specimen contained two unbonded and two bonded post-tensioned optical
fiber sensor-embedded strands. During the load test on the box beam, the optical fibers along the
sensor-embedded strands were connected in series using the arrangement illustrated in Figure A.10.
The strain data output by the BOTDR module, therefore, show the strain values along the
continuous optical fiber extending from the BOTDR module to past the last strand. The measured
strains plotted in Figure A.11 to Figure A.18 were extracted directly from these data, with only the
correction factors accounting for the effective modulus of elasticity E, for each fiber applied. The
length along the horizonal axis of the strain plots correspond approximately to the 28-ft (8.53-m)
length of the beam.

BOTDR Unbonded Strand 1 — Fiber 1

module W Unbonded Strand 1 - Fiber 2

Unbonded Strand 2 — Fiber 1
Unbonded Strand 2 — Fiber 2

Bonded Strand 1 — Fiber 1
Bonded Strand 1 — Fiber 2

Bonded Strand 2 — Fiber 1

(71\"\
_\_@_‘:/ Bonded Strand 2 - Fiber 2

G
G
G
G

Figure A.10: Optical fiber setup for box-beam specimen.
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Figure A.11: Unbonded Strand 1 — Fiber 1 (1 in. = 25.4 mm, 1 kip = 4.448 kN).
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Figure A.12: Unbonded Strand 1 — Fiber 2 (1 in. = 25.4 mm, 1 kip = 4.448 kN).
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Figure A.13: Unbonded Strand 2 — Fiber 1 (1 in. = 25.4 mm, 1 kip = 4.448 kN).
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Figure A.14: Unbonded Strand 2 — Fiber 2 (1 in. = 25.4 mm, 1 kip = 4.448 kN).
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Figure A.16: Bonded Strand 1 — Fiber 2 (1 in. = 25.4 mm, 1 kip = 4.448 kN).
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Figure A.17: Bonded Strand 2 — Fiber 1 (1 in. = 25.4 mm, [ kip = 4.448 kN).
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Figure A.18: Bonded Strand 2 — Fiber 2 (1 in. = 25.4 mm, [ kip = 4.448 kN).
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