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Abstract

Acoustic emission (AE) monitoring has proven tcalbéseful nondestructive
testing tool in ordinary reinforced concrete bea@ser the past decade, however, the
technique has been used to test other concreteistes to provide information on its
usefulness. It has been seen that acoustic emiggaitoring can be used on in-service
bridges to obtain knowledge regarding the strutiatagrity of individual components
of the structure. In this thesis, acoustic emis$gsting was used to examine the
structural integrity of four prestressed girderaimelevated portion of the I-565 highway
in Huntsville, Alabama. The testing was perform@dssess the evaluation criteria used
for in-situ testing and to determine the effectess of a fiber-reinforced-polymer (FRP)
repair that was applied after substantial crackiogurred in the girder ends near the
continuity diaphragms. The evaluation methods wexe implemented were the NDIS-
2421 evaluation criterion, the Signal Strength Motr(&SM) Ratio evaluation, and the
Peak Cumulative Signal Strength (CSS) Ratio aralyiwas concluded that although
the testing procedure provided results efficiertthg, evaluation criteria need to be
adjusted for the testing of in-service prestressatrete bridge girders. It was also
determined that the FRP repair did have an effe¢he AE data, but a direct correlation

between the two was not established due to the lesitypof the testing.
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Chapter 1. Introduction

1.1 Introduction

Throughout the 1900s, the art of testing withasgttbying the test object
developed from a laboratory-based experiment to@ispensable tool of fabrication,
construction, manufacturing, and maintenance psssesNondestructive testing (NDT)
is defined as comprising of those methods useéstoat part, material, or system without
impairing its future usefulness (ASNT 1996). Viktgsting has been replaced by NDT
as the primary means of testing the quality ofadpct. Nondestructive tests of all sorts
are in use worldwide to detect variations in suuet small changes in surface finish, the
presence of cracks or other physical discontinuiéd to measure the thickness of
materials.

Since 1992, the Federal Highway Administration (FAMias made available a
database of information on about 600,000 bridgefederal, state, and county roads.
The National Bridge Inventory summarizes the tatahber of bridges reported by each
state. More than a third of the bridges in thetethiStates were reported as structurally
deficient or functionally obsolete in 1992 (FHWA3B). As of 2004, roughly one in
four bridges were considered deficient, with twe ofuithree not meeting safety standards
and nearly one in four recommended for replacerff@atWA 2004).

The state of the civil infrastructure is a majosldem in the United States. Some

problems faced by bridge owners are the detecfiaieficiencies and the cost of repair,



rehabilitation, and maintenance. Although thensteXunding from local, state, and
federal agencies, spending restrictions often keapers from resolving these issues.
Bridge owners are now using nondestructive tesbrassess the condition of bridges.
Although visual inspection has been the main nandetsve tool used in the assessment
of these bridges, this method is inadequate fartifieation of smaller discontinuities or
those hidden or located in areas that are notyeastlessible (ASNT 2005).

Acoustic emission testing is an important methdtthiw the broad field of
nondestructive testing. Acoustic emission (AEje$ined by the American Society of
Testing Materials (ASTM) in itStandard Terminology for Nondestructive Evaluations
(ASTM E 1316) as “the class of phenomena wherednysient elastic waves are
generated by the rapid release of energy fromiledlsources within a material, or the
transient elastic waves so generated.” Acoustisgon testing differs from most other
NDT methods in two key aspects: (1) the signaiodtes in the material itself as
opposed to an external source; (2) AE monitoringete movements or condition
changes as they occur, while other methods simgtigad existing geometrical
discontinuities (ASNT 2005).

Acoustic emission testing has been increasingiyl is help ensure the integrity
and performance of bridges subjected to concreiekorg. It has been proven that
materials used in bridge structures, such as steetrete, and composites, will produce
a rapid release of energy, in the form of transgtastic stress waves, during certain load
levels or from initial degradation of the materidlhis degradation can be a result of
cracking initiation or growth, crack-opening or silog, dislocation movement, as well as

fiber breakage or delamination in composite maleridhe ability to detect the acoustic



emission sources helps provide information aboaitype and severity of the damage.
The knowledge provided by acoustic emission momtpalso allows for the
identification of critical areas of the structuoe prioritizing repair, maintenance, and

rehabilitation (ASNT 2005).

1.2 Objective and Scope
The main objective of this research was to ingasé the feasibility of using
acoustic emission testing to assess the performamuestressed concrete bridge girders.

Specifically, acoustic emission monitoring was parfed on an elevated portion of the I-

565 interstate highway in Huntsville, Alabama, whaan be seen in Figure 1-1.

Figure 1-1: Elevated spansof 1-565 bridgein Huntsville, Alabama

The AE testing gave insight into the overall metlaod its usefulness as it applies to
prestressed concrete girders. The specific obgtf this research are summarized as

follows:



1. Utilize AE parameter-based analysis methods tordete a correlation between
AE parameters and the structural integrity of pessted concrete beams.

2. Assess the practicability of AE evaluation criteagthey apply to prestressed
concrete beams.

3. Use AE monitoring to evaluate the structural inttggef four girders in the 1-565
bridge structure in Huntsville, Alabama.

4. Assess the evaluation criteria used to procesAhdata and determine how
these criteria can be adapted for in-situ testing.

5. Evaluate the effectiveness of the fiber-reinforpetymer repair used on damaged
portions of the I-565 bridge girders by comparing monitoring results from
before and after the fiber-reinforced polymer repai

To satisfy these objectives, the AE monitoring teghe was applied in the field on an
actual damaged prestressed concrete bridge. Thagdaoccurred quickly after the
construction of the bridge. At the end of the gigdnear the continuity diaphragms,
cracks began to occur. To remediate the probldibeareinforced polymer (FRP)

repair was used on the cracked end girder sectidhe.results of this research were
compared to the previous work done by Xu (2008)ctvivas prior to the installation of
the FRP repair. The comparison shows the differ@m¢he behavior of the bridge before

and after the repair.

1.3 Organization of Thesis
In Chapter 2 of this thesis, an introduction towstic emission testing is
presented. The selection process for acousticsemnisesting is covered, as well as a

brief introduction to other nondestructive testingthods. The advantages and



disadvantages of acoustic emission monitoring @ @esented, along with testing
specifications and standards. Also covered in @nébis a discussion of the
fundamentals of acoustic emission, including soaneehanisms, applications, and
testing equipment. Finally, a brief overview obastic emission terminology and
parameters is discussed.

Chapter 3 is a discussion of the history of adowshission as it applies to the
research being conducted for this project. Edblgeovations of acoustic emission are
described, as well as current research being dobeth the reinforced and prestressed
concrete fields.

Chapter 4 is focused on the experimental procedsed for the in-field testing of
the I-565 bridge girders in Huntsville, Alabamahid chapter includes a brief
introduction to the history of the bridge as wallthe research significance for the AE
testing procedure. The specific testing equipra@atinstrumentation are described as
well as the procedure used for the pre-repairrtgsti 2005 (Xu 2008) and the post-
repair testing in 2010. The findings of both exments are discussed in Chapter 5 of
this thesis.

A comparison of the results from the pre- andjpeptir testing was conducted to
assess the effectiveness of the fiber-reinforcéghper repair placed on the bridge. This
comparison is presented in Chapter 5 of this theBg results within this chapter
include a crack-opening displacement analysis disas@ther AE evaluation criteria.
The predicted position of cracks using AE 2D-LO@lgsis is also covered in this

chapter.



Finally, Chapter 6 includes a summary of the neteas well as all conclusions
from field testing. Recommendations for furthese@rch are also presented in this

chapter.



Chapter 2: Introduction to Acoustic Emission Testing

2.1 Introduction to Nondestructive Testing

Acoustic emission testing is an important methothiwithe broad field of
nondestructive testing. Modern nondestructivestast used by manufacturers for many
purposes. These include ensuring product integritgiding failures, guaranteeing
customer satisfaction, aiding in better producigiedowering costs, maintaining quality
levels, and controlling manufacturing processes.te&hnology has improved over the
years, machines and structures are subjected ategneariations and to wider extremes
of all kinds of stress. These increased demandsamhines and structures have allowed
nondestructive testing to become more prevalemdustry to ensure that adequate
materials are being used in the design. Anothsdification for the use of nondestructive
tests is the designer’'s demand for sounder madgd&8NT 2005). As size and weight
decrease and the factor of safety is lowered, raonghasis is placed on better raw
material control and higher quality of materialhere has also been a growing demand
by the public for greater safety, which has alsatigbuted to the development of
nondestructive testing. Finally, the rising cast&ailure have led to new ways of testing
materials and structures. Nondestructive testomgicues to grow as a new way to test
materials and limit the costs associated with $alide testing (ASNT 2005).

The National Materials Advisory Board (NMAB) Ad H&ommittee on



Nondestructive Evaluation adopted a system thasiflad nondestructive techniques

into six major method categories: visual, pengtgatadiation, magnetic-electrical,
mechanical vibration, thermal, and chemical/eledtemical. Acoustic emission is
classified in the mechanical vibration categorje Timitations of a method include
conditions to be met for its application and reguoients to adapt the probe or probe
medium to the object examined (ASNT 2005). No leimgpndestructive testing method

is all revealing, and, in most cases, it takesi@s®f test methods to get a complete view
of the test object. Nondestructive testing shdagdised in conjunction with other testing

technigues to get a more comprehensive study destespecimen.

2.2 Introduction to Acoustic Emission Testing

2.2.1 Selection of Testing Technique

Acoustic emission test methods usually fall inte @h the following categories:
pressure testing, diagnostics, condition monitqrangl leak detection (ASNT 2005).
Acoustic emission instrumentation is designed tectehe structure- or liquid-borne
sound generated by some material that is eithédiggeor failing. The American
Society for Testing and Materials (ASTM) definesastic emission in itStandard
Terminology for Nondestructive Examinations (ASTM E 1316) as “the class of
phenomena whereby transient elastic waves are @exdny the rapid release of energy
from localized sources within a material, or trengient elastic waves so generated.”
Acoustic emission is a type of microseismic waveagated from dislocations,
microcracking, or other irreversible changes itrassed material (Xu 2008). These
waves are detected using transducers which cotherhechanical waves into electric

signals that can be monitored and assessed tardeéecharacteristics of the test object.
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2.2.2 Advantages and Limitations

Modern acoustic emission testing techniques offiee@nomical means for high-
speed, large-scale testing of materials and stresfiound in almost every industry. In
the typical test, a controlled mechanical loadsedito cause acoustic emission in the test
object. Nearly every kind of material generatesuatic emission under load (ASNT
2005). When correctly instrumented, an entirecstme can be tested by applying loads
equal to or slightly greater than those experierttegthg normal operation. Since the
test has minimal effect on operations, acousticssiom testing is often used to test
structures in service. Multiple sensors can bel tseletermine different sources of
emission and triangulation can be used to deterthiméocation of certain
discontinuities.

Even though acoustic emission is a nondestruoéise it is an irreversible
process. Once a material or discontinuity gensrateustic emission under load, the
discontinuity must either grow or be subjected togher load to generate more acoustic
emission. This irreversibility, known as tKaiser effect, can be a limitation because
most nondestructive testing requires retestingetifyva discontinuity (ASNT 2005).
Background noise can have a large effect on aeestission testing and can prevent a
test from providing useable data. This noise carally be isolated to mechanical
sources, electrical sources, and environmentabesyASNT 2005). If these sources of
noise cannot be removed or controlled by filterin@gdjustment of the measurement
threshold, then a test cannot be effective.

Another disadvantage, as it relates to the appicatf acoustic emission to

concrete structures, is that the propagation ofisttoemission through concrete is



affected by both the constituents of concrete Aacttacks formed within concrete
(Uomoto 1987). Concrete is a composite materialensith cement, water, aggregate,
air, and admixtures. Each of these componentéfeseht in shape, size, and mechanical
properties. During the placing and curing procesgregation may cause non-
uniformities in the concrete. These non-uniforestand the cracks caused by curing and
in-service loading affect AE wave propagation tlgloeoncrete. These considerations
must be taken into account when looking at theiegipbn of AE monitoring to structural

concrete applications (Uomoto 1987).

2.2.3 Testing Specifications

The test specifications for acoustic emission detd certain issues that arise
during testing and the steps taken once the dateddlected. The acoustic emission
techniques use either operational or applied lb@@mulate emissions from a variety of
sources. These applied loads must be accounten fioe specifications. Specifications
for acoustic emission testing also account fortélsé frequency. A single acoustic
emission test system can be used for many diffeneatsurements through the selection
of test frequencies. The frequencies are usuadiye that match the resonant frequency
of the acoustic emission transducer designed $peaific application. Frequency is
measured in hertz (Hz), where 1 Hz = 1 cycle peoseé. In terms of acoustic emission,
the standard usable range is 30-300 kHz (ASNT 2006g interpretation of the acoustic
emission data can be a complex procedure. Thematareter must have good
knowledge of the testing procedure as well as thesiples of wave propagation through
objects. Once the test results are evaluatedethdts must be verified using

conventional measurements and other testing methddsurate results can lead to
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conclusions about the integrity of the materiastucture.

2.2.4 Testing Standards
The purpose of testing standards is to definedfairements that goods or

services must meet. The standards dealing withsticoemission come in three areas:
equipment, processes, and personnel. Standardsdastic emission equipment include
criteria that address transducers and other phasygstem. ASTM International and
other organizations publish standards for testrtiegtes, such as ASTM E 569, ASTM E
750, and ASTM E 2374 (ASNT 2005). One of the miogtortant factors of the acoustic
emission test process is the qualification of tgspersonnel. Nondestructive testing is
referred to as a special process, meaning thavrny difficult to determine the adequacy
of a test by merely observing the process. Thétyus the test is very dependent on the
skills and knowledge of the inspector. The Amari&ociety of Nondestructive Testing
(ASNT) has worked with the personnel qualificatmocess for 50 years, and many

standards have been adopted that address thisspr@®8NT 2005).

2.2.5 Measurement Unitsfor Acoustic Emission Testing
Acoustic emission is basically a shock wave insidgressed material, where a

displacement (distance) ripples through the mdtand moves its surface. This
displacement induces a pressure in a transdudcrecsurface. This pressure is measured
as force per unit area in pascal (Pa), equivatenetvton per square meter (Njm
Properties of piezoelectric transducers are relatedectric charge in that the pressure on
the element creates a charge (measured in coulomie electrodes. A rapidly

changing pressure alters the charge fast enougllote the use of either voltage or

charge amplifiers. After this, signal processiag be performed to analyze and obtain
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data in terms of distance in meter (m), velocityneters per second (m/s), acceleration in
meters per second per second gn&ignal strength in volt-second (Ves), energyjoile
(J3), signal in volt (V), or power in watt (W) (ASNJAD05).

Frequencies usually correspond to bandwidthsgdeciéic applications. The term
loudness refers to amplitude in audible frequencisme acoustic waves are audible,
but others are not. The customary unit for meaguaimplitude of an acoustic signal is
the decibel (dB), one tenth of a bel (B). The dekis not a fixed unit of measurement
but rather expresses a logarithmic ratio betweenconditions of the same dimension

(ASNT 2005).
2.3 Fundamentals of Acoustic Emission Testing

2.3.1 Sour ce M echanisms
Acoustic emission is the elastic wave that is i€y materials when they

undergo deformation. In the 1960s, a new nondetstrutest technology was born when
it was recognized that growing cracks and discaoiitigs in pressure vessels could be
detected by monitoring their acoustic emissiona&ligiASNT 2005). Sources of
acoustic emission include many different mechanishteformation and fracture. In
metals, sources identified include crack growthyimmg dislocations, slip, twinning,
grain boundary sliding, and fracture (ASNT 200%here are also other AE-producing
mechanisms that are not caused by mechanical dafiomof stressed materials. These
are known as secondary sources, to differentiae tlhom the classic sources of acoustic

emission.
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2.3.2 Comparison with Other NDT Methods

Acoustic emission testing is different from othendestructive testing methods
in two major areas. First, the energy that isaetkis released from within the test
object rather than being supplied by the test nteths in radiographic or ultrasonic
testing. Second, the acoustic emission methodietatt the dynamic processes
associated with the degradation of structural ityyeASNT 2005). Acoustic emission
testing is non-directional. Most AE sources appedunction as point sources that
radiate energy on spherical wave fronts. If ta@$ducer is located anywhere in the
vicinity of the source, it can detect the resultaggustic emission. This ability is in
contrast to other NDT methods which depend on mawledge of the location and
orientation of the discontinuity to direct a beaheoergy on a path that will properly
intersect the area of interest (ASNT 2005).

The acoustic emission method offers many advantagesother nondestructive
testing methods. It is a dynamic test method @t ithprovides a response to
discontinuity growth under an imposed structuredst. Also, acoustic emission testing
has the ability to detect and evaluate the sigaifoe of discontinuities throughout an
entire structure during a single test. Since dinmyted access is required for the testing
procedure, discontinuities may be detected thainaieessible to other methods.
Another advantage is that vessels and other pesystems can often be re-qualified
during an in-service test that requires little ordowntime. Finally, the AE method may
be used to prevent catastrophic failure of systeittsunknown discontinuities and to

limit the maximum pressure during containment gystiests (ASNT 2005).
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2.3.3 Applications of Acoustic Emission Testing

A wide variety of structures and materials cammitored using acoustic
emission techniques during the application of aereal load. The primary acoustic
emission mechanism should be characterized whdimgesth varying materials. Many
applications of acoustic emission testing have Ipeenen to succeed in assessing the
integrity of a structure or material. Pressureseésand other pressure containment
vessels have been tested to locate active discates Aerospace and other
engineering structures have been assessed fanddfagures using acoustic emission
technigues. Acoustic emission testing has alsa beed to monitor material behavior to
characterize different failure mechanisms (ASNTZ00

Examples of AE applications in the field of corterengineering include the
estimation of prior load applied to existing conerstructures and the monitoring of
cracks and their locations in concrete beamsadtdiso been used in the prediction of
fatigue failure of reinforced concrete beams anmdesprestressed concrete applications
(Uomoto 1987). In the recent past, acoustic emisBas been used in conjunction with
other nondestructive tests to determine the straktotegrity of concrete structures. The
growing weight of carried goods, natural aging psses, and delays in making
immediate repairs has resulted in the quick dedin®idges and roads (Swit 2009).
There have been considerable strides made in thedagenent of AE technology because
of its potential applications for evaluating theakening infrastructure of roads and

bridges.

2.3.4 Acoustic Emission Testing Equipment

Acoustic emission processing equipment is avalabh variety of forms ranging
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from small and portable instruments to large mhb#itnel systems. All systems,
however, have common components, including traredusensors), preamplifiers,
filters, and amplifiers. The equipment used foasweement, display, and storage varies
widely depending on the demands of the applicatiGigure 2-1 shows a block diagram

of a generic four-channel acoustic emission system.
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with Filters Amplifiers Circuitry

Disk
Storage

Screen
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Graphics

>
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Keyboard

YYYY

Figure 2-1: Basic four-channel acoustic emission test system (adapted from ASNT

2005)

When an acoustic emission wave reaches the swfahe test object, extremely small
movements of the surface molecules occur. Thedwaer is used to detect these
movements and convert them into electrical sign@lse transducers used for AE testing
often use a piezoelectric sensor as the electroaméxdd conversion device. The main
considerations during transducer selection areatipgr frequency, sensitivity, and
environmental and physical characteristics.

The preamplifiers must be located near the trasedy and, in most cases, are

incorporated into the housing of the transducdre purpose of the preamplifier is to
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provide filtering, gain, and cable drive capaciBiltering in the preamplifier is the
primary means of defining the monitoring frequefaythe acoustic emission test
(ASNT 2005). The frequency spectrum of acoustitssion signals is significantly
influenced by the resonance and transmission cteaistics of both the test object and
the transducer. The most common frequency ranmgacfaustic emission testing is 100 to
300 kHz (ASNT 2005).

The system computer allows the data being gatherbd displayed and stored.
The computer also houses the main amplifiers aresiiold settings, which can be
adjusted to control the sensitivity of the tesack acoustic emission signal is measured
by hardware circuits and the measured parametensaased through the central
computer to a disk file of signal descriptions.e$& descriptions include hits, hit rate,
amplitude, duration, rise time, and the energyhefdignal, which will all be defined later
in this chapter. Once the data has been gathiredpmputer can be used to assess the

data and create plots of the data for future imezgtion (ASNT 2005).

2.4 Data Interpretation

Proper interpretation of the acoustic emissionaasp obtained during
monitoring of structures requires considerablenezi knowledge and experience with
the acoustic emission method. Background noise fribrations in the structure and
other environmental conditions need to be accouiateth most tests. Special
precautions may need to be used to limit the backgt noise to tolerable levels. Some
of these precautions include mechanical or acoissilation, electronic filtering within
the acoustic emission system, and modificatiotheéanechanical or hydraulic loading

process.
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Josef Kaiser is credited as the founder of modeoustic emission technology
and was the first to truly understand the innerkivays of acoustic emission data
interpretation. His work during the 1950s had twajor breakthroughs. The first of
these discoveries was the near universality oattmaistic emission phenomenon. He
observed emission in all of the materials he tes@ue second of these discoveries was
theKaiser effect. The effect can be defined as the “absence ettidile acoustic
emission until the previous maximum applied sttessl has been exceeded” (ASNT
1987). This discovery lent a special significatwacoustic emission investigations,
because “by the measurement of emission duringrigaalclear conclusion can be drawn
about the magnitude of the maximum loading expegdrbefore the test by the material
under investigation” (Kaiser 1953). A more apprag term for the Kaiser effect is
irreversibility. An important feature affectingacstic emission applications is the
generally irreversible response from most methlgractice, it is found that once a
given load has been applied and the acoustic emi$ssim that stress has ceased,
additional acoustic emission will not occur urtiat stress level is exceeded (ASNT
2005). However, the degree to which the Kaisaxatfis present varies between
materials and may disappear after several houlays due to recovery characteristics.
Ultimately, the Kaiser effect must be taken into@amt during data interpretation, and
the effect may yield important data regarding trexmmum load a structure has
experienced.

A major application of the Kaiser effect arose frthra study of when ioes not
occur. Emission is often observed at load levelgel than the previous maximum in

fiber-reinforced plastic components. The tdraicity effect was introduced to describe

17



the breakdown of the Kaiser effect (the observarid¢be Felicity effect and its

implications are generally attributed to Dr. Timpth Fowler). Thé-elicity effect is

defined as “the presence of detectable acoustisseoni at a fixed, predetermined
sensitivity level at stress levels below those jesly applied” (ASTM E 1316). In
essence, the Felicity effect is the breakdown efihiser effect, in that the test object
generates emission during reloading before theiguevmaximum stress is achieved. The
Felicity ratio has been used as an indication of the amountroéde. It is defined
(Fowler et al. 1989) as:

load at which emissions occur
previous maximum load

Felicity ratio = (Eq. 2-1)

According to this equation, smaller Felicity rati@mlues indicate increased levels of
damage (Fowler et al. 1989).

The Kaiser effect and Felicity effect are illusé@in Figure 2-2. Cumulative
acoustic emission is plotted directly against aggbload. As can be seen in the figure,
emission is generated during the first load riseBjAbut as the load is reduced (B-C)
and increased again (C-B), there is no further sionsuntil the previous maximum load
(B) is exceeded. Emission continues as the loattieased further (B-D), and stops as
the load is reduced the second time (D-E). Oreimsing the load for the last time, a
different emission pattern is observed. The emisbegins (F) before the previous
maximum load (D) is achieved. Emission continugetha load is increased further (F-G)

(Pollock 1995).
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Figure 2-2: Illustration of Kaiser effect and Felicity effect (Adapted from Pollock

1995)

The behavior observed at B (emission until previous maximum load
exceeded) is known as the Kaiser effect. Likewtise behavior at F (emission at Ic
levels less than the previous maximum) is knowthad~elicity effect. According t
Pollock (1995), insignificant flaws teno exhibit the Kaiser effect, while structura
significant flaws tend to exhibit the Felicity egfe

According to research, ttKaise effect failsto occurmost notceably in
situations where tin-dependent mechanisms control the deformation (A3005.
Once again, the structure must be assessed toniletewhether thKaisel effect shoulc
be considered for the particular material and loggirocess. ThFelicity effect can be
used in data interpretation depending on the vglafi theKaisel effed for a certain tes

Another importanconsideration whe dealing with theKaisereffect is the fac

that friction between free surfaces in damagedoregis a prominent emissi



mechanism in composite materials. Such source amsins contravene the Kaiser
effect by emitting waves at low load levels, bugytitan still be important for detection
of damage and discontinuities (ASNT 2005).

One major complication with interpretation of theliEity effect is that the “onset
of emission” is not sufficient to establish theeetf Rather, the “onset sfjnificant
emission” is required. The definition of “signifint” emission is to some degree
subjective and much of the work related to thediglratio and damage qualifications
has been related to quantification of the termrigigant.” This has been addressed by
some authors through the use-b$toric Index (Ziehl and Fowler 2003), and this
approach has been adopted for an ASTM standardhegbiod related to the design of
FRP components (ASTM 2006).

Data interpretation begins with observing the digveaveform. The signal
waveform is affected by the characteristics ofgberce, the path taken from the source
to the transducer, the transducer’s characterjstios$ the measuring system (ASNT
2005). For the most part, information is extradiggimple waveform parameter
measurements. In addition to the characterisfitisenindividual waveforms, there is
also information available from the cumulative @weristics of the signals and from rate

statistics.

2.5 Waveform Parameters
Acoustic emission can be described by relativehpte parameters. A simple
signal waveform with typical AE features can berseFigure 2-3. The signal

amplitude is of short duration, usually a few mggoonds to a few milliseconds.
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Figure 2-3. Featuresof atypical AE signal (adapted from Huang et al. 1998)

Acoustic emission monitoring is usually carried outhe presence of background noise.
A threshold detection level is set slightly abolis background level and serves as a
reference for several of the simple waveform proger AE parameters are used to
characterize the source mechanisms such as craekigr As stated before, it may be
more advantageous to combine parameters to establielations. Some parameters
that are commonly used for signal processing aserdeed below.
1. Hit—A hitis defined as the detection and measurement iofdiwvidual AE
signal on an individual sensor channel (ASTM E 1316
2. Event—AnN event is defined as a local material change giving tdsacoustic
emission (ASTM E 1316). A single event may resulnultiple hits (at one or
more sensors).
3. Threshold level—Thethreshold level is defined as the voltage level on an

electronic comparator such that signals with amgés larger than this level
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will be recognized. The threshold level may berashustable, fixed, or
automatically floating (ASTM E 1316). It is usexldelectively reject signals
with smaller amplitudes, which may not provide us@fformation because
they often correspond to ambient, electronic, ectebmagnetic noise (Xu
2008).

Signal Amplitude—Thesignal amplitude is defined as the magnitude of the
peak voltage of the largest excursion attainechkbystgnal waveform from a
single emission event (ASTM E 1316). It is takerttee absolute value of the
peak value. Signal amplitude is usually measumatecibels (dB), to which

voltage is converted using the following equation:

A =20log (VTVef) (Eq. 2-2)
where
A = Amplitude in decibels (dB),
\ = Voltage of peak excursion, and
Vie = Reference voltage.

The amplitude of an acoustic emission signal igditation of the source
intensity (Pollock 1995).

Signal Duration—Thesignal duration is defined as the time between AE
signal start and AE signal end (ASTM E 1316).slthe length of time from the
first threshold crossing to the last threshold sirgg and is usually reported in
milliseconds. Therefore, the duration of the signd be affected by the

choice of threshold level. The relationship betmvtee signal amplitude and the

signal duration is an indication of the signal'sysé.
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Signal Rise Time—Thesignal risetime is defined as the time between AE
signal start and the peak amplitude of that AEaIgASTM E 1316). Itis
measured in milliseconds and also yields inforrmaibout the signal’s shape
when used in conjunction with the signal duratiad amplitude.

Signal Strength—Thesignal strength is defined as the measured area of the
rectified AE signal, with units proportional to wseconds (ASTM E 1316).
The signal strength is often referred to as reda¢inergy which is a measure of
the amount of energy released by the specimemabairength is a function of
the amplitude and duration of the signal. Thealigtrength is expressed by

Fowler et al. (1989) as:

So =3[ fo(®)dt + 1| (0] (Eq. 2-3)
where

S = signal strength,

fs = positive signal envelope function,

f. = negative signal envelope function,

t = time at first threshold crossing, and

to = time at last threshold crossing.

Signal energy—Thesignal energy is defined as the energy contained in a
detected acoustic emission burst signal, with wstsally reported in joules or
values that can be expressed in logarithmic for) (kbcibels) (ASTM E

1316). The AE signal energy is expressed by Foetlat. (1989) as:

Ee =5 [ f2©de =2 [7 £ 2 (0)de (Eq. 2-4)
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9. Count—Thecount is defined as the number of times the acousticgom
signal exceeds a preset threshold during any selgairtion of a test (ASTM E
1316). The total number of counts, as well ascthent rate (number of counts
during a fixed period of time), are common paramsetsed for acoustic
emission data interpretation. Counts are usefgiviimg information about the
signal shape when used in conjunction with theadigmplitude and duration
(ASNT 2005).

10. Frequency—Thefrequency is the number of cycles per second of the pressure
variation in a wave, measured in hertz. An aceoummission waveform usually

consists of several frequency components.

2.6 General Acoustic Emission Monitoring Procedure

The acoustic emission monitoring process is nagdgtieasy and can yield
valuable insight into the integrity of the testedi} A general overview of the acoustic
emission monitoring procedure for a structure begiith a preliminary survey.

A preliminary visual survey of the existing struiet should be conducted prior to
any testing. Structural drawings should be vieaed the testing areas should be chosen
based on access and damage assessment. On&dimiinary steps are taken care of, the
acoustic emission testing equipment should be cho€alibration tests should be
conducted to ensure that the testing equipmentlisfiinctional. Testing times should
be chosen so there is minimal effect on the opmraif the structure. These times should
also be confirmed by any agencies that will helthtesting.

The equipment used for the AE testing must haegjaate capacity to handle

large quantities of information at high data actjais rates (Xu 2008). The computer
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system being used should have a large storageityapad sufficient processing

capacity. According to Pollock (1995), the mospartant technical choice for AE
monitoring is the operating frequency. The trawsds being used in the testing can be
resonant or broadband and can cover a varietyeqlifncy ranges. Resonant transducers
give the advantage of operating in a known and-eshblished frequency band.
Resonant transducers are generally more sensittvéeas expensive than broadband
transducers. Broadband transducers deliver méoemation but can overload the

system computer (PCI-8 2002). In most applicatioesonant sensors are preferred over
broadband sensors (Pollock 1995).

Once the testing equipment is chosen, the equipmast be set up at the testing
site. Sensor mounting is an integral part to theesss of the AE monitoring procedure.
The surface where the sensors will be placed neustdaned and smoothed. Dirty
surfaces are undesirable because the particlegbetiie sensor pad and the surface will
decrease the acoustic contact, causing variatiotigeiemission signals (Pollock 1995).
Once the surface is cleaned, the sensor must betatbto the concrete surface. If a
sensor is simply placed on the surface of thedigigict, the signal tends to be very weak.
However, if a thin layer of a viscous medium isgald in between the surface and the
sensor, a much stronger signal is attained. Tdmsbe explained by looking at the
acoustic wave as a pressure wave being transraitteds two surfaces in contact with
one another (Pollock 1995). Without the mediumy @nfew contact points exist
between the sensor pad and the surface, causimgeabgure to only be transmitted
through these points. With the medium (couplantpleyed, the pressure is able to

consistently transfer from one surface to the otligh-silicone vacuum grease has
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been successfully used to obtain good contact leetwhee test surface and the sensors
(Yepez 1999). To finish the mounting of the seastite cables that connect the data
acquisition system and the sensors must be secilited.is done to prevent slippage of
the sensor and possible interference from the seadde. Some sort of hold-down
device should be used to keep the sensor in plategthe testing procedure. The hold-
down device can also protect the sensor from enmemtal hazards and act as an
insulator for the sensor (Pollock 1995).

Once the testing equipment is in place, a caltmaest should take place to
ensure that all the equipment is in proper worlargder. A calibration test can also be
used to identify sensors that have higher or lcseesitivities. The preferred technique
for conducting calibration tests is the pencil-l&aedak test. A standard calibration
procedure for the sensors is specified in ASTM EL3vhere a 2H, 0.5 mm diameter,

mechanical-pencil lead is broken as shown in Figude

—
— | Sensor
/o)

—— 0.1” Lead Extension

Figure 2-4: Calibration of AE sensor (Pollock 1995)

As the lead is pressed against the surface, a gefalfmation occurs, which is relieved

once the lead is broken. The breaking of the praduces a short-duration, localized
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impulse that is quite similar to a natural acoustiassion source (ASNT 2005). The
amplitude of the lead break source is also wekhwvithe range of typical crack sources
(CARP 1999).

Once the system is calibrated, the environmeiwtadiitions must be considered.
Any ambient noise that may affect the AE data sthdwal noted and threshold limits
should be used to limit the effect of such noid@ay change in background noise should
be noted by the AE testing operator. Any otheinges in testing, such as traffic
patterns, weather, or procedural modifications khalso be noted. If possible, the
changes should be time stamped so that the conmdsggpdata can be reviewed during
the post-test analysis (Pollock 1995).

Acoustic emission is a measure of damage groB#tause of this fact, it is a
load-history dependent test procedure (Ohtsu 198Bgrefore, the method of load
application must be designed so that proper dataemorded. The testing procedure
should have a detailed schedule of load applicatioluding magnitude of load and
location.

Before any load testing is conducted, a backgralmedk should be conducted for
a predetermined amount of time (Ridge and Ziehb200 he specimen should remain
undisturbed during this period. Normal ambientseashould be measured and noted for
post-test analysis purposes. After load testimgre should also be a similar period
during which the structure remains undisturbedalgsis of any emissions measured
during this period may indicate if significant clg@s have been made to the structure

during testing.
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During load testing, the data should be displage@that real-time analysis can
take place. This is used to make sure that thimgesroceeds as planned and to ensure
that data are being obtained correctly. The dysplay also alert the operator in the
event of an imminent failure. This is crucial tbe safety of the testing crew. Because
the data are also stored by the acquisition syssegncomplex analysis can be performed
later.

Sensors should be removed once testing is completgrevent sensor damage,
sensors should be removed prior to sudden or capdest specimen failure if the AE test
is performed in conjunction with destructive tegtin

The acoustic emission testing setup can be usadamiety of different ways
depending on the needs of the experiment. Theegtoe described in this chapter is a
general procedure that has been used in the tedtstguctural concrete members.
However, this procedure and setup can be modifigddt a number of different materials
in a number of different ways. Ultimately, thisopedure is one of many different

options for acoustic emission testing.
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Chapter 3. History of Acoustic Emission Testing and Applicationsto Structural

Concrete

3.1 Early Observations

This chapter contains a brief overview of acoustrgssion testing, beginning
with early observations of acoustic emission antctaling with modern day techniques.
It also includes a discussion on how acoustic aomggsting/monitoring has been
applied to engineering materials, as well as afedueview of how acoustic emission

has been applied to assess structural concret&ibeha

3.1.1 Recording Acoustic Emission

Acoustic emission and microseismic activity occatunally. It is not known
exactly when the first acoustic emissions were dhdaut the snapping of twigs, cracking
of rocks, and breaking of bones were probably anmbagearliest observations (ASNT
2005). The first observations of acoustic emisgmometals were the audible emissions
produced by mechanical twinning of pure tin dunmastic deformation. This
phenomenon is known as “tin cry.” The transitioonh the incidental observation of tin
cry to the deliberate study of the acoustic emrsploenomenon consisted of a few
separate and unrelated experiments in which ingmntaion was used to detect, amplify,
and record acoustic emission events occurringsindiejects (ASNT 2005).

The first of these experiments was conducted 8818/ a seismologist by the
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name of Fuyuhiko Kishinouye. His experiment, perfed in Japan, was a study on the
fracture of the earth’s crust due to earthqualkéis.experiment was designed to amplify
and record the acoustic emission from the fraadfirgood (Kishinouye 1932). The
oscillograms made by Kishinouye showing the “indlelvibrations and cracking sounds
from fracture of wooden board” were recordings @justic emission waveforms
(Kishinouye 1937).

Around the same time as Kishinouye’s testing, agrosleries of experiments was
conducted in Germany. Friedrich Forster and E8cheil designed experiments dealing
with the measurement of extremely small voltagenglea and resistance variations
produced by sudden, jerky strain movements caugébsformations in a wire-shaped,
nickel-steel test specimen (Forster and Scheil 19B6r the testing, Forster designed an
electrodynamic transmitter and receiver systenotovert mechanical vibrations and
acoustic emission into electrical voltages thatidde amplified and recorded (ASNT
2005).

In the United States, Warren P. Mason, HerbavticEkimin, and William
Shockley performed and published a series of amoestission tests in 1948. The
experiment consisted of pressing a specimen of joukrectly against a quartz crystal
transducer and then applying stress to deformgheisien and cause dislocation, which
produced acoustic emission (Mason et al. 1948).

Another instrumented experiment was performediénlinited Kingdom. D.J.
Millard conducted twinning experiments on singlgstal wires of cadmium. For this
experiment, the twinning was detected using a Rtekalt transducer (Millard 1950).

Microseismic activity, which is identical to theeEAphenomenon, was also being
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studied around the same time. Leonard A. Obedrteg the discovery of microseismic
emissions in rocks (Obert 1977). In 1938, he veaslacting seismic velocity tests in
mines in northern Oklahoma. Throughout the tess¢gals kept causing interference
with the equipment. He eventually deduced thaintexference was caused by self-
generated signals in the rock. Obert clarified th&eroseismic activity could be detected

in controlled environments (Obert and Duvall 1945).

3.1.2 Founders and Terminology

Although the work was a necessary step in undwiistg the phenomenon of
acoustic emission, the early observations of aedibunds and the instrumented
experiments were not primarily directed at a stofigcoustic emission itself. Even after
the tests, the researchers did not carry on alydustudies into the field of acoustic
emission. Instead, the beginning of today’s tetdmoof acoustic emission testing was
the work of Josef Kaiser in Germany (Henning 1988).

In 1955, Kaiser published his dissertation in \aHie reported the first
comprehensive investigation into the phenomenaacofistic emission. Kaiser used
tensile tests of different materials to determime dcoustic processes involved and the
noises generated within each material. He alstoesg the frequency levels involved in
each test and the relationship between those fretpeand the stress-strain curve for
each material (Kaiser 1950). His most significdistovery, however, was the
irreversibility phenomenon that is now known asKlagser effect. Kaiser’s conclusions
included a distinction between continuous and bemsssion as well as some of the
causes of acoustic emission.

The first extensive research conducted after Kaiseork was completed in the
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United States during the 1950s. In 1954, Schofrétthted a research program that
focused on acoustic emission in materials engingerHis main purpose was to verify
the findings of Kaiser’s work and to determine sloirce of acoustic emission (Schofield
et al. 1958). In addition to verifying Kaiser's o Schofield’s most important
conclusion was that acoustic emission was maimglame effect and not a surface
effect. Schofield published his pioneering workLB61 and used the term “acoustic
emission” in the title, marking the first use oétterminology in history (Schofield

1961).

3.2 Acoustic Emission in Concrete Engineering

Three papers, dating back to the 1960s, are wellvkrin concrete technology
dealing with acoustic emission. H. Risch’s workuged on the noise emitted during the
application of compressive load in concrete. Tyas one of the first studies on the
Kaiser effect in engineering materials (Grosse @htsu 2008). Rusch determined that
the Kaiser effect was observed up to around 75%etompressive failure load. He
also reported that the behavior of AE signals vedeted with a volumetric change
(Risch 1959).

Under compressive loads on concrete, R.G. L'Herfited a relationship
between wave velocity, AE generation, and Poissmtie. Following observed AE
activity, both Poisson’s ratio and axial strairrsta increase, while the wave velocity in
concrete decreases (L'Hermite 1960). Robinsong186ther compared AE behaviors
with X-ray observations. The work done by Rischidrmite, and Robinson began a
much broader exploration into the AE phenomenohiwiéngineering materials such as

concrete. Future research would look into tegpragedures in which acoustic emission
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could be used to rate the integrity of structutahreents made with these engineering

materials.

3.3 Acoustic Emission in Reinforced Concrete

The increase in aging structures and catastropiiicés has caused a demand for
maintenance and retrofitting of reinforced concegtactures in service. The
development of nondestructive testing proceduresvalengineers to test the integrity of
a structure while in service. Therefore, AE tedeis are a great asset to engineers
(Grosse and Ohtsu 2008).

Acoustic emission waveforms and the relationshigvben strain measurement
and acoustic emission events were studied by DIsWelL970. Studies exploring the
fundamentals of AE activity and the effects of mnet proportioning were conducted by
multiple groups of people in the late 1970s andlyek880s. Frequency and source
location analyses were performed starting in th&0$nd continued on to the late 1990s
(Grosse and Ohtsu 2008). Applications to reinfdrcencrete were investigated in the
late 1970s and continue to be researched todag.wbhk done by Y. Niwa, S.
Kobayashi, and M. Ohtsu in 1977 was some of tte Work dealing with reinforced
concrete. These studies have resulted in pra¢céisiihg procedures to monitor cracking
and assess damage in concrete structures (Grad$zhasu 2008).

The results of testing have shown that there egigtstential for the prediction of
failure mode of reinforced concrete beams by AEeoleion. In the case of under-
reinforced beams, sliding between reinforcementcamtrete was observed due to
yielding of the reinforcement. As a results obtfailure, AE count rate increases

drastically. In contrast, over-reinforced beamthstand steel failure and have a constant

33



AE event rate until the final failure. These résshow that AE events are sensitive to
the type of reinforcement in a structure (Grossg@htsu 2008).

The main challenge for determining the structunggrity of a test object is in the
interpretation of the acoustic emission data. rtleoto assess the damage levels of
reinforced concrete beams, many researchers hadeausriterion based on two ratios
associated with the Kaiser effect. Most studiesl@nsisted of testing reinforced
concrete beams which have been damaged under iestaincyclic loading. The Kaiser
effect is very closely related to structural st#ittherefore, AE activity is very low in a
stable structure. To estimate the Kaiser effeat, fatios, most commonly thead ratio
andcalmratio, are used (Grosse and Ohtsu 2008).

According to the NDIS-2421 quantitative assessroatdrion, proposed by Ohtsu
et al. (2002), the structure is subjected to loades during which AE activity is
measured. The structural integrity and damagd Isw@assified based on the load and
calm ratios. NDIS-2421 defines the load ratiohestatio of the load at the onset of AE
activity in the subsequent loading to that of thevpus load.” The calm ratio is defined
as “the number of cumulative AE activities durihg unloading process to that of the
last loading cycle up to the maximum.” Based asthdefinitions, it can be deduced that
the load ratio could become larger than 1.0 inrg seund structure. As damage
accumulates, the ratio drops below 1.0 due to Aghtsvoccurring at lower loading levels
than before (Grosse and Ohtsu 2008).

Damage classification boundary levels can be astedal based on the load and
calm ratios. Figure 3-1 shows a plot of the cfassion of damage in accordance with

these two ratios.
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Figure 3-1: Classification of damage recommended by NDIS-2421 (Ohtsu et al.

2002)

In the research of Ohtsu et al. (2002), these bayndvels were proposed as 0.05 for the
calm ratio and 0.9 for the load ratio. To tessthealues, reinforced concrete beams
were tested using a cyclic load test. Crack-mopimning displacements (CMOD) were
used to define the level of damage for each spaetirdeCMOD of 0.1 mm (0.004 in.)
was selected as the transition value from “minor*intermediate” damage, while values
higher than 0.5 mm (0.02 in.) were deemed as “hedagnage.

A plot of the load ratio versus the calm ratio akofor four zones to be created.
These zones specify damage levels based on tleeatiffspecimens. Figure 3-2 shows a

plot for a group of specimens with the specifieseasment levels.
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Figure 3-2: Classification of AE data by load and calm ratio (Ohtsu et al. 2002)

As can be seen in Figure 3-2, the data plottedreasonably classified in good
agreement with the maximum CMOD values. It is, bogr, interesting to note that
crack widths up to 0.4 mm are described as accleptatoler service loads in the
commentary (R10.6.4) to ACI 318 (2008), even thosgime of these points fall into the
heavy damage quadrant according to the NDIS-24&fagda assessment. According to
the commentary, crack widths in a structure aréligigariable. Prior to ACI 318-99,
provisions were given for distribution of reinforaent that was based on empirical
equations using a calculated maximum crack widi®.016 in. (0.406 mm). The current
provisions for spacing are “intended to limit sedeacracks to a width that is generally
acceptable in practice but may vary widely in aegistructure” (ACI 318 2008). The
general agreement between the NDIS-2421 critemohtlle CMOD data indicated that
the damage levels of reinforced concrete beam$&eaualified by the criterion based on
the load ratio and the calm ratio when monitorirtg &ctivity under cyclic loading
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(Grosse and Ohtsu 2008).

Another ratio has been used to determine the dam&ginforced concrete
beams. Colombo et al. (2005) usedr#lexation ratio and focused on the AE activity
recorded during the unloading process. The ralaxastio, in the research, was defined
in terms of energy: the ratio of the average endrging unloading to the average
energy during loading. The average energy wasilzdtd by taking the cumulative
acoustic emission energy recorded during each pdraseividing by the total number of
recorded sensor hits. Since an average energyak@s for this assessment, there were
no complications in dealing with the time of théiindual processes. This research was
based on the principle that AE activity during wdong is an indication of structural
integrity (Grosse and Ohtsu 2008). In the casetttgastructure under consideration is
stable, very little AE activity is observed duritige unloading process. However, if the
structure under consideration is not stable, tehoeild be a considerable amount of AE
activity during the unloading process. Accordiadhe results of flexural tests on several
reinforced concrete beams, the relaxation ratinesivere closely related to the
percentage of the ultimate failure load that washed in a specific cycle. An example

figure from this research of a beam specimen caseba in Figure 3-3.
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Figure 3-3: Relaxation ratio results (Colombo et al. 2005)

As seen in the figure, Colombo et al. (2005) defitveo specific regions; loading
dominant and relaxation dominant. Initially, tlhadling phase is dominant (average
energy produced during loading is greater thanameeenergy produced during
unloading) and the values of the relaxation ralfitieabelow the dotted line. A change of
trend occurs when the load reached approximateély dbthe ultimate failure load of the
specimen. At this point, the relaxation phasebexs dominant, meaning that more
energy is being produced during the unloading pbasgared to the loading phase.
Since the change in behavior is related to a p&agerof load, the relaxation ratio could
be used to assess the damage in the beams. dieteamined that a relaxation ratio
greater than one described a beam that had expedelamage (Colombo et al. 2005).

Ridge and Ziehl (2006) proposed an evaluatiorican based on the peak
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cumulative signal strength (CSS) ratio. This raétidefined as the peak CSS at the end

of the reload hold period divided by the peak CStB@aend of the initial load hold

period. A sample loadset can be seen in Figure 3-4
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Figure 3-4: Signal strength versustime (Ridge and Ziehl 2006)

As seen in the above figure, a load hold occueslaad was applied to a specimen and

held constant for a set period of time. A reloattilperiod was a hold period that occurs

after the magnitude of the load of the originaldhpériod was reduced to zero and

increased back to a specified load and held fg@eaifed time. The benefit of this

evaluation method was the fact that the data vedent during the load holds as opposed

to during the periods of changing load intensiggure 3-4 also shows the signal

strength of AE hits being produced due to the laplied. Loadsets, each consisting of

two load cycles, were used to test six reinforaauceete beams that were strengthened

with carbon-fiber-reinforced polymer (CFRP). A tigeriod of four minutes was used
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for each loadset to provide a suitable period f@uwation of the rate of AE activity and
to provide a period of evaluation that was freerffmongenuine” AE. Nongenuine AE,
such as mechanical rubbing or friction, comes fegrondary sources of emission and
can be detrimental to post-test data analysis. pEad load used for all of the reloading
sequences was slightly less than the original toahsure that no new cracks were
formed during the reloading process. The AE dateevanalyzed for two strengthened
specimens—one strengthened with procured CFR stng the other with
unidirectional CFRP fabric. The results of thesstd showed that the ratio of peak CSS
obtained during a reload hold to peak CSS obtaiheihg an initial load hold may be a

useful measure of damage. The CSS results frodséa® are shown in Figure 3-5.
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Figure 3-5: CSSduringinitial load hold and reload hold (Ridge and Ziehl 2006)

The results showed that for both of the strengtiespecimens, a peak CSS ratio

between 30 and 50% was an appropriate value totsean indication of significant
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damage. Ridge and Ziehl also stated that the atratucriterion was purposely based on
a ratio because criteria that are based on absok#sures are more heavily dependent
on the sensitivity of individual sensors and attaeht methods. Comparison of the
cyclic load test (CLT), as described in AppendioffACI 437R-03, and the AE methods
showed that although both methods provided antefeemeans of damage detection, the
AE method provided increased sensitivity in sonmsesa

Ziehl et al. (2008) continued looking at damaggeasment for other concrete
structures. Their work focused on the applicatiod interpretation of the evaluation
criteria adopted for the in-situ assessment ofstmactures; a parking garage and a
building. For each study, the evaluation critefignterest were those associated with the
CLT and AE methods. The research regarding theée&ng used two previously
mentioned evaluation criterion. The first was Ni2lS-2421 criterion proposed by
Ohtsu et al. (2002) based on the calm ratio andl lago. The second was the peak CSS
ratio proposed by Ridge and Ziehl (2006). Thislgtoonfirmed the results from the
original studies. Ziehl et al. (2008) also prombaenew technique of damage assessment
in which the CLT method and AE studies could beduseaunison. Aglobal performance
index was defined based on the evaluation criterialferGLT method; namely the
permanency, repeatability, and deviation from liitgaand the AE evaluation criteria of
load ratio versus calm ratio and the peak CSS.rdtle proposed global performance
index was used to evaluate the ultimate capacitgmgUCM) for the load tests
performed on both structures. The UCM is defingttlae margin between the ultimate
capacity of a specimen and the load at which araoi failed” (Liu and Ziehl 2009).

Therefore, a specimen failed a load test once iadimone of the criterion was reached.
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For instance, when conducting the CLT method, dhedimit for the permanency,
repeatability, or deviation from linearity critendnad been reached, the specimen had
failed the test. The proposed UCM index, when grpentally validated and available,
would allow engineers to quantify how much resemas left in the structure once it
failed the test by reaching one of the proposeddim

Liu and Ziehl (2009) continued the work done poexly by exploring the cyclic
load test and acoustic emission methods of evaluaipplied to 14 reduced-scale
reinforced concrete beam specimens. These spegirapresented different cases in
terms of failure mode (flexure and shear), loagiaggern, concrete mixture design
(normal and self-consolidating concrete), and tesyimaterial properties. In addition,
five acoustic emission evaluation methods werestigated to determine their ability to
assess the damage level in the reinforced conlcestms. The five AE performance
measures selected for this testing included tHevimhg: load ratio, calm ratio,
relaxation ratio, cumulative signal strength (C&8&ip, and a combination of load ratio
and calm ratio. There were interesting test redaltthe different cases involved. The
load ratio consistently decreased with increasiegi$ets. This measure was more useful
than others for assessing post-yield damage bre thas some difficulty in
differentiating between pre- and post-yield damagke calm ratio was relatively stable
and increased with loadsets up to yield. Howev@ras not compatible to post-yield
evaluation. The relaxation ratio provided veryitamresults to the calm ratio for the
flexure-critical specimens, but there was no ctezd for the shear-critical specimens.
The calm ratio offered more consistent results cmexh to the relaxation ratio. The CSS

ratio did not offer stable results like the loatlaand calm ratio. It seemed to be
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affected by the concrete material type, as welle most important conclusion was that
the combination of calm ratio and load ratio oftetke most consistent results, and was
considered the best measure of damage for theetergpecimens. This conclusion
shows that using the NDIS-2421 evaluation criterstine best approach when
determining the damage of a specimen. A generallasion regarding the AE data was
that all the measures were affected moderatelyohgrete material type (conventional or
self-consolidating) and loading pattern (CLT oira@ified version of the CLT pattern).
As found in previous studies, Liu and Ziehl conéddhat the AE and CLT methods are
complementary methods that provide different typlegata. They suggested that an
approach that combines the two methods of evaluatiay be more promising than one
that uses a single method.

Nair (2006) conducted research that focused orldping quantitative measures
of evaluation for the structural integrity of reanfed concrete. The study applied the
intensity analysis technique of quantitative agsess for other materials, such as metals
and fiber-reinforced polymer, to conventional AHadparameters from reinforced
concrete beam specimens. The intensity analysisrgied plots using the historic index,
a measure of the change in AE activity, and sevgdtues, a measure of signal strength
during load tests. Nair used this technigue iraeining the condition of reinforced
concrete beam specimens in a laboratory settiogt-test analysis of the AE data
showed that the intensity analysis technique hetpepiantify and better understand the
damage intensity in the beams. The same analysisuged for two separate field tests; a
concrete bridge and a steel bridge. Similar redalthe laboratory research were

obtained from members of the two bridges. Thelte$tom both the laboratory and
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field testing emphasized the need to develop stdimdal intensity charts and procedures

to quantify damage in reinforced concrete memhdasr (2006).

3.4 Acoustic Emission in Prestressed Concrete

The use of acoustic emission testing in prestressadrete structures has been
going on for a number of years, but most of thagdiss dealt with smaller specimens in
controlled environments. The considerable amotideterioration in the condition of
road infrastructure has caused a demand for matistie testing of in-service bridges
and a comparison of the testing done on reinfocoetrete systems to that of prestressed
concrete systems.

According to Vogel et al. (2006), acoustic emisdiesting has more potential for
fully prestressed structures than for reinforcewlccete structures. This is justified by the
fact that cracking in reinforced concrete structusenormal and “little matter of
concern.” In prestressed concrete structures, henyveracks do not normally exist due
to prestressing and the formation of new cracksdwservice life is a key issue. These
cracks may be an indicator of bad performance dmer @erious problems. Fowler et al.
(1998) agreed with this statement based on theHattension zone cracking in
reinforced concrete is a significant source of siois. This emission masks more
significant emission associated with structural dgen Because of this, tension zone
cracking has made the application of AE testingeinforced concrete difficult.

One of the more telling experiments done in theganison of reinforced versus
prestressed concrete specimens using acousticiemvgas done by Hearn and Shield
(1997). Their goal was to test three conventignadinforced and two prestressed

concrete beams by cyclically loading them untiluisg. The crack initiation and
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propagation was monitored using acoustic emissiahcampared to visual observation.
The comparison in AE behavior between the convaatip reinforced and prestressed
concrete beams was discussed and evaluated. rAmfarced concrete acoustic
emission testing, the observed formation of cracksncrete was preceded by a
significant increase in AE activity rate in the gressed specimens. The main difference
between the AE activity for the two specimens tplace during the unloading process.
For the prestressed beams, there was extensivethiiyaduring the unloading process.
For the reinforced beams, however, very little @mactivity was recorded during the
unloading cycles. These test results also indictitat there was a slight violation of the
Kaiser effect at all load levels for the prestressgecimens. Hearn and Shield also
suggested that, although acoustic emission testiagiable tool for both reinforced and
prestressed concrete beams, the method may be eadeelop for use with prestressed
concrete structures (Hearn and Shield 1997).

A more detailed report of this research yieldederinformation between the
differences in AE activity between the reinforced gprestressed concrete specimens.
Shield (1997) graphically represented the resubisifthe experiment in two figures. As
shown in Figure 3-6, AE activity for the loadingloading cycle for an ordinary
reinforced beam began after previously applieded#tin levels are exceeded. It
continued during the time when the deflection walsl ltonstant, and there was no

activity during unloading.

45



0.60 ———

0.55 .

Deflection (cm)
© o
oy i
L4y (o]

o
-9
o
T
i

8

1 i —l A

O.M i 1 1 L A 1. i L I L
80 100 120 140 160 180 200 220 240 280

Event Time (sec)

Figure 3-6: Recorded AE eventsversus actual loading cycle history for an ordinary

reinforced beam (Shield 1997)

Figure 3-7 shows the AE activity for the loadindbading cycle for the prestressed
beam. As can be seen, AE activity began when gaéiection levels were exceeded and
continued until maximum deflection level was reath@here was no activity when the

deflection level was held constant, but there waisity during the unloading, or crack

closure, period.
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Figure 3-7: Recorded AE eventsversus actual loading cycle history for a

prestressed beam (Shield 1997)

Shield hypothesized that the differences in AE b&dtavere a direct consequence of the
two reinforcing methods. For the ordinary reinfmtdeams there was a “continuing
transfer of stress from the concrete in tensidiéoreinforcing steel (Shield 1997).”
This caused the AE activity during the time whea deflection was held constant. For
the prestressed beam, however, the tensile stressesall taken by the prestressing
steel, which explained no AE activity during thdchperiod. During unloading, there
was significant AE activity due to the two surfabesng forced together under the effect
of the prestressing force. The force causing cchasure was much smaller in ordinary
reinforced beams and was generally not large entmgbknerate AE activity (Shield
1997).

Yuyama et al. (2007) explored the use of acowstitssion in the evaluation of

failures in high-strength tendons of prestresseati@ie bridges. The failure was mainly
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attributed to the corrosion induced in severe emrirents by salt attack. Some
interesting results were presented from the exmarimFirst, it was proven that AE was
a very useful technique in detecting and evaludtuegfailures of the high-strength steel
tendons. It was also shown that, in post-tensidngins, the acoustic emission
reliability was dependent upon the grouting cowditi It was shown that for unbonded
and partially grouted beams, the AE returned exttgraccurate source locations for the
wire breaks. The fully grouted beams, however,mitireturn as accurate results due to
the complicated wave paths through the groutedsduthis experiment also showed that
there was a clear difference in the signals trattechby failures compared to those of
environmental and background noise (Yuyama etQfl72

The sources that cause AE activity in prestressedrete are slightly different
from those in ordinary reinforced concrete. Onste$ prestressed concrete girders
reported by Fowler et al. (1998), three sourcemnuksion were investigated: shear-
induced cracking in the web, flexural crackingha tegion of maximum moment, and
strand slippage at the anchorage zone. Theseiemgsurces were examined by placing
sensors in the critical areas and monitoring thesgion from each area. As seen in
Figure 3-8, one sensor was located at the endedf¢lam to monitor strand slippage, four
were located in the shear zone, and two on thetnotf the beam to monitor flexural

cracking.
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Figure 3-8. Sensor locationsfor load tests (Fowler et al. 1998)

During the testing, the sensors located in theuflexzone produced significant emission
first, while a massive burst of emission occurretha time of the first shear crack. The
different types of AE sources need to be consideteeh dealing with prestressed
concrete specimens. Fowler et al. (1998) contettit#tdAE can not only be used to
detect damage in a prestressed beam, but alsstiogiiish the difference between shear

and flexural cracks.

3.5 Summary

Acoustic emission monitoring has been used orriatyeof different materials in
a multitude of different ways. After reviewing theevant literature, it was seen that
certain testing procedures have proven to be nféeetwe in the field of structural
concrete. Some type of cyclic loading (load arda®) should be used to evaluate the
emission from certain types of failures at diffarerad levels. Also, certain evaluation
criteria have been proven to be more effectivayelsas more feasible, than others. For

instance, the use of the peak CSS ratio seemsda basy way to quickly conduct a
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damage assessment for a concrete specimen. Thenpodant factor that seems to be
consistent throughout most of the literature, haaveis the adaptation of the acoustic
emission method to the specific details of thegubj In most of the research done thus
far, the acoustic emission procedure has been addndsatisfy the conditions of the
test. For this current research project, the Adcedure was adapted for the I-565 bridge

girders to obtain useful data.
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Chapter 4. Acoustic Emission Testing of Repaired Prestressed Concrete Bridge

Girders

4.1 Introduction

The elevated portion of the I-565 highway in HuilteyAlabama was
constructed from January 1988 to March 1991. Thetire consists of several spans
supported by prestressed concrete bulb-tee gitdatsvere designed to be continuous
for live load. Soon after completion, wide craédismed in many of the girder ends close
to the continuity diaphragms. It was determineat tlestrained thermal deformations of
the superstructure were the main cause for th&iogand that inappropriate reinforcing
details in the girder ends contributed to the llocaand severity of the cracking (Gao
2003). The progression of the cracks has beeelglosonitored by the Alabama
Department of Transportation (ALDOT) and severatediation techniques have been
installed. False supports were installed neab#rgs supporting the cracked ends of the
girders. This was done to prevent a total collapske event of girder failure. The
supports are currently still in place, but add mactural strength to the bridge. They are
simply there to support the structure in the ewdmfirder failure. To try and prevent
further propagation of the cracks, epoxy was igedhto the existing cracks to seal
them. Although this seemed to work for the exgtinacks, new cracks formed adjacent

to many of the epoxy-treated cracks (Swenson 2088on and Barnes 2004).
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Based on findings by ACI Committee 440 (2002), mxaély bonded fiber-
reinforced polymer (FRP) reinforcement had proviéecéive for the strengthening of
reinforced concrete structures. Therefore, Swe(2003) proposed a repair using
externally bonded, FRP reinforcement to countefaeipotential strength deficiencies
caused by the cracking in the bulb-tee girderse FRP reinforcement was installed in
December 2007.

Prior to the use of the FRP repair, Xu (2008) pented acoustic emission testing
to determine the structural integrity of the systddp to this point, most AE testing was
done in the laboratory and not many tests had beeducted on in-service concrete
bridges. Xu’s main goals were to evaluate thec#iffeness of the AE testing procedure
in determining the structural integrity of the gird. To do this, the results of the AE
testing were compared to the conventional straffedigon testing technique (Xu 2008).

The experiment performed for this project had ssamgoals to Xu’s testing in
2005. The testing procedure was very similar ab phe-FRP repair test results could be
compared to post-FRP repair results. These reselts used to determine if the AE
testing indicated that the FRP repair had imprawedstructural integrity of the bridge
girders. The relationship between the AE datathad-RP repair was also explored, and

the different effects the FRP repair had on AE rasirig were identified.

4.2 Resear ch Significance
The increasing deterioration of the civil infragtiure of the United States has
greatly increased the amount of testing done @emice roads and bridges. Since the

roads and bridges are in service, non-destruatising has become increasingly
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important. Most of the deterioration can be atitrda to the age of bridges, but other
factors can affect the integrity of such structures

Acoustic emission testing has proven to be a dgesiihg procedure to determine
the integrity of concrete specimens (Ohtsu et@)22 Ridge and Ziehl 2006). By
comparing the results of the pre-repair testintp&opost-repair testing, a conclusion was
made about the impact the fiber-reinforced polymagair has had on the integrity of the
bridge girders. The comparison also gave insigfiat the different AE responses that
were caused by the FRP compared to conventiondbreed or prestressed concrete
girders.

This thesis research can be used as another evguetrihat shows the
effectiveness of acoustic emission testing in cetecstructures. The field testing also
provided some important data that will be usedeti®dnine the similarities between
laboratory and in-situ testing. Finally, this regg# gave an idea on the effectiveness of
AE testing in determining the integrity of a st after repair, and allowed for further

experimentation in determining the effectivenesthefrepair itself.

4.3 Acoustic Emission Evaluation Criteria

4.3.1 NDIS-2421 Criteria
The Japanese Society for Nondestructive Inspectdopted the NDIS-2421
guantitative assessment criterion to establish @ simndard damage assessment (Ohtsu
et al. 2002). The damage levels are evaluatedllm@séwo ratios related to the AE
activity recorded during the testing. The loadoré the ratio of load at the onset of AE
activity to the previous load. The calm ratiohie tatio of cumulative AE activity during

the unloading process to that of the last maximoding cycle. In using these two
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ratios simultaneously, a damage assessment carcomplished by setting limits based
upon laboratory testing. As seen in Figure 3-1a g@ints can be plotted and the type of
damage can be determined by the plot. Ohtsu pt@bosed that the classification
boundaries in Figure 3-1 to be 0.05 for the caltiorand 0.9 for the load ratio. The AE

data from the most active channel is used for iplgtt

4.3.2 Signal Strength Moment Ratio Evaluation

The results of the pre-repair test depend on itpeabStrength Moment (SSM)
Ratio evaluation criterion. A brief overview ofgtcriterion is presented here, and a
more detailed description of the method is disadigs€hapter 5. The SSM Ratio
method uses a time-weighted approach for analyth@d\E signal strength during a load
hold. SSM is the summation, over a period of snethload, of the product of the signal
strength associated with each hit by the time eldf©m the beginning of the load hold.
In another form, the signal strength moment israfias:

SSM = Y. t;S; (Eq. 4-1)

Wheren is the total number of hits occurring during thad hold; is the time from the
beginning of the hold to th& hit, andS is the signal strength occurring in tffehit (Xu
2008). Based upon Xu's laboratory results, it voasd that a greater SSM value is
indicative of a situation in which the AE activitycreases during a hold period. The

SSM Ratio is defined by the following equation:

SSM Ratio =

SSMsecond night hold period (Eq 4_2)
SSMfirst night hold period .

The SSM ratio provides an indication of the progi@s of damage as the load intensity

increases (Xu 2008).
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4.4 Experimental Procedure

4.4.1 Preliminary Investigation

The Interstate 565 Bridge consists of several preséd concrete bulb-tee girders

that were designed to be continuous for live lo@ide bridge deck is composed of cast-

in-place reinforced concrete. Figure 4-1 showsdassectional view of the bridge

structure. The bridge deck is 70.8 ft. (21.6 mjewvith a thickness of 6.5 in. (165 mm),

not including the variable depth build-up over egolder. The bridge deck was designed

to act compositely with the girders by extending d¢firder stirrups into the deck slab
(Swenson 2003). The nine girders are spaced it 98.4 m) center to center. Figure

4-2 presents the girder cross section.

ST-6538  o.9ft 3.9ft; 5.9ft ST-6400

\ -i

Gam

YT T T Y

o —

3.4ft | 8.0 ft
| | 54.0 ft ! |
! 70.8 ft !

Figure4-1. Bridge cross section and transver se position of test trucks (Fason and

Bar nes 2004)
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Figure4-2: Girder cross section dimensions (Xu 2008)

A visual inspection was the first step in the t@gforocedure. After assessing the
bridge, it was determined that the study was tagam the most damaged girders. This
included Girders 7 and 8 supported by Bent 11 cciimgg northbound Spans 10 and 11.
Figure 4-3 shows the basic layout and orientatidhe girders, spans, and bents under

consideration.
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Figure 4-3: 1-565 layout and numbering system (Xu 2008)

During the inspection of Girders 7 and 8 on eigide of Bent 11, it was seen that
several types of cracks were present in the gedds near the continuity diaphragm.
The first group of cracks consisted of the origicralcks that had previously been
injected with an epoxy in order to seal the craakd prevent further growth. These
cracks were large and were noticeable in manyegttders. There were also cracks
that had not been repaired with epoxy. These sragke mostly adjacent to the
previously repaired cracks and caused concerrébtidge integrity since the girders
had cracked after the epoxy repair. There werealkscks that were present under the
fiber-reinforced polymer (for the post-repair testhich could not be seen but were
documented prior to the repair by Xu (2008). Fegd4 shows the cracks on the east

face of Girder 7 in Span 11. The cracks have leedanced for clarity.
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Epoxy Injected Cracks

Unrepaired Cracks

Cracks under FRP

Figure4-4: Cracksin east face of Span 11 Girder 7

As stated previously, the preliminary investigatstrowed that the acoustic emission
monitoring of Girders 7 and 8 would be the mostghul into the condition of the

bridge.

4.4.2 Testing Equipment
The equipment used for processing acoustic emissgurals is available in a
variety of forms. Components common to all systanestransducers, preamplifiers,
filters, and amplifiers to make the signal measlarab
When an acoustic emission wave encroaches on tfaeswof a test object, very
small movements occur on the surface. The tramstuttinction is to detect this

movement and convert it into a usable signal. fféwesducers used for acoustic emission
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testing generally use a piezoelectric sensor asléatromechanical conversion device.
The transducers may be resonant or broadband andaim considerations in transducer
selection are operating frequency, sensitivity, amdronment and physical
characteristics (ASNT 2005).

In this testing, PAC R6I-AST 50 kHz integral resohttansducers were chosen
for use with the acoustic emission equipment. &dbl summarizes the PAC R6I-AST
characteristics. These sensors have a preamiiifitrin and therefore eliminate the
need for a separate preamplifier. This choice made with the purpose of attaining
high sensitivity as well as the ability to utililmng cables without the need for a separate
amplifier. This choice also decreases equipmesit@ad setup time in the field. The
preamplifier present within the transducer hougirayides filtering, gain, and cable
drive capability (ASNT 2005). Filtering in the mmaplifier is the primary means of

defining monitoring frequency for the acoustic esios test.

Table4-1: PAC R6I-AST Sensor summary information (Adapted from PCI 2002)

Characteristic Value
Dimensions (Diameter x Height) (mm) 29 x40
Weight (g) 98
Operating Temperature (°C) -35t0 75
Case Material Stainless Steel (304)
Face Material Ceramic
Connector Type BNC
Connection Location Side
Peak Sensitivity (dB) 117
Operating Frequency Range (kHz) 40-100
Resonant Frequency (kHz) 55
Directionality (dB) +1.5
Seal Type Epoxy
Comments 40 dB gain Integlr(;':l;gre-amp for 50 ohm
Recommended Accessories 1234-x Cable, MHR6I HoldabDo
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The system computer used was a 24-channel “SemsedlAcoustic Multi-channel
Operation Systems” (SAMOS) manufactured by Phygkcalustics Corporation (PAC).
This system controls the main amplifiers and thoédd) which are adjusted to determine
the test sensitivity. SAMOS multi-channel systeresdriven by the Windows AE-Win
Software. Standard coaxial RG-58 A/U cables weetluo connect the PAC R6I-AST

sensors and the SAMOS operating system.

4.4.3 Instrumentation Setup
The preparation for the I-565 bridge testing totdcp for one week. The
acoustic emission installation and setup took ane(ay 24, 2010) and AE testing took
place over two nights (May 25-26, 2010). In orttesave time on site, preliminary
testing was performed in the Auburn University Staual Engineering Laboratory prior
to travelling to Huntsville. Information includirftardware, filter, and acquisition setup

is summarized in Table 4-2.

Table4-2: AE test parameters

Parameters Values
Hit Definition Time (HDT) 200
Peak Definition Time (PDT) 50
Hit Lockout Time (HLT) 300
Threshold 60 dB
Preamplifier (R61-AST) 40 dB

The setup for the AE monitoring began with the ©leg of the concrete surface.
The girder surface was cleaned and sanded umtdstsmooth. Dirty surfaces can cause
a reduction in the acoustic contact and allow foorpdata. A high-silicone vacuum
grease produced by Dow Corning was used as thdiegupedium between the sensor

and the concrete surface.

60



Before placing the sensor on the girder face, ¢ims@ was connected to the cable
running to the acquisition system. To place thsseon the girder face, a small amount
of the coupling medium was placed on the face efsénsor and the sensor was pressed
against the concrete surface. This minimized therdrapped at the interface, ensuring
good acoustic continuity. The coupling medium abfrem all sides as the sensor was
pushed against the surface. After placement,ghem was held in place by the coupling
medium until a magnetic hold-down device was ihsthl The magnetic hold-down
device was slipped over the sensor, and it maiathansmall amount of pressure against
the sensor.

The magnetic hold-down device was secured in gdgdsvo steel sheets that
were glued to the concrete surface. The two stests (1.25 in. x 0.5 in. x 0.02 in.)
were glued to the girder face as shown in Figuse 4-he magnetic hold-down device
allowed for a considerable amount of flexibilitypracing the sensors since the sensors
could be placed in any desired position. Howeware was taken in securing the
magnetic hold-down device to ensure that the semasmot moved after being placed on
the concrete surface. The hold-down devices dfsoenl some protection for the sensors
from environmental hazards. They also acted adatws against any external noise that

may otherwise have affected the testing.
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Figure4-5. Steel sheetson girder face

Once the magnetic hold-down device was properlggalaver the sensor, the cable was
secured using cable ties and mounting pads. Téassdene to prevent any movement and
interference. The sensor was restricted so no memecaused by the weight of the
cable occurred. Once the cables were tied dovenséhsor installation was complete.

The entire sensor setup can be seen in Figure 4-6.

Figure 4-6. Sensor installation
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The sensors were arranged in grids in order taucaphe AE events occurring
during the testing process. Twenty-four sensargroups of six sensors each, were
placed in rectangular grids on the east faces tf GBarders 7 and 8 along Spans 10 and
11. There was one group of sensors on each graker There were a number of
unsealed and sealed cracks on these faces whieteallfor quality AE data to be
accumulated and verified.

Based on the preliminary investigation, Girder 8 hanumber of sealed cracks
along both Spans 10 and 11. Girder 8 in Span tllaheery long unsealed crack close to
the continuity diaphragm, while smaller unsealextks were present in Span 10. Figure
4-7 shows the configuration of sensors along Gi8dend Figure 4-8 shows the
arrangement of Sensors 13-18. Six sensors (1ghréuwere installed on the east face
of Span 10 on Girder 8 (S10G8) near the contirdidphragm. The grid of AE sensors
was 24 in. (0.61 m) high x 72 in. (1.82 m) widaekdwise, another 6 sensors (13 through
18) were installed on the east face of Span 11iohe68 (S11G8). This grid also had

dimensions of 24 in. (0.61 m) x 72 in. (1.82 m).

Span 10 Girder 8 East Face | Span 11 Girder 8 East Face
Cast-in place deck i Cagt-in place continuity diaphragm
1 M
6 in. — i 1 /r/ ) _ — 6 in.
e | o5 oc|i | e 178 5@
L ‘ 36 m. ' 361n. b | i 36 in. ‘ 361n. '
24 in. — 6in, || i il 6in — 24 in.
Crack Gauge On West Face i1 Crack Gauege
- le1 2 @3] | s 4@ TS st
6 in. — 157 40 . e 55 m. T - 6 in.
13.5 m. o 13.5 m.
P mmmmmmms oy
Strain Gauge! 71.25 . ! 71.25 in. ! Strain Gauge

Figure4-7: Sensor configuration on east face of Girder 8 (Xu 2008)
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Figure 4-8. Arrangement of Sensors 13-18 on Girder 8

A large number of both sealed and unsealed craeks wsible in Girder 7.
Girder 7 in Span 11 (S11G7) had unsealed cracksahanearly the entire depth of the
beam adjacent to sealed cracks. Like Girder 8&siv in Span 10 (S10G7) had shorter
unsealed cracks on the east face. Six sensadnsoUgh 12) were placed on the east face
of S10G7 near the continuity diaphragm as showkigare 4-9. As seen in this figure,
Sensor 11 was moved down 2 in. (51 mm) to avoiddplaced over a crack. Six
sensors (19 through 24) were also placed on tlezenf end of S11G7 as shown in
Figure 4-9. Sensors 20 and 23 were shifted 2mngm) to the right to avoid being

placed over a crack. The configuration of sen$8r24 can be seen in Figure 4-10.
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Figure 4-9: Sensor configuration on east face of Girder 7 (Xu 2008)

Figure4-10: Arrangement of Sensors 19-24 on Girder 7

4.4.4 Conventional M easur ements
To fully evaluate the integrity of the I-565 bridg&ucture, other data were
collected and compared to the AE data. The stiitise concrete surface were
measured by using electrical-resistance straingm(lgRSGs), which were bonded

directly to the concrete surface using epoxy. Jtnan gauges used were 2.5 in. (60
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mm) strain gauges with a resistance of 858nd temperature compensation appropriate
for concrete (Texas Measurements MFLA-60350-1%#xain gauge locations can be
seen in Figure 4-7 and Figure 4-9.

The amount of vertical displacement that the brieigggerienced under loads was
measured using deflectometers. Along with the A& gdthese measurements were used
to understand the general behavior of the bridgm. this testing, twelve deflectometers
were placed at six different locations along eaictheg.

Under loading, the existing cracks can generatelédéto the rubbing of the
cracked surfaces as they open and close in respmebanging traffic loads. Four
crack-opening measurement devices (COMDSs) were tosegasure the crack-opening
displacements (CODs) during the load tests. THes&es were attached on either side
of the cracks on the west face of S10G8 and oediseface of S11G8, S10G7, and
S11G7. Each of the crack-opening measurementekewas installed 13.5 in. (0.34 m)
above the bottom of the girder. The crack-openiggce locations relative to the AE

sensors can be seen in Figure 4-2, Figureahd Figure 4-9.

4.4.5 Bridge L oading for Acoustic Emission Testing
After the sensors and cables were installed, tham#l sensitivities were checked
to make sure they were consistent for each sefidwe.hardware was initially checked in
the Auburn University Structural Research Labonafmior to the week of testing to
ensure that all of the sensors were working prgpeifter the sensors were mounted on
the concrete girders in the field, a system peréoroe check was completed using the
pencil-lead break technique (Pollock 1995). Asised-igure 2-4, a 0.02-in. (0.5-mm)

HB pencil lead was broken on the concrete surfast distance from each sensor. This
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was done to check that each sensor was workingedyoand to identify any weak
channels in the system. All significant data contgy weak channels were noted in the
test log. After the testing was completed, seseositivities were checked again to
confirm there was no loss of sensitivity during test period.

During the nights of testing, one lane of the geidvas open to traffic. This lane
of traffic was over Girders 1 and 2 which are thetfest from Girders 7 and 8. An
acoustic emission calibration test was performe@Gwders 7 and 8 during 6 minutes of
ambient traffic flow prior to the testing perio@uring the calibration test, it was seen
that very few AE signals were caused by the opee & traffic, which indicated that the
traffic had no significant effect on the resultsloé load tests.

Loading of the bridge girders was performed by mgvoad trucks onto the
bridge. Since the AE testing method is a measudamage growth, it is dependent on
load history. Therefore, loading patterns weregies] to produce useful data and utilize
the AE method to evaluate the integrity of the eetegirders. Two different load test
trucks, provided by the Alabama Department of Tpantation (ALDOT), were used for

the test. The trucks, ST-6400 and ST-6538, caseba in Figure 4-11 and Figure 4-12.
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Figure 4-11: Standard load truck ST-6400 (pre-repair and post-repair)
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Figure4-12: Standard load truck ST-6538 (post-repair)

On the first night of testing, truck load configtion LC-6.5 was used to induce

load effects slightly larger than values correspogdo the full service-level live load for
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which the bridge was designed. The load configomatC-6.5 for both trucks can be
seen in Figure 4-13 and Figure 4-14. The solidvesrrepresent the actual load being
applied to the structure acting through the thrdesaof the truck. The dotted arrows
represent the total resultant load being appliethfthe trucks. The footprint of ST-6400
and ST-6538 can be seen in Figure 4-15. Therfigtt of testing was completed in two

parts due to the four loading positions.

Side I
: Front Axle
371V 374" V[ o7.1kips 22,6 ;
. Top Layer = 14 Blocks
Top
View
Bottom Layer = 16 Blocks (Full)

Figure4-13: Truck ST-6400 load configuration L C-6.5 for pre- and post-repair
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Figure4-14: Truck ST-6538 load configuration L C-6.5 for post-repair
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Figure 4-15: Footprint of ALDOT load trucks (ST-6400 and ST-6538)
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As can be seen in the above figures, the blocks on each truck were designed to achieve
similar loadings to the bridge under the back of the trucks. Thiswas done to replicate the
pre-repair test done on this bridge in 2005 (Xu 2008). The pre-repair loading schemes
were designed to maximize the combined influence of shear and positive bending. An
elevation view of the testing setup and the truck stop position locationsis shownin

Figure 4-16.
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As stated before, initial readings for all senseese recorded for six minutes prior to the
load trucks being driven into position. Part ohéesting during the first night consisted
of using both trucks to load Span 10. The finsthkr, ST-6400, with load configuration
LC-6.5 (Figure 4-13), was backed onto the bridgalgally and placed at its
predetermined position. The transverse positidiiseotest trucks are shown in Figure
4-1. As seen in Figure 4-17, the first longitudist@p position for the test truck was
where the third axle of the truck aligned with Lhé70 inches from the centerline of the
continuity diaphragm). Once the first truck wagosition and a two-minute hold was
completed, the second test truck, ST-6538, witd lm@mbination LC-6.5, was gradually
backed into its predetermined position. Once litks were in the positions shown in
Figure 4-17, they remained still for approximateige minutes. The trucks were then

driven off the bridge simultaneously, and the dticeewas observed for seven minutes.

w
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Figure4-17: Longitudinal test positionsfor Span 10 loading
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Part Two of the first night’s testing used the sae®t trucks but loaded Span 11.
The load application process was almost identac&lart one. Once again, six minutes of
testing were conducted while the bridge was unddoad. After the six minutes, the
first test truck, ST-6400 with LC-6.5, was movetbiits predetermined position, seen in
Figure 4-18. For this testing, the third axle oftbtrucks coincided with Line 6 (70
inches from the centerline of the continuity disgdgm). After the first truck was in
position and two minutes of monitoring was compdetbe second test truck, ST-6538
with LC-6.5, was moved into its predetermined posi{Figure 4-18). After both trucks
were in position, the bridge was monitored for mmautes. After nine minutes, the

trucks were driven off Span 11 simultaneously dedltridge was observed for seven

minutes.
w
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Figure4-18: Longitudinal test positionsfor Span 11 loading
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For the second night of testing, the first nigh&sting was repeated exactly
except for the load configuration. Load configioatLC-6.0 was used for the second
night’s testing. LC-6.0 represented roughly 96&pat of the first night’s load. This load
combination was implemented to make sure thatitberfight loading was not exceeded.
Figure 4-19 and Figure 4-20 show the load comlonaltiC-6.0. Once again, the solid
arrows represent the loads being applied to thetsre through the truck’s three axles

and the dotted arrow represents the total resuttadtbeing applied to the structure.
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Figure4-19: Truck ST-6400 load configuration L C-6.0 for pre- and post-repair
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Figure4-20: Truck ST-6538 load configuration L C-6.0 for post-repair

After testing was completed, the sensors were rechénom the face of the
girders and the hold-down devices and cables wereds Pictures were taken to make
comparisons between visible cracks before and tifeetesting.

The acoustic emission procedure described in trapter was designed for this
specific research project. As stated in Chapténeére are many different testing
procedures that can be used for acoustic emissgtimg. The most important aspect of
any acoustic emission procedure is keeping traeil @vents that occur during the test.
Everything should be noted by the operator, incilgdemperature changes, adverse
weather, changes in traffic patterns, etc. Thesesshould be used during the data

analysis to sort out any anomalies in the results.
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Chapter 5. Experimental Resultsand Discussion

5.1 Organization of Results and Discussion

One of the objectives of the post-repair testiag W determine the structural
integrity of four prestressed girders in the eledgtortion of the I-565 highway. This
information was compared to the pre-repair tesilte$o see if the condition of the
girders had improved over the time period betwéentwo tests. This comparison also
shed light on the impact of the FRP-repair that imatalled in between the two tests.

In this chapter, the pre-repair test results aesgnted first. The crack-opening
displacements for the pre-repair tests are showgivioa representation of the behavior
of the girders during the loading process. Thisrimation was also used in conjunction
with the AE data to better understand AE behawioimd) the loading process. Two
evaluation criteria are presented following theckrapening displacement analysis. The
NDIS-2421 criterion was used to determine the stinat integrity of each girder based
upon damage levels. The signal strength momer{$&io evaluation was another
way the damage level of the girders was assedsedlly, the AE 2D-LOC software was
used to determine the source locations of the Adhsvproduced during the load test.
This data was compared to the visible cracks omstiniace of the girders.

Following the pre-repair test results, a brief suany of the differences between

the pre-repair and post-repair tests is presentéd is shown so that any difference in
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test results can be addressed and possibly exglaynthe few changes made between
the two tests.

Finally, the post-repair test results are preskenta order to effectively compare
the two tests, similar evaluations were perforniecluding the crack-opening
displacements, the NDIS-2421 evaluation criteraorg the SSM ratio evaluation. Some
of these criteria were amended to better repreéberdata. Additional evaluations are

also presented to validate the results from therabksessments.

5.2 Pre-FRP Repair Results and Discussion

5.2.1 Crack-opening Displacement Analysis

The results from the crack-opening displacemefmeasurements can be
seen in Figure 5-1. This figure represents thekcvadth changes at the four gauge
locations during the first night's loading. A pige value of COD indicates an opening
of the crack relative to the original reading; gaitve value indicates a relative closing
of the crack. The crack-opening device on SparGli@er 8 (S10G8) was on the west
face of the girder; the other three were on théfeas of each girder. The SP10G8 COD
was located on the opposite face (relative to theraCODs) because this crack did not
extend all the way through the beam. Accordinguq2008), the behavior of the
SP10G8 COD was different from the other three CO8=ause of out-of-plane bending.
Also seen in Figure 5-1 are the CODs relative tthesther. The behavior of each crack
is shown through the entire loading sequence.irfsbance, the crack located in Girder 7
of Span 10 (S10G7) was much more sensitive whelottting was being performed on
Span 10. Likewise, for Span 11, the most sens@i@® was S11G7. This also leads

into another interesting point: the Girder 7 CQR3e much more sensitive than the
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Girder 8 CODs. Both S10G7 and S11G7 had a rangbait 0.04 mm, which was much
larger than S10G8 and S11G8 with ranges of 0.083a2 mm, respectively.
Considering that the position of the crack-operdagices and the dimensions of the
girders were the same, Xu (2008) hypothesizedGiraler 7 was more damaged than
Girder 8 based of the increased COD values. XQ&p@lso showed that the values for
the COD in S10G7 and S11G7 produced during the hoddlin their respective spans

were almost the same, indicating that Girder 7adlar characteristics and condition in

Spans 10 and 11.
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Figure 5-1: Crack-opening displacement during first night loading (Xu 2008)

The COD data were also used in relation to the étlvity. Similar to previous

findings, it was shown that an increase in AE aigtiwas directly related to a change in
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COD values. Figure 5-2 shows the AE activity gatent from all six sensors on S10G8
on the first night of loading. SP10G8 was chogeshiow the general trend that occurred
in all four girders. The markers in the figure negent the AE amplitude of an individual
hit that occurred during the test. The COD valaresalso shown on this plot. It can be
seen in this plot that most AE activity took pladeen a largehange in COD occurred.

This shows that the opening and closing of crackbe concrete girders was associated

with a significant increase in AE activity (Xu 2008
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Figure5-2: COD and AE activity of Span 10 Girder 8 during second night (Xu

2008)

It should be noted that not all AE activity wasasated with a significant change in

COD values. Some AE activity could have been adibseambient noise, such as traffic
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or other environmental factors. However, it comldact be genuine acoustic emission.

It could represent damage that was occurring abgeaoss sections other than the one
where the COD was located. It is important to rib&g AE has extreme sensitivity and

microscopic crack growth that is undetectable byDGfages can and does cause

significant amounts of AE activity.

5.2.2 Pre-FRP Repair AE Evaluation Criteria Results

5.2.2.1 NDIS-2421 Criterion

According to Ohtsu et al. (2002), the load rasediin the NDIS-2421 criterion
requires accurate control of loading because imactes can render the method useless.
Because of the fact that the truck loading vamescation rather than in magnitude, Xu
(2008) concluded that the load ratio could not §edufor the evaluation of the in-service
bridge. However, it could be assumed that the oredsstrain at a location in the girder
is closely related to thead effect (bending moment, shear, etc.) at that particulessc
section that results from a moving truck load. rEfiere, Xu proposed thatsrain ratio
could be used as an effective replacement forathe tatio in the evaluation criteria.
Shown in Figure 4-2, the strain used for the analyss near the top of the girder (Strain
Location F). Since it was impractical to know girevious maximum strain the bridge
had experienced during its service life, Xu usedrtdative maximum strain for the
testing period. This is a commonly cited diffiguitith application of AE to in-service
structures. However, it should be noted that keating is typically conducted with
strategically placed and purposely heavy loadstheckfore it is likely that the load test
represents the first loading to a given level. d&fined the strain ratio as “the ratio of the

strain at the onset of AE activity during the pdnighere both trucks moved off the
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bridge to the relative maximum strain for the tegtperiod” (Xu 2008). The strain ratio
is represented as:

Strain et of AR activity (Eq. 5-1)

Strain

Strain Ratio =
relative max

The calm ratio was calculated using the cumulatigeal strength during the
period that both trucks moved off the bridge. dih ®e represented as follows:

Cumulative AE Signal Strengthg = o i to end

Calm Ratio = : -
Cumulative AE Signal Strengthg beginning to max strain

(Eq. 5-2)

Figure 5-3 is a plot that shows a set of data tsedlculate the two ratios for Girder 8 in
Span 10. The strain was superimposed on a plEafumulative signal strength (CSS)
versus time. The CSS data were generated frogixatensors on Girder 8 of Span 10.
As seen in the plot, the compressive strain grdyluadreased to a maximum value as the
trucks drove away from the Span 10 loading positoart while they were still on the
span. The strain magnitude then decreased uetirticks were completely off the
structure. The “loading” and “unloading” phasesdss sectional effects due to this
truck moving operation were identified based onrtfeasured strain change indicated in
Figure 5-3. The point labeled “onset of AE” actyahdicates the point at which
significant AE activity occurred during the loading proce3$e actual onset of AE

occurred immediately after the loading began, iatid by the first rise in the CSS data.
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Figure5-3: Plot used in determining strain and calm ratiosfor Span 10 Girder 8

(Xu 2008)

Once the strain and calm ratios were determineddan the data for each girder,
the degree of damage of the girders was deternigied the NDIS-2421 criterion.
These damage levels are plotted in Figure 5-4. stitaén and calm ratios are indicated
on the horizontal and vertical axes, respectivdlige solid markers represent data from
the first night, while the hollow markers represéata from the second night. Based on
previous laboratory tests of prestressed concedienb (Xu 2008), the damage
classification limits for prestressed concrete wagtat 0.7 for the strain ratio and 0.5 for

the calm ratio.
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Figure 5-4: Damage qualification based on NDIS-2421 method (Xu 2008)

According to the limits provided and the data shpXm concluded that S10G8, S10G7
and S11G7 were classified as “heavy damage” an@&8as classified as “intermediate
damage.” These classifications showed a reasoagbéement with the crack-opening
displacement data. Based on this agreement, Xedstiaat the damage level of
prestressed concrete girders could be reasonablifigd by the NDIS-2421 criterion

based on the strain ratio and the calm ratio (X2820

5.2.2.2 Signal Strength Moment Ratio Evaluation

The ratio of signal strength moment (SSM) was eygd by Xu to evaluate the
damage levels in each girder. This evaluationpvaposed based on a laboratory testing
program, and time lengths were chosen based onmimqreal data and previous

research. Although the actual load hold time usdbe bridge testing was nine minutes,
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a duration of 240 seconds was used for this evaluation. The SSM ratio is expressed as a

percentage as follows:

SMsecond night hold period x100% (Eq 5_3)

SSMfirst night hold period

SSM Ratio="

The results of the SSM ratio evaluation are shown in Figure 5-5. The ratio is shown

above each second night SSM.
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Figure 5-5: Signal strength moment (SSM) ratio during holds (Xu 2008)

As can be seen in Figure 5-5, the respective SSM ratio values indicate the different
damage levels. The results showed that S10G8 was the most damaged with an SSM ratio
of 11.1%. According to the results, S11G8 was damaged the least. Xu combined these

results with laboratory test results and concluded that prestressed beams were heavily
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damaged when the SSM ratio exceeded 4%. Basdd:pis10G8, S10G7 and S11G7
were heavily damaged and S11G8 was not heavily gadth@Xu 2008).

Xu compared the results from the NDIS-2421 and $&io evaluation methods
and produced Table 5-1. As shown in this table SBM ratio results agreed with the

results from the NDIS-2421 method.

Table5-1: AE evaluation results (Xu 2008)

Girder NDIS-2421 SSM Ratio
SP10G8 Heavy Damage Heavily Damaged
SP11G8 Intermediate Damage Not Heavily Damaged
SP10G7 Heavy Damage Heavily Damaged
SP11G7 Heavy Damage Heavily Damaged

According to both methods, Girders S10G7, S10G8,2k1G7 were “heavily” damaged
while S11G8 was not heavily damaged. The restdts both methods are in agreement,
showing that the SSM ratio evaluation criterioa igood way to assess the present

structural integrity of a bridge girder (Xu 2008).

5.2.3 Crack Location using AE 2D-L OC Analysis Technique
One of the many important aspects of AE testirthesability to locate sources of
emission. In concrete engineering, this meanskihaising acoustic emission, one can
triangulate the location of a source using a gfisemsors. By doing this, each source
can be plotted and crack patterns can be formées& AE crack patterns can be
compared to visible cracks on the concrete surféadnough this technology is used in a
planar, 2D form for this research, it has been gezl into a 3D form and can locate

and plot cracks and inconsistencies within the petec Xu (2008) used this technology
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to assess the accuracy of the two-dimensional sdacation analysis by comparing the
results to the actual crack patterns visible orstivéace of the girders.

The AE data presented in these results were gedlena the first night of load
testing. The data were processed using the AE @DO-kource location software
provided by Physical Acoustic Corporation (PAC)chting is the “process of collecting
incoming hits into events and analyzing the arrtiraks of the hits in an event to
produce a source location (PCI-8 Based AE Systeaer®)Manual 2002).” The
fundamental basis for the location calculatiorhes $imple time-distance relationship.
The arrival time of a transient stress wave caodmbined with velocity to yield the
distance from the sensor to the source.

The resulting event locations produced using AELZDLC for the end of Girder 8
in Span 11 can be seen in Figure 5-6. Each triateplisource location is represented by
a small square marker. The larger, numbered sanarkers are the sensor locations.
For comparison, the actual visible crack patters suwgperimposed on this plot. Cracks

from both the east and west face of the girdeshosvn.
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Figure 5-6. AE event location and crack pattern of Span 11 Girder 8 (Xu 2008)

The plot of event locations for the end of Girdesf Span 11 is shown in Figure

5-7. The visible crack pattern is superimposecbtopare the results. For Xu's testing,

the events plotted were restricted to the beginoifrthe testing trucks moving onto Span

11 and end with the testing trucks moving off thieldpe. As seen in Figure 5-6 and

Figure 5-7, the event locations correlate well wvtith crack patterns visible on the

surface of the girder. It should be noted thatARes most concentrated at the “active,”

unrepaired cracks, rather than the ones that veatled previously.
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Figure5-7. AE event location and crack pattern of Span 11 Girder 7 (Xu 2008)

It is also seen that some of the events are sedtie the figures. Xu contends

that this may have been caused by errors in tleetsah of the events due to friction;

either between the prestressing strands and treeteror due to the elongation and slip
of the strands (Xu 2008). Reflections from thermaries of the girders may have also
played a role. It is possible to optimize the seupcation capability by focusing on the
‘first arrival’ of the waveforms, discrimination e@faveform types, and moment-tensor
techniques. However, these topics are focusedloanged source location which lies
beyond the scope of this work. It was also a poitmphasis that most of the observed

events were concentrated in the middle region®st#nsor grid. Very few events were

assigned locations near the edges of the sensbr ghis can be attributed to the

attenuation of signals traveling from one extrem#he other. Once a crack developed in
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the extreme of the monitored area, the signal Wwasg in the sensors near the extreme,

but weakened as it traveled to the other sensar2008).

5.2.4 Summary and Conclusions

Xu'’s pre-repair testing in 2005 provided an evabraof AE testing procedures
under field testing of prestressed concrete braglggers. Evaluation criteria were
developed and the results were compared to viespkction of the bridge. Specific
conclusions were drawn from the testing and results

First, the AE method showed that it was a promgisechnique for nondestructive
field testing of prestressed concrete girders (B0&. The data were processed and
provided substantial results regarding the stratiategrity of the girders tested. The
testing procedure was sound and easily carried out.

The damage levels of the prestressed concretergiveere reasonably qualified
by a modified NDIS-2421 criterion. This criteriaras based on the strain ratio and the
calm ratio. The critical values of 0.7 for theastrratio and 0.5 for the calm ratio seemed
to give accurate results of damage compared tmtagpretation of the crack-opening
displacements (Xu 2008).

The proposed evaluation criterion based on the odtsignal strength moment
(SSM) seemed to be validated by the modified ND48412assessment and the COD
measurements. The proposed critical thresholdevail % for the SSM ratio seemed to
be accurate (Xu 2008).

The AE 2D-LOC software returned accurate sourcatlons when compared to

the visible cracks on the surface of the girddisis AE technique is a very useful tool
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that has been developed to locate cracks on tifi@csunf concrete structures or within
mass concrete systems with reasonable accuracg2qB®).

Xu concluded that the AE method is a promising eifielctive means of
investigating the condition of prestressed condoetdges. Because of its nondestructive
nature, it can be used to obtain valuable inforomatin in-service bridges with minimal
effect on traffic patterns. Drawbacks of using Bnitoring include the potential for
background noise that may affect the data thatllscted and processed. However, it
should be pointed out that background checks ahitutes in length were conducted
prior to loading and after the load was removete Background checks did not show
significant background noise for the pre-repait.teéu concludes by stating that further
research should focus on the implementation ofuatan criteria for in-situ testing of

prestressed concrete girders (Xu 2008).

5.3 Differencesin Pre- and Post-repair Testing

5.3.1 Bearing Pad I nstallation

To evaluate the effectiveness of the fiber-reicdéarpolymer repair on the four
girders, the same tests were performed on thedaftgr the installation of the FRP
repair. However, certain aspects were modifiegicimommodate certain changes in the
state of the bridge.

Soon after the first observation of cracking ia tfirders, the Alabama
Department of Transportation installed false sufgponder spans containing cracked
girders. This was done long before any of thartgsissociated with this study. The steel
false supports were installed within ten feet @f tients, which allowed the cracked

sections of the girders to be contained betweeatsa Support and a bent. These false
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supports were installed with the intention of le&va gap of at least one inch between
the bottom of the girder and the top of the falggo®rt. Bearing pads were then used to
partially fill the gap between each girder anddteel frame beneath. At the onset of pre-
repair testing, researchers discovered that the gager several girders had closed to the

point that no visible space remained.

5.3.2 Pre-Repair Bearing Pad Conditions

During the pre-repair test preparation, a tempgos&nain gauge was mounted to
one column of a false support to determine if eded supports were partially supporting
normal traffic loads due to the bearing pads bedjrect contact with the girders.
Based on measured transient strains, it was detedhhat the bearing pads were
transmitting some load through the false suppartsrd normal traffic conditions (Fason
2008). It was decided by the research team thedstbest to test the bridge under
conditions as close to its original design as fdssiHowever, due to complications with
the removal of the bearing pads, the complete raimivall bearing pads was not
possible with the available equipment and materiAléer realizing that the complete
removal of all bearing pads was not an option, ialere drilled in the bearing pads to
reduce the effective stiffness of the pads (Faf@8p

The pre-repair tests were conducted without tmeptete removal of the bearing
pads. Fason (2008) reported that, prior to thegpair tests, one bearing pad was
completely removed (SP10G8), one half of anotharibg pad was removed (east half
of SP10G7), and holes were drilled in the remaifiagring pads to reduce their

effectiveness (west half of SP10G7, SP11G7, andGB)L Following the pre-repair
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tests, it was suggested that the presence of tréggpads could have had an effect on

the recorded results.

5.3.3 Post-Repair Bearing Pad Conditions
All bearing pads were required to be completeigaeed due to the installation
of the FRP reinforcement. Following installatimithe FRP reinforcement, the bearing
pads were not replaced, allowing for test condgitivat were desired during the pre-
repair tests. This change in support conditiomtndiuthe FRP installation complicates

the direct comparison of pre-repair and post-refgsir results.

5.3.4 Post-Repair Procedural Changes

Some changes were also made to the procedurdargeast-repair testing.
These changes were made to account for differstingeconditions as well as
availability of testing materials.

The first of these changes was the location ofesstrain gauges. In Figure 4-2,
the pre-repair locations of the AE sensors andstrauges can be seen. For the post-
repair testing, Strain Gauge F was moved to medkarstrain at the cracks located
under the FRP repair. This was done to measurERifestrains at the cracks to
determine how the FRP repair was interacting withdrack. Due to this change, the
strain location used for Xu’'s AE evaluation was aadilable for the post-repair testing.
This strain was used to determine the strain tegéd for the NDIS-2421 evaluation
criteria. Figure 5-8 shows the post-repair cresdisn used for testing and an updated

gauge notation system.
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Figure 5-8: Post-repair cross section dimensions and strain gauge locations

Two trucks were used for the pre-repair and post-repair testing. For the pre-repair
testing, one of the standard trucks was out of service, so a nonstandard truck was used for
testing. The replacement truck was an ALDOT tool trailer truck (ST-6902), shown in

Figure 5-9.
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Figure 5-9: Load truck ST-6902 (pre-repair unconvetional truck)

The other truck used was a standard ALDOT loadckt(8d-6400). For the post-repair

testing, both trucks were standard ALDOT load teu¢ET-6400 and ST-6538), shown in

Figure 4-11 and Figure 4-12. The following taldesw the comparison between the

testing trucks. Table 5-2 shows the weight distidns from the pre-repair test and

Table 5-3 shows the weight distributions from tlostprepair test.

Table 5-2: Load truck weight distributions—pre-repair test (Bullock 2011)

ST-6400 ST-6902
Axle Group Tires | LC-6.5 LC-6 LC-6.5 LC-6
(Ibs) (Ibs) (Ibs) (Ibs)
cront Left Single 11500 10750 7575 7850
Right Single 11500 10900 7200 7450
Rear 1 Left Double | 19450 18900 20300 19350
Right Double | 19150 18350 19500 18750
Rear 2 Left Double | 18000 17200 19450 18600
Right Double | 17850 17500 20150 19250
Total Weight (Ibs) 97450 93600 94175 9125(Q
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Table 5-3:

Load truck weight distributions—post-repair test (Bullock 2011)

ST-6400 ST-6538
Axle Group Tires | LC-6.5 LC-6 LC-6.5 LC-6
(Ibs) (Ibs) (Ibs) (Ibs)

Eront Left Single 10950 10800 8150 7750
Right Single 11600 11000 7950 8100
Rear 1 Left Double | 18050 17500 20200 19200
Right | Double | 19300 18600 19300 18400
Rear 2 Left Double | 18000 17250 20450 19850
Right | Double | 19100 18750 18650 17700

Total Weight (Ibs) | 97000 93900 94700 91000

Since two different trucks were used in the testihthe bridge, there may be some slight

effect on the testing results. Table 5-4 showstmaparison of weight distributions

between the unconventional truck (ST-6902) usedhepre-repair test and the

conventional truck (ST-6538) used for the post-ireest. Although there are small

differences in the weights of these two differentks, these differences are of

approximately the same size as the differencdsempte- and post-repair weights of the

standard ST-6400 truck.
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Table 5-4: Comparison of trucks ST-6902 and ST-6B83(Bullock 2011)

ST-6902 ST-6538
(pre-repair) (post-repair)
Axle Group Tires
LC-6.5 LC-6 LC-6.5 LC-6
(Ibs) (Ibs) (Ibs) (Ibs)
Eront Left Single 7575 7850 8150 7750
Right Single 7200 7450 7950 8100
Rear 1 Left Double 20300 19350 20200 19200
Right Double 19500 18750 19300 18400
Rear 2 Left Double 19450 18600 20450 19850
Right Double 20150 19250 18650 17700
Total Weight (Ibs) 94175 91250 94700 9100d0

Finally, a different threshold level was usedtfog post-repair testing. This was
done because too many events were being detectibe Isgnsors during the calibration
test prior to the load test. By increasing theshold level from 55 dB, used in the pre-
repair test, to 60 dB, there were fewer eventsgodatected by the sensors. This

decreased the amount of data that was recordedigdi@sting.

5.3.5 Effects on Pre- and Post-repair Comparison
One of the objectives of this research was toarephe structural integrity of the
repaired concrete girders. The FRP repair shoale lgiven the girders additional
strength, and the goal was to assess the sensiaivxisting AE evaluation procedures
to detect that change in behavior. If neededcarstary goal was to develop new AE
evaluation procedures. However, the different supgonditions (bearing pads) and the
introduction of a new material (FRP repair) comgiléd a direct comparison of the pre-

and post-repair response of the bridge itself. réfoee, these changes needed to be
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carefully considered when comparing the pre-regadr post-repair response. The FRP
repair should have introduced a difference in tkerdsponse between the two tests.
Again, however, this relationship was hard to datee because of the differences in the
bridge support conditions.

Additionally, since a different strain gauge waed in the NDIS-2421 analysis,
different results were obtained. However, the NR#R21 evaluation criterion does not
rely on strain but rather ratios of strain. Siitagas properly selected, the strain gauge
used in the post-test did yield valid results twild be compared to the pre-repair test.
A more valid comparison, however, was made aftgrséing the NDIS-2421 evaluation
criteria to better fit the post-repair test. Tadjusted procedure, which will be presented
later in this chapter, was then used to assegwr#eepair testing data.

The differences in the load trucks may have alsoduced some variability in
the results. However, by looking at Table 5-4aih be seen that there was very little
change between the two trucks used in the pre+rapdipost-repair testing. This
difference probably caused only minimal variabilitythe results.

The change in threshold level does not affectebng procedure, but it does
affect the analysis and comparison between thegpair and post-repair results. A
straight comparison between some of the resultswailbe possible because of this
change.

As a start to the comparison of the pre- and pesdir testing, the pre-repair
analysis was extended to the post-repair dataetdf sey differences arose in the test
results. This provided insight into any changethéostructural integrity of the bridge

girders and resulted in some conclusions as teffeetiveness of the FRP repair.
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5.4 Post-FRP Repair Results and Discussion

5.4.1 Crack-opening Displacement Analysis

Using conventional measurements is a good wayptama better understanding
of the present structural integrity of a bridgepa#t from visual inspection, conventional
measurements, such as deflections, strains, ank-o@ening displacements, are easy
ways to classify the condition of a bridge. Ashe pre-repair test, the crack-opening
devices were used in conjunction with the acouwstcssion monitoring to determine if
there was a correlation between the two.

Figure 5-10 shows the results of crack-openingldement measurements
produced in four gauge locations during the Spalod@ing on the first night. The
crack-opening devices were placed in the sameiposit the pre-repair testing, with the
S10G8 device (COD8_10) placed on the west fackeofjirder, and the other three
(COD7_10, COD7_11, COD8_11) placed on the eastdat®ee girders. Because of this,
the S10G8 COD data showed significantly differestidvior compared to the other COD
data. Like the pre-repair testing, this was miésty due to out-of-plane bending. The
SP10G8 COD behavior was also different due to #tara of the crack itself. Unlike the
other cracks that extended all the way througlgtraer, the SP10G8 crack was only
visible on the west face. Therefore, the only fmrafor the COD device was on the
west face. This crack was also located closdngdoent, which may have caused some

different behavior.

100



0.05

' Moving East Truck into Position on SP10
| Moving West Truck into Position on SP10

o ! \l/ \l Moving Both Trucks off Span 10
0.03 +—|<+>|« < ,I: - _ =I S,
Truck Stationary Trucks Stationary
0.02
0.01

0.00 V

F' B P¥hecccccccccccccccccccce .\ P
-0.01 _ \f: \Jf e --\ [
0,02 e COD7_10 _\

L] e coD8_10 V

Crack Opening Displacement (mm)

-0.03 coD7_11
r — COD8 11

004 — ey
9000 9250 9500 9750 10000 10250 10500

Time (sec.)

Figure 5-10: Crack-opening displacement during Nigt 1 loading of Span 10

The Span 10 and Span 11 loading COD data werteugplo see more detail of
the data and loading process. As can be seemgume=5-10, the COD data for S10G7
and S11G7 produced the maximum values for the $pdoading. Figure 5-11 shows
the rest of the first night loading sequence ofrfSph Much like the pre-repair data, it
can be seen that SP11G7 yields the maximum CORvahSpan 11 loading. This
information strengthens the argument that the eratksirder 7 were more flexible than

in Girder 8 in both Span 10 and Span 11.
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Figure 5-11: Crack-opening displacement during Nigt 1 loading of Span 11

It should be noted that in the pre-repair testingas found that the COD data for
Girder 7 in both Span 10 and 11 were very similEne maximum values for the COD
were roughly the same for both the Span 10 and $pdmading. This was not the case
for the post-repair testing. For the Span 10ngsthe maximum COD value for Girder 7
was 0.024 mm. For the Span 11 testing, the maxi@@D value for Girder 7 was
0.037 mm. This shows that the pre-repair concfuhat the condition of Girder 7 was
similar in Spans 10 and 11 did not hold true fas thsting. It shows that the cracks in
Span 11 opened more, which indicates that Gira#grSpan 11 was in a different

condition than Girder 7 of Span 10.
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These data also show that the loading had soreetefh the condition of the
bridge. All of the COD devices were zeroed prtdsting. As shown in Figure 5-10
and Figure 5-11, the ending COD values were npéwt, indicating that there may have
been some sort of inelastic response. The Spamd&pan 11 testing was done in
succession, and the total decrease in the CODngdegan the magnitude of 0.01 mm
(0.00 mm at the beginning of Span 10 loading, -0d4 at the end of Span 11 loading).
For the pre-repair testing, the COD values beg&n(ft mm and ended around 0.002
mm, a much smaller decrease in value. It shoglol laé noted that during the load
holdings, there seemed to be some propagatioracksr During each of the load holds,
there seems to be an increase in magnitude frostaineof the hold to the end of the
hold. The pre-repair data showed more of a cadistalue throughout the hold.

These discrepancies between the pre- and post-tepting are not necessarily
indicative of a degrading structure. It shouldebgphasized that the presence of the
bearing pads and steel support frames during #hegpair testing could have had a large
effect on the difference in the data. The diffeeim the two tests is most likely due to
the presence of the bearing pads in the pre-régsirwhich caused the CODs to hold a
constant displacement during the load holds. Tds-pepair behavior (an increase in
magnitude of the COD data during the load holds)ase typical than the pre-repair
response of a consistent value throughout thelioddl Environmental factors may have
had some effect on the differing results, as wélie temperature effects on the concrete
over the course of the testing, differing traffatierns, and other conditions all could

have contributed.
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As in the pre-repair testing, the AE activity wasasured during the loading
sequences. As in most AE testing, an increaseeim&ivity is directly correlated to a

propagation of damage. The AE amplitude generfabed all sensors during the first

night loading of Span 10 is shown in Figure 5-12.
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Figure 5-12: AE amplitude and COD versus time of fan 11 loading on Night 1

It is seen that most AE activity took place whdarge change in COD occurred
within the girders. The clusters of AE events etate well with the peaks in the COD
measurements, showing that the formation or prapaygaf cracks in prestressed
concrete girders is associated by a significanemee in AE activity. The “random”
bursts of AE activity (two instances) that occuradr the trucks move off the bridge

may be due to traffic patterns on the bridge oeombient noise causing an AE event
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to occur. However, it is also possible that thecks were closing and therefore creating
frictional emission. The crack closure processosimmediate and redistribution of
stresses takes place over a period measured ioftemsutes (recovery period). During
the load hold, however, the scattered AE activigyrhe attributed to the slightly
increasing COD measurement of SP11G7. There seebesa correlation between the
opening of this crack and the AE activity beingdwroed during the process.

Figure 5-12 gives good agreement between thegpigtpost-repair testing. It
also reemphasizes the experimental observatiorathetcrease in AE activity is

correlated to some form of increasing damage ostheture; in this case, crack growth.

5.4.2 AE Evaluation Criteria Results

5.4.2.1 NDIS-2421 Criterion

As in the pre-repair testing and analysis, thé leffects at a particular cross
section varied due to thecation of the truck loads, not due to thegnitude of the truck
loads. Therefore, the load ratio was not usetiérevaluation of the in-service bridge
directly. Instead, the girder strain was more elpselated to the load effect at a
location. The strain ratio was used to repredent/arriation of the load effect induced at
the instrumented section by moving truck loadse process used to determine the
NDIS-2421 evaluation criterion was altered for plusst-repair testing. Instead of
determining the damage of each girder for eachtmifjthe tests, a single damage
assessment for each girder was found using bottishaf testing. The procedure to
determine the critical values was also changethipost-repair data analysis.

As discussed previously, the strain gauge uséakipre-repair testing was not

used for the post-repair testing. The strain gaugsed for the post-repair testing were
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located on the FRP directly above cracks on eatheofjirders. These strains were
selected to get the best representation of thensicgurring at an already damaged part
of the girder. It also provided some insight itlte relationship between the strain in the
concrete and the FRP.

In replacing the conventional load ratio with #teain ratio, certain steps must be
taken to ensure that proper values are used faMEH8-2421 criterion. The first of
these steps is determining the initial onset afificant AE that occurs during a loading
period. An attempt was made to objectively detaatihe onset of significant acoustic
emission. The onset of significant acoustic erars$ias been defined in the past as the
first time thehistoric index exceeds a particular value. The strain correspgro that
time is the strain at the onset of AE. AccordiagAGTM E2478-06, the historic index is
a form of trend analysis with the objective of ltieg significant changes in the slope of

the cumulative signal strength versus time curiiee definition of historic index is given

by:
— N(Z?]:Kﬂsoi) _
H(t) = N T 50; (Eq. 5-4)
where;:
0 N < 200
K =30.8N 200 < N <1000
N —200 N > 1000

whereH(t) is the historic index at timg N is the number of hits up to and including time
t: S is the signal strength of th8 event; and is an empirically derived factor varying
with the number of hits.

To use the historic index, one must determinectiteect threshold levels for the

derived factor, K. This was accomplished withltaad error using the data collected
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from the load testing. Using the limits presente#q. 5-4, the K-factor can be

represented in Figure 5-13.
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Figure 5-13: K-factor based on original historic hdex equation

The K-factor is determined by the number of hitst re being produced during the
loading/unloading sequence. Therefore, the thitddbuels should be adjusted based
upon the loading procedure and conditions. Fopts-repair testing, different K-factor
threshold levels were used for all four of the gigdbeing tested. This was done to
obtain accurate values that could be used in thESNE321 criterion.

To determine the correct historic index threshaltlies for the K-factor, an
iterative process was used to look at the histadex plot for varying limits. As can be
seen in Figure 5-14, the historic index plot begiith a value of one until a certain
number of hits occurs, at which time the histonidex plot jumps to a value either

greater than or less than one.
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Figure 5-14: Historic index plot for SP10G7 on Nipt 2

To determine the threshold value for N to deterntimeeK-factor, multiple plots were
produced with different N values. The correct Nueavas determined by a positive
increase in the first peak that corresponded withange in the strain plot for that
loading sequence. By varying the number of hiteteethe spike in the historic index
plot, one could move the plot rather easily. Hoerew different choice in the number of
hits, N, to be used to determine K would cause=thffit values for the NDIS-2421
results. Figure 5-15 shows a plot of the historétex overlaid with the strain from

SP10G7 on Night 2.

108



4.0 120
= = Historic Index _ - 100
357 — CK Strain
- 80
3.0
x P»— -~ 60
s 2.5 | —
c I | 40 )
2 20 i 20 .%
o —
5 +- p I -0 &
2 1.5 V lf_., 7p]
- -20
1.0 -—= === B
! - -40
05 l 1 L _60
0.0 : : . hi . : : -80
3000 3250 3500 3750 4000 4250 4500 4750
Time (sec.)

Figure 5-15: Historic index and strain versus timdgor SP10G7 on Night 2

As seen in the above figure, the peak that occirgyuan adapted threshold of N=90 for
the first step of the piecewise function for K aodes with the increase in strain due to
the second truck being loaded onto the bridge s phocess was repeated for all four
girders that were being tested. It was seen tieBP10G7, the empirically derived

factor, K was given by the following piecewise ftina:

0 N <90
K =40.8N 90 < N <1000
N — 200 N =1000

Figure 5-16 shows the adjusted K curve for SP10iG8hould be noted that the
empirically derived K-value was only adjusted foe first and second steps of the
piecewise function. Future research should focuthe adjustment of the entire curve,

but this study is beyond the scope of this projddte third step of the function does not
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affect the first spike in the historic index curwaich is the only indicator that is being

used to develop a basis for the NDIS-2421 criterion
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Figure 5-16: Derived K-factor for SP10G7 (N=90)

The other three girders all produced independetuiies based upon the number of hits
that occurred during the loading phase of Nightt2vas necessary to determine
independent K curves for each of the girders taenthat the “spike” in the historic
index curve occurred during a loading cycle. Trstdnic index and K curves can be
seen in Appendix B. The N threshold values for@&Fg, SP11G7, and SP11G8 were
110, 120, and 110, respectively.

After developing the historic index with a coredt value based upon the
number of hits occurring, the NDIS-2421 plots weeseloped by looking at the Night 1
and Night 2 strain, CSS, and historic index curvésr the explanation of this process,
SP10G7 will be used to show the steps involveceiemnining the critical values. The

plots for the other girders can be seen in AppeBdix o determine the strain at the
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onset of AE, the historic index versus strain plas used, which can be seen in Figure

5-15. The strain ratio for this process was reafias follows:

Strain at the onset of significant AE on Night 2 (Eq. 5-5)
Maximum Strain on Night 1 q-

Strain Ratio =

Using this equation incorporated the loading fromghtl 1 and Night 2, which seemed to
give the best representation of the damage thatraamtin the girder.

Using Figure 5-17, it can be seen that the onfls&@Ecoccurs at the point (3833

sec., 2%e).
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Figure 5-17: Onset of AE for SP10G7 on Night 2

Figure 5-18 shows the strain from Night 1. Froims fflot, the maximum strain from
Night 1 loading can be determined to be 160 It should be noted that the transient

spikes occurring just after the maximum labeleBigure 5-18 were neglected.
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Figure 5-18: Maximum strain from Night 1 for SP10G/

Using these two strain values, the strain raticSB.0G7 can be calculated as 29/100 =
0.29. Although this ratio seems to be reasondttdbould be noted that this process was
somewhat subjective in the determination of thelpdarmed K piecewise function.
This process has seemed to return reasonablesrésudtll four girders, but the process
should be refined through further laboratory tegstin

The next step in the NDIS-2421 damage assessnhantetermining the calm
ratio for the girders. This process was complétetboking at the CSS during both
nights of testing. The general equation for tHenaatio deals with the ratio between the
CSS during the unloading process versus the CS8Bgdilne loading process. Due to the
complex loading sequences of this project andabk of prior research using this type of
loading, three possible equations were looked determine the most suitable calm

ratio:
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CSS during unloading on Night 2

Calm Ratio = CSS during loading on Night 1 (Eq. 5-6)
. CSS during unloading on Night 1 i

Calm Ratio = ~Fz= during loading on Night 1 (Eq. 5-7)

Calm Ratio = CSS during unloading on Night 2 (Eq. 5-8)

CSS during loading on Night 2
All three of these equations could satisfy the galingalm ratio concept. However, Eq. 5-
6 was originally based on a cyclic load testing rehtbere was a reloading process.
Since this project did not have a conventionalading process where the reload occurs
immediately after the load, Eq. 5-7 and Eq. 5-8rsskto be more fitting for this
analysis. Figure 5-19 and Figure 5-20 show theO&F1CSS plots for Night 1 and Night

2. The loading and unloading portions are indidate each plot.
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Figure 5-19: CSS from SP10G7 loading on Night 1
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Figure 5-20 CSS fromSP10G’ loading on Night 2

The calm ratio was calculated to be 0.024 usingakiqu £-6, 0.04 using Equatior-7,
and 0.12 using Equatior-8. Sirce all three of these values were similar in nitude
and choosing one over the other would not chang®&Is-2421 damage classificatic
it seeme that any one of these equations ctbe used to calculate the calm ratio. A
reviewing the other four girders, similar resultsresobtained Equaton £-7 was chosel
because of two reasons: using a single nightditggunloading cycle seemed mc
consistent thacombining two niglts’ cycles, and Night 1 produced more AE data |
Night 2.

Once the strain and calm ratios were determinedNibIS-2421 plot wa:s
produced for each of the four girdeFigure 521 shows the NDIS plot for SIOG7. It
can be seen that, accordincthe NDIS-2421 criterion SP10G7 falls into the quadrant

intermediate damac
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Figure 5-21: Damage qualification based on NDIS-24 for SP10G7

After looking at all four girders, the damage dfieditions based on the NDIS-2421

criterion were plotted in Figure 5-22. It shoulelfioted that a higher strain ratio means
that the onset of AE is occurring at a strain thaiose to the previous maximum strain.
A lower strain ratio indicates a breakdown of theder effect, in that AE is occurring at

a strain much less than the previous maximum strain
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Figure 5-22: Damage qualification based on NDIS-24 for all four girders

Figure 5-22 shows that SP10G7, SP10G8, and SP11(&H ato the quadrant

associated with intermediate damage, while SP11&S8alassified in the heavy damage

guadrant.

5.4.2.2 Signal Strength Moment Ratio Evaluation

The Signal Strength Moment (SSM) Ratio was prop@sed way to determine

the propagation of damage within a girder. A laig8M ratio indicates a breakdown of

the Kaiser effect which, in turn, describes inciegislamage in a structure. Based on

laboratory testing done by Xu (2008), it was sdex the SSM threshold for damage in

prestressed concrete beams was 4%; that is, a gedater than 4% indicated a specimen

that was heavily damaged.

116



A better understanding of the SSM ratio analysis meeded before accepting the
procedure proposed by Xu (2008). Data analysisusad with the AE data from Night
1 and Night 2 of the post-repair testing to vetifg procedure used in the pre-repair
testing. The first analysis was used to deterrttirevalidity of the 240-second hold
proposed by Xu. Figure 5-23 shows the SSM ratics©®10G8 for six different hold

times: 60, 120, 180, 240, 300, and 360 seconds—&zginning at the start of the load

hold.
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Figure 5-23: SSM ratios for different data time frames for SP10G8

Figure 5-23 shows that the SSM ratio is more siesit hold times at smaller durations
(less than 240 seconds). As the hold time incegdse SSM ratio begins to level out.
This conclusion was confirmed by similar resultsrfd from the other three girders
tested. The 240-second time frame seemed to Heesteption for the SSM ratio.
Figure 5-23 shows different durations, each stgréit the beginning of a load

hold. However, the researchers also investigatestiver it was important that the SSM
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ratio duration started at the beginning of the Ibalil. This issue was explored to see if
different 240-second time spans throughout the-mmaute load hold would yield

similar results. Figure 5-24 shows six differed0%econd time spans for SP10G8.
Each time span begins 60 seconds after the pretiaesspan; i.e. Time Span 1 starts at
the beginning of the load hold and lasts for 24fbads, Time Span 2 begins 60 seconds

after the beginning of Time Span 1 and lasts f@& 2dconds.
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Figure 5-24: SSM for different 240 second time spe for SP10G8 on Night 1

Figure 5-24 shows that most AE activity occurshia first 240-second time span. This
seems to be evident since AE data should be ooguioi a brief time after the trucks are
in place. Any AE occurring throughout the resthe nine minute load hold is caused by
environmental/ambient noise or the continuing pgap@n of damage. The first 240-
second time span seems to be the best optiond@$M ratio since the most data are

being collected during that time.
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After determining that the first 240 seconds ptlthe most AE data, the SSM
ratios for each of the six time spans were founske®if there were similarities in the
different time spans. Figure 5-25 shows the SSMsdrom the six different time spans

for SP10GS.
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Figure 5-25: SSM ratios for different 240-secondime spans for SP10G8

It can be seen that the 240-second time span cliostdre SSM ratio analysis does have
an effect on the SSM ratio. According to Xu’'s 48¢eshold, Time Spans 1, 2, 3, and 6
would have resulted in a classification of “heavilgmaged” girders, while Time Spans 4
and 5 would have indicated “not heavily damageddegis. This is a concern for the
SSM ratio analysis, and it should be noted thatenbesting should be done to improve
the selection of which 240-second time span shbeldsed in the analysis. However,
since it has been seen that the most AE data odghisafter the trucks are in position,

further analysis for this study was conducted u3imge Span 1.
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An interesting deduction can be made from Figu5 &and similar figures for
SP10G7, SP11G7, and SP11G8. Looking at Time Speud Time Span 2, it can be
seen that the overall SSM ratio from the two tirpars do not differ greatly; 13% and
12%, respectively. An analysis was used to shawdhring the testing procedure, the
240-second time span does not need to start imteddafter the trucks are in place.
This is useful in that it gives the AE operatoredag time that allows for some error in
the communication of the exact moment when thekgrace in place. A recommended
delay time is between 10 and 15 seconds. Bothesfat delay times seemed to agree with
the SSM ratio that was obtained by using the tipgsstarting immediately after the
trucks were in place.

After repeating the SSM ratio process used by X082 on the post-repair
girders, the following conclusions were made altbetgirders. Based on the data from
Night 1 and Night 2 testing, all of the SSM ratiosthe four girders were over 4%.
Figure 5-26 shows the Night 1 and Night 2 signadrggth moment and their relative

ratios.
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Figure 5-26: Signal strength moment (SSM) ratio drng holds

According to Xu’'s 4% threshold, all four girdere&heavily damaged.” However,
according to the SSM ratio analysis, there is miecetion of what “heavily damaged”
actually means. More extensive testing shoulddreedo see if the 4% that was obtained
using laboratory tests does indeed carry over tappiicable to prestressed girders with
an FRP repair. Also, the testing should be dorsaigh a way as to determine the actual
damage level associated with a 4% SSM ratio value.

There were some similarities between the pre-repal post-repair results for the
SSM ratio analysis. For both tests, SP10G8 gawdatiyest magnitude of signal strength
moment. However, the SP10G8 signal strength mofmemt Night 1 of the pre-repair
test was 3.5 x fpVs.s while the post-repair returned a value 2610 pVs.s. This
discrepancy may be explained by the increased AEsaon due to the interaction

between the concrete and the FRP repair. Thisrgketmend was seen in all four girders.
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5.4.3 Crack Location using AE 2D-LOC Analysis Techigue

As in the pre-repair testing, the AE 2D-LOC Softevaras used to compare
source locations to the actual cracks in the cae@ieders. This software uses
triangulation to determine source location givea itagnitude and “speed” of the
emission signal. The pre-repair testing gaveyfadcurate results with minimal
interference from environmental and ambient noise.

Figure 5-27 shows the source locations from boghtsiof testing. Sensors 13—
18 can be seen in the prescribed pattern (witheshiold limit of 60 dB). As can be seen
in the plot, there seems to be a cluster of eudiatsoccurs near Sensor 14 and moves up
the face toward Sensor 18. An estimated crackepattas drawn based on this AE data

to compare to the visible cracks on the face ofjinder.
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Figure 5-27: AE 2D-LOC source locations for SP11G8

The actual visible cracks on the face of SP11G8beaseen in Figure 5-28. In
this figure, two types of cracks can be seen.t,Rine repaired cracks can easily be seen

due to the epoxy used to seal them. However, thasea new crack that had formed
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after the epoxy was injected, which has been tracedabeled. Comparing Figure 5-27
and Figure 5-28, an agreement can be seen betiveaource locations and the visible,
unsealed crack. This agreement shows that theDANEQC software can give fairly
accurate results when trying to locate active gackhe concrete. This also matches the

results found by Xu (2008).

Figure 5-28: Visible cracks on face of SP11G8

To verify the results from SP11G8, another gindas evaluated to see if similar
results could be replicated. The source locationSP11G7 (Sensors 19—24) are
shown in Figure 5-29. Once again, a general patitevent locations can be seen

moving from the left of Sensor 20 to the right sidé&Sensor 23.

123



30 T °

18

0 I I I I I I I
0 6 18 30 42 54 66 78

Position Relative to Face of Continuity Diaphragm (in.)

A

Position Relative to Bottom of Web (in.)

Figure 5-29: AE 2D-LOC source locations for SP11G7

For comparison purposes, Figure 5-30 shows thebctacks located on the face
of SP11G7. Like SP11GS8, this girder has two tygfegacks; the epoxied cracks and a
new crack that formed after the epoxy hardenedceQ@gain, there exists a general
agreement between the event source locations urd-i§+29 and the unsealed crack in

Figure 5-30.
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Unrepaired Crack

Figure 5-30: Visible cracks on face of SP11G7

The AE 2D-LOC software was also used to deterramecrack patterns located
in SP10G7 and SP10G8. The source location patéerthshe actual crack patterns can
be seen in Appendix D. No conclusions were madeiaihe effectiveness of the AE
2D-LOC software on these girders. There was nmatdn of a clear pattern in the
source location plot that correlated well with #wtual crack pattern in the girder. This
may have been caused by the increase in threshadtl IThe increase in threshold level
also explains why the pre-repair AE 2D-LOC ressliew much more AE data being
produced during the load test compared to the y@pstir results. More AE data were
being filtered during the post-repair test.

It should be noted that there seem to be “randorahesource locations plotted
in Figure 5-27 and Figure 5-29. Like the pre-repasting, this can be attributed to the
friction caused by the concrete and prestressiagds, from environmental or ambient

noise, or reflections of the AE. Another possibifor the random source locations could
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be the interaction between the FRP and the concf&denpared to the pre-repair test, the
post-repair test did not yield significantly mor& &vents occurring in the bottom of the
girder where the FRP was located. However, thisdcbave been caused by the change
in the threshold level used for the post-repaitinggpreviously discussed in Section
5.3). More AE testing should be done on FRP repaspecimens to see if a relationship
exists between the FRP repair and any acousticsemis If there is some interaction
between the FRP repair and the concrete that caaisdem emission to occur, the

operator should be conscious of this relationshgbadjust the procedure accordingly.

5.4.4 Additional Evaluation Criteria

5.4.4.1 Channel Hit Frequency

Information can be gained by looking at some \gmyple plots that show the
nature of the acoustic emission signals. Firstfaneimost, a simple bar graph showing
the frequency of hits per channel can give inforamaabout which channels were more
active than others. The channel hit frequencyHerSpan 11 loading on Night 1 is

shown in Figure 5-31.
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Figure 5-31: Channel hit frequency for Span 11 loding on Night 1

It can be seen that the sensors (channels) looatéte Span 11 girders (channels 13-24)
were much more active than those on Span 10 (clab+?). However, Span 11

loading did produce AE in Span 10, as well. Itidddoe noted that Channels 3 and 9, the
two channels located closest to the interior bant (Span 11) produced the most Span
10 AE hits during the Span 11 loading. Figure 5a&b shows that the most active
channels in Span 11 correspond to the sensoretbclisest to the AE-2D LOC crack

locations.

5.4.4.2 Peak CSS Ratio
The peak CSS ratio can be used as another irmhcatidamage that is occurring

in the bridge girders. The peak CSS ratio is esqwd as:

. Peak CSS at the end of reload hold period
Peak CSS Ratio = Peak CSS at the end of initial hold period

x100%  (Eq. 5-9)
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According to Ridge and Ziehl (2006), a Peak CSSoR=tween 30% and 50% indicates

significant damage. Figure 5-32 shows the CSSqadtom SP10G7 on Night 1.
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Figure 5-32: CSS from SP10G7 on Night 1

The peak CSS for Night 1 would be defined as th8 @&umulated during the load hold
right before both trucks began driving off of Sddh This hold period is labeled on

Figure 5-32. The CSS plot from SP10G7 on Night glotted in Figure 5-33.
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Figure 5-33: CSS from SP10G7 on Night 2

The reload period was defined as the Night 2 laadimd the initial load period was
defined as Night 1. After dividing the Peak CS&irFigure 5-33 by the Peak CSS in
Figure 5-32 and multiplying by 100%, the Peak C&fmwas calculated to be 8%.

Table 5-5 shows the Peak CSS ratios for all fordeays.

Table 5-5: Peak CSS ratios for post-repair test

Girder Peak CSS at end of Peak CSS at end of Peak CSS Ratio (%)
reload hold period| initial hold period
(pVs) (pVs)
SP10G7 2.31x fo 2.89 x 10 8
SP10G8 1.00 x 10 1.12 x 16 9
SP11G7 5.45 x fo 2.02 x 10 27
SP11G8 6.51 x 10 1.67 x 16 39

Table 5-5 shows that only SP11G8 of the Peak C&naas in the 30-50% significant

damage level, meaning it was the only one withigant damage according to this
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evaluation criterion. The Span 11 girders, it $tidne noted, are much larger than the
Span 10 girders. These two girders both had sogmif, active cracks present in the web.
On the other hand, SP10G8 had an active crackrireseonly one side of the girder.
The COD data agree with these results in that ga 31 girders produced the largest
range of COD values. Therefore, the Peak CSSsragem to line up with the visible

damage in the girders and the COD data.

5.5 Post-Repair Analysis Applied to Pre-Repair Data

To draw a proper comparison between the pre- astdrppair test results, it was
necessary to apply the adapted analysis useddqrast-repair data to the pre-repair
data. This re-evaluation of the pre-repair AE ddlawed for a more direct comparison
between the two tests.

The adapted NDIS-2421 criterion procedure usethi®ipost-repair analysis was
applied to the data gathered during the pre-répsir The results from the adapted

NDIS-2421 analysis are shown in Figure 5-34.
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Figure 5-34: Damage classification based on adapt&DIS-2421 for pre-repair

As seen in the above figure, the adapted NDIS-2Aidrion classified SP10G7,
SP10G8, and SP11G7 in the “heavy damage” quadwaiie classifying SP11G8 in the
“intermediate damage” quadrant. These resultsafigtagree with the results from the
pre-repair NDIS analysis performed by Xu (2008gsented in Section 5.2.2.1.
However, the values used to plot the NDIS-2421Iteseere different between the two
tests. Comparing the pre-repair results in Figifeto the adapted pre-repair results in
Figure 5-34, all three of the girders classifiedresavy damage” (SP10G7, SP10G8, and
SP11G7) had calm ratios of one or more for therepair and less than one for the
adapted pre-repair results. For the lone “inteiatecddamage” girder (SP11G8), it was
greater than the strain ratio limit of 0.7 and ¢ggeghan the calm ratio limit of 0.5 in the

pre-repair results and was the complete oppositthépadapted pre-repair results (lower
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than the strain and calm ratio limits). Althoudje tanalyses returned similar results as
far as damage classification, the strain and catmog calculated for each of the girders
were quite different.

The Peak CSS Ratio analysis was not performethéooriginal pre-repair
evaluation. To draw some comparisons betweennbddsts, it was necessary to
complete this analysis for the pre-repair teste $ame procedure used for the Peak CSS
Ratio analysis of the post-repair data was impldstefor the pre-repair data. Table 5-6

shows the results from this analysis.

Table 5-6: Peak CSS ratios for pre-repair test

Girder Peak CSS at end of Peak CSS at end of Peak CSS Ratio (%)
reload hold period| initial hold period
(pVs) (pVs)
SP10G7 4.73 x 10 2.20 x 10 2
SP10G8 5.13 x fo 5.32 x 10 10
SP11G7 9.34x fo 3.71x 16 25
SP11G8 2.74 x 10 9.10 x 10 3

As seen in the table, the Peak CSS Ratio analydisates that all four of the girders
have no significant damage (based on the 30% aritmlue proposed by Ridge and Ziehl
(2006)). This conclusion certainly contradicts Ni2IS-2421 results, but some
similarities do exist between the two analysesstkif all, according to the NDIS-2421
criterion, SP11G8 was classified as “intermediamage,” while the Peak CSS analysis
returned a value of 3%, signifying very little dagea Likewise, SP11G7 seems to be the
most damaged girder of the four according to théNP¥421 criterion, and it yielded the

highest Peak CSS ratio.
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The SSM Ratio analysis used for the post-repatirtg was the same analysis
used for the pre-repair analysis, so the resulteade two analyses can be compared

without adaptation.

5.6 Summary and Conclusions

There has been considerable research done ontiagamsssion monitoring of
bridges. However, specific evaluation criteria séesting techniques are still being
researched when it comes to prestressed concrdtglgirders. This in-field study
provided insight into testing techniques that nieble improved upon, as well as
possible problems with evaluation criteria thatdndeen proposed for prestressed
concrete girders. This study also gave insiglat ihe current integrity of the 1-565
bridge structure in Huntsville, Alabama and theetiiveness of the fiber-reinforced
polymer repair.

In comparison to the pre-repair testing resufts,gost-repair results showed a
slight change in the damage levels of the presitessncrete bridge girders. Figure 5-35
shows the adapted pre-repair and post-repair sefsath the NDIS-2421 criterion. The
hollow markers represent the adapted pre-repaittseand the solid markers represent

the post-repair results.
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Figure 5-35: Adapted pre-repair and post-repair NDS-2421 results

As can be seen from the NDIS-2421 results, SP18B7Z0GS8, and SP11G7 showed

improvement by moving from the “heavy damage” te timtermediate damage”

quadrants. SP11G8, on the other hand, moved terfiritermediate” to the “heavy”

guadrant, indicating a decrease in condition. Mectlconclusions can be made from

this plot because of the difference between theatgonditions for the two tests.

However, some conclusions can be made once adivhi@ation analyses are compared.

The following tables summarize the damage clasgibao results of both the

modified pre-repair analysis and the post-repaayais:

134



Table 5-7: Adapted pre-repair test results

Girder NDIS-2421 SSM Ratio* Peak CSS Ratio**
SP10G7| Heavy Damage Heavily Damaged (8%)| No Significant Damage (2%6)
SP10G8| Heavy Damage Heavily Damaged (11%) No Significant Damage (10%)
SP11G7| Heavy Damage Heavily Damaged (9%) No Significant Damage (25%)
Intermediate | Not Heavily Damaged
SP11G8 Damage (202) )
*Percentage in parentheses represents SSM rétic(dical damage threshold)
**Percentage in parentheses represents peak Gi8$3@% critical damage

No Significant Damage (3%

threshold)
Table 5-8: Post-repair test results

Girder NDIS-2421 SSM Ratio* Peak CSS Ratio**
Heavily Damaged

SP10G7| Intermediate Damage (42%) No Significant Damage (8%j)
Heavily Damaged

SP10G8| Intermediate Damage (13%) No Significant Damage (9%)
Heavily Damaged

SP11G7| Intermediate Damage (21%) No Significant Damage (27%)
Heavily Damaged

SP11G8 Heavy Damage (59%) Significant Damage (39%)

*Percentage in parentheses represents SSM réticdical damage threshold)

*Percentage in parentheses represents peak Gi8%3@% critical damage

threshold)
As can be seen from Table 5-7 and Table 5-8, thdteediffer in the degree of damage,
which is a concern with most evaluation criterindooustic emission testing. Since
there is no specific amount of damage associatéd“tveavy damage,” this statement is
slightly subjective to the reader’s interpretatadrdamage. From previous reinforced
concrete beam research, most damage levels arenttedd based upon the crack-
opening widths (Ohtsu et al. 2002). Based on Visispection alone, the SP11G7,
SP11G8, and SP10G7 girders appeared the most ddsiage there were extensive,

unsealed cracks extending all the way through tttleg The post-repair test results
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agreed with this because SP11G8 was categorizétbagy damage” by the NDIS-2421
criterion, and had the worst results (by percentémethe SSM ratio and peak CSS ratio
criteria. As for the pre-repair results, SP11G8ialty “performed” the best of all the
girders, receiving an “intermediate damage” classifon for the NDIS-2421 criterion
and lower ratios for the SSM Ratio and Peak CS$/ses The drastic change from the
pre-repair to the post-repair results would havkcited a decline in the integrity of
SP11G8. However, the support conditions must kentanto account. For the pre-repair
test, SP11G8 still had aid from the bearing pasiéfalupport. According to the research
team, this bearing pad was the hardest to remagetprthe FRP repair being installed.
This may be an indication that, compared to therotiree girders, SP11G8 was
receiving the most support from the false suppauting the pre-repair test. This may be
why SP11G8 had the biggest change from the pngestrepair behavior. It could have
allowed SP11G8 to actually yield better resultstiigr pre-repair testing. For the post-
repair test, however, all bearing pads were remaweeithat no extra support was given to
the girders. Because of this reason, the posifragst probably yielded more accurate
results regarding the actual damage state of tidergi.

The SSM Ratio evaluation used the same procedutéd pre- and post-repair.
Once again looking at trends in the results, aifsoigimt increase in the SSM Ratio from
the pre-repair test to the post-repair test didnmedn a significant increase in the Peak
CSS Ratio from one test to the other. For exang®d4,0G7 showed an increase from 8%
(pre-repair) to 42% (post-repair) in SSM Ratio.r free Peak CSS Ratio, however, the
increase was from 2% to 8%. This trend seems tadre evident in the SP10 girders.

This inconsistency is most likely explained by émanging support conditions. Another
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explanation could be that the pre-repair test adpdi load that had never been
experienced by the bridge before. Therefore, &nskwe amount of AE was caused by
the pre-repair tests. For the post-repair telsés|dad applied was similar in magnitude to
the pre-repair test. Although using ratios seatake this fact into account, it may have
had an effect on the trends that resulted betwsetno evaluation criteria.

No specific conclusions were made about the changiuctural integrity of the
bridge, but trends in the data do offer some irtsigfio the testing procedures. The
NDIS-2421 criterion needed to be adapted for thecHic testing procedure. It was
redeveloped to accurately describe the load efffettwas being experienced by the
bridge. The historic index was used to identify tdmset of significant acoustic emission.
A more direct approach was taken to determinedldihg and unloading phases of the
test. The modifications also made the approactercomprehensive by using Night 1 as
the initial loading sequence and Night 2 as theadihg sequence. The results obtained
from this method showed that it was a feasible t@ayetermine the structural integrity
of structural components. Although there was nuctission made about the accuracy of
the results, the method was used effectively. feutesearch needs to continue to
develop this method for in-situ testing. The reskeaone with laboratory testing has
shown that this method can provide accurate restltsvever, when this method was
applied to an actual structure that could not beeteto failure (as in laboratory testing),
it was difficult to obtain reliable results.

The SSM Ratio indicated, like the NDIS-2421 cidar that it can be used to
determine the damage levels in prestressed cortmidtgge girders. But, like the NDIS-

2421 criterion, it had its limitations. The 4% dage threshold was developed for
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laboratory-tested specimens failing primarily iexiire. Since this method was used in
the field, this value may need to be different tluthe characteristics of the testing.
Based on the results of the post-repair testr#tis seemed to be very low. Another
limitation of this method is the definition of “h@ly damaged.” A clear definition of
damage levels for all the evaluation criteria uigeithis research should be provided.
Ideally, damage states should be a function osta of the structural member; they
should not depend on the procedure of AE testirgvaluation method used to assess the
damage.

Finally, the Peak CSS Ratio also provided insigta the condition of the bridge
girders. It was the easiest method to apply andiged similar results compared to the
other two methods. Once again, however, furthexareh should focus on developing
this method for in-field testing of actual strucsr

The most important conclusion made about the etialu criteria is the idea that
a single method cannot be used to evaluate thetsteueffectively. Multiple methods
need to be used in conjunction to provide the mal&ble results. Even then, however,
changes in the testing procedure, support conditiand other factors may affect the
results.

In this study, acoustic emission testing has shitahit can be an effective
procedure for determining the location of distreslsridge girders. Acoustic emission
testing is an effective way of monitoring the bedgithout having a large impact on
everyday traffic, making it a very useful tool.

Acoustic emission monitoring still requires moesttng to refine the evaluation

criteria for in-service bridges. Standardized eatibn criteria should be established, if at
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all possible, to limit the necessary data and amslyme. Other factors, such as ambient
noise, temperature changes, and other environmeiffitgts should all be taken into

account when performing acoustic emission testing.
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Chapter 6: Summary, Conclusions, and Recommendatis

6.1 Summary

Nondestructive testing techniques have become maek important because of
the increasing concern for the aging federal itfuasure. As of 2005, more than 25% of
bridges in the United States are classified eitrercturally or functionally deficient
(ASNT 2005). There has been a critical need teeldgvan effective in-place testing
procedure as well as evaluation criteria to deteentihe damage level of in-service
bridges. Acoustic emission has shown promisewsseful way of testing in-service
bridges and other structures with minimal disruptd everyday operations.

This study consisted of testing an in-service leidging acoustic emission
monitoring. The elevated portion of the I-565 gly in Huntsville, Alabama was
tested in May 2010 to investigate the structuraldveor of four prestressed concrete
bridge girders that experienced damage soon aitestuction. This study was a follow-
up to the pre-repair testing which was conducteéal po a fiber-reinforced polymer
repair. The purpose of this study was to assessfthctiveness of the repair by
conducting the same test after the repair was ceteqhl The testing was also used to
determine any effect that the fiber-reinforced pody had on acoustic emission
monitoring. It was also conducted to determine lcevtain evaluation criteria are used
and how they can be adjusted so that they offarrate results for the type of damage

experience by these girders.
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6.2 Conclusions from Field Testing
The conclusions from the in-situ testing of thesb®Bridge girders can be
summarized as follows:

» AE testing of prestressed concrete girders camdaily and successfully
performed in the field. Taking into account ambieoise and environmental
conditions is crucial to the success of AE testing.

» Because of the effect of the bearing pads beingepitan the pre-repair testing
and not present in the post-repair testing, a tigitanvestigation of the AE data
collected did not reveal specific conclusions basethe comparison between the
pre- and post-repair tests. However, the indiviéwaluation criteria from each
test did yield independent results that offeredesamight based upon the trends
that were observed.

» All significant opening and closing deformationscoficks were associated with
large increases in AE activity.

* The NDIS-2421 evaluation criterion is a feasibligecion for evaluating
prestressed concrete bridge girders. The methmddad results that seemed to
coincide with the other evaluation criteria, but oo a consistent basis. These
inconsistent results exposed some shortcomingseafiethod for in-situ testing.

* The signal strength moment (SSM) ratio evaluatiaeon proposed by Xu
(2008) was determined to be another feasible @mitdp assess the condition of
prestressed concrete girders. However, a flaligngrocess was that the 4%
critical value obtained during laboratory testingymot be suitable for in-situ

testing.
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The AE 2D-LOC software provided accurate locatiofhsisible cracks on the
concrete surface. Only the active, unsealed craeks successfully located
using this software. The epoxy-sealed cracks gatlkery little emission,
indicating that the epoxy repair was effectiveastoring integrity to individual
cracks.

The Peak CSS Ratio showed a general trend thaddgrigh the NDIS-2421
criterion for the post-repair test results. Thisthod seemed to be the easiest to
apply to the data and offered results with thetldata processing.

One flaw common to all of the evaluation criteriasithe lack of clear definitions
for damage classifications. All three evaluatioitecia need to have well-defined
damage classifications that are associated witradarmharacteristics of the
actual structural component.

Due to the changing support conditions of the I-§B8ers, this study could not
provide evidence of any solid relationship betwdenAE data and the FRP
repair. However, there were some indicationsttafRP did have some sort of

an effect on the AE data, although that relatigmstes not quantifiable.

6.3 Recommendations for Future Study

In this study, acoustic emission testing showeema! viability as a

nondestructive testing option for in-service brislg&ven though the results from this
research did not yield a definite conclusion regeydhe structural integrity of the
repaired girders, the AE testing procedure wadyeesnducted and data was gathered

efficiently. Future research needs to be conduict¢ide following areas:
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* Research should focus on determining the mosttaféeevaluation criteria for
application to prestressed concrete girders.

» Future projects should be focused on establishemgigal evaluation criteria that
can be used on bridge structures to determineafispevel of damage.

» Damage levels defined for new evaluation critehiaudd be based upon the
structural state of the specimen. Levels of danshgelld be defined thoroughly
based upon characteristics of the specimen, suctaek widths, or inelastic
behavior of concrete or reinforcement.

* Future research should focus on further develogieg\DIS-2421 evaluation
criterion, specifically with respect defining theat ratio, or a similar parameter
that is more practical for in-situ testing. Reséashould also be focused on
developing more objective methods for identifyihg bnset of significant AE.

* Future study should be performed to establishtecakithreshold limit for the
signal strength moment (SSM) ratio evaluation doteproposed by Xu (2008).
The 4% critical threshold value may indeed be atriteut it should be tested to
determine whether this value is correct for otlmrarete systems.

» Future research should also focus on the AE respoinber-reinforced polymer
repaired bridge girders to attempt to develop ati@iship between the AE
behavior and the FRP repair.

Compared with other nondestructive techniquespfdaitoring still requires
refinements to current testing techniques to hadifiieulties with in-situ testing prior to
implementation. Acoustic emission testing showdlbne in conjunction with other

NDT methods to ensure accurate results. Futuearels should focus on overcoming
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the difficulties of in-situ testing to develop aaseer and more standard procedure and

evaluation criterion.
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Appendix A: Crack-opening Displacement Analysis Fjures
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Figure A-1: Crack-opening displacement during Night2 loading of Span 10
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Figure A-2: Crack-opening displacement during Nigh 2 loading of Span 11
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Figure A-3: AE amplitude and COD versus time of Spn 10 loading on Night 1
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Figure A-4: AE amplitude and COD versus time of Spn 10 loading on Night 2
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Appendix B: NDIS-2421 Criterion Analysis Figures
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Figure B-1: Historic index plot for SP10G8 on Nigh 2
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Figure B-5: Historic index versus strain for SP11G on Night 2
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Figure B-8: Derived K-factor for SP11G7 (N=120)

Empirical Factor, K

1200

1000

800

600

400

200

0

ooooo

600 800
Number of Hits, N

.
T

1000

1200

1400

Figure B-9: Derived K-factor for SP11G8 (N=110)
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Figure B-13: Maximum strain from Night 1 for SP10G3

161




Strain (ue)

150

d )

50

-50 -

-100

'150 T T T T T 1
11500 11750 12000 12250 12500 12750 13000

Time (sec.)
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Figure B-16: CSS from SP10G8 loading on Night 1
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Figure B-17: CSS from SP10G8 loading on Night 2
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Figure B-18: CSS from SP11G7 loading from Night 1

Cumulative Signal Strength (pVs)

3.00E+08

2.50E+08

2.00E+08 J

1.50E+08

1.00E+08 )
5.00E+07 ’.
0.00E+00 I

5250 5500 5750 6000 6250 6500 6750

Time (sec.)

Figure B-19: CSS from SP11G7 loading from Night 2
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Figure B-20: CSS from SP11G8 loading from Night 1
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Figure B-21: CSS from SP11G8 loading from Night 2
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Appendix C: SSM Ratio Analysis Figure:
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Figure C-1: SSMratios for different data time frames for SP10G
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Figure C-2: SSMratios for different data time frames for SP11G

Signal Strength Moment (pVs.s)

F'F O

2.0E+09 mNight1
ENight2

1.5E+09

1.0E+09 —

5.0E+08

0.0E+00

60-second 120-second  180-second  240-second 300-second  360-second
hold hold hold hold hold hold
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Figure C-4: SSM for different 24C-secondtime spans for SP10G7 on Night
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Figure C-5: SSM for different 240seconctime spans for SP11G7 n Night 1
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Figure C-6: SSM for different 240seconc time gans for SP11G8 on Night
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Figure C-7: SSM for different 240seconctime sgans for SP10G7 orNight 2
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Figure C-8: SSM for different 240seconc time gpans for SP10G8 on Night
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Figure C-9: SSM for different 240seconctime gans for SP11G7 on Nigh2
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Figure C-10: SSM for different 240-conc time spans for SP11G8 on Night
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Figure C-11: SSMratios for different 24C-second ime spans for SP10G’
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Figure C-13. SSMratios for different 24C-second ime spans for SP11Gi
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Appendix D: AE 2D-LOC Crack Location Figure
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Figure D-1: AE 2D-LOC source locations for SP10G7
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Figure D-2: AE 2D-LOC source locations for SP10G8
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Figure D-3: Visible cracks on face of SP10G7

Figure D-4: Visible cracks on face of SP10G8
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Appendix E: Additional Evaluation Criteria Figures
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Figure E-1. Channelhit frequency for Night 1 Span 1(loading
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Figure E-2: Channelhit frequency for Night 2 Span 1(loading
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Figure E-3: CSS for Night 1 oading of SP10G
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Figure E-4: CSS for Night 2 loading of SP10G8
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Figure E-5: CSS for Night 1 loading of SP11G7
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Figure E-6: CSS for Night 2 loading of SP11G7
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Figure E-7: CSS for Night 1 loading of SP11G8
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Figure E-8: CSS for Night 2 loading of SP11G8
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Appendix F: On-Site Testing Pictures

Figure F-1: View of I-565 bridge structure
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Figure F-3: Van used for testing
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Figure F-5: Cables running from bridge girders totesting van
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