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ABSTRACT

USING EXPERT OPINION TO QUANTIFY ACCURACY AND RELIBILITY OF

NONDESTRUCTIVE EVALUATION ON BRIDGES

Bridge inspection is an important phase in thed#ichanagement process. In 2009, a
joint American Society of Civil Engineers StructuEangineering Institute (ASCE/SEI) and
AASHTO Ad-Hoc group was created to identify theuss to guarantee bridge safety and to
study how current bridge practices could be impdadfee the future. This group recommended:
“A more rational, risk-based approach to deterngrtime appropriate inspection intervals for
bridges is needed, as opposed to a set twentyrfouth cycle for all bridges”. The committee
also recommended a wider use of NDE methods. Theudily in increasing the use of these
NDE methods is the increased costs and time sgamg them. One way to deal with this is to
implement risk based planning to determine the @gmpatte inspection frequency, scope,
intensity, and methodology. To do this, though,abeuracy, reliability, bias, and cost of each
test must be quantified.

This study attempts to quantify these parameteresdmmon bridge NDE methods. This
was done by two methods. Firstly, a literatureeevivas performed to determine common NDE
methods being used and studied for bridge inspeetml statistical data was found for these
methods. To complement the literature, a four roDetphi method survey was conducted with
experts in the NDE bridge field in order to devetoproader range of data that matches real life
practices. All of the data was then analyzed amttiosions were drawn to quantify the

accuracy, reliability, bias, and various costs med for common bridge NDE methods.



Based on these results it can be seen that moshoaiy used bridge NDE methods tend
to be under biased and relatively repeatable. $ steown, however, that while inspectors seem
to have a pretty good relative understanding ofvdrébility in different tests, they tend to not
have as clear of an understanding of the absotale sf the variability. Furthermore, the
accuracy of commonly used bridge NDE methods témtie relatively variable with the average
test measuring a true response between 80% anaB&# time. Lastly the costs associated
with the NDE methods examined here tended to bayigariable making this measure difficult
to evaluate. However, by comparing the rankingsaah of the four categories that were
examined for each NDE method, it is possible t@etate the cost of a method to the bias,
accuracy and reliability. This could lead to a makable risk-based approach to bridge

inspection in the future.
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1. INTRODUCTION

1.1  Current Bridge Inspection Practice

The majority of the bridges in the United Statesenmuilt during two periods. The first
period of construction was in the 1930s during@neat Depression, and the second period was
during the 1950s and 1960s with the implementatfathe Federal-Aid Highway Act of 1956
(Rens et al. 2005). Ramey et al. (1997) showsthieaAmerican Association of State Highway
and Transportation Officials (AASHT(tandard Specifications for Highway Bridgegplies a
bridge design lifespan of 50 years, meaning thentgjof the bridges in the United States have
reached the end of their expected service life. kinmg this with a limited maintenance and
repair budget makes efficient bridge managemermingissé for improving the safety and
serviceability of the current bridge system in thated States. There are three main elements to
the management of bridges and other types of iméretsire: inspection of the system, decision-
making about maintenance and repair of the sysdeohthe performance of maintenance and
repair on the system. This research project corsitie inspection phase of the management
process for bridges, specifically nondestructivaleation.

The collapse of the Silver Bridge in West Virgimal967 started the first formal process
for the inspection of bridges in the United Stgi&ssher, 1998). After more than 40 years,
visual inspection remains the most common inspectiethod (Phares et. al., 2004). Most of
these inspections are conducted on a two-year egctequired by the National Bridge
Inspection Standards (NBIS) (Minchin et al., 20@)e to the cyclical pattern of inspection,

resources are used to re-inspected many bridgemthanot need inspection. Examples of these



are recently constructed bridges and standard ésidgth proven track records and well
understood deterioration modes. Using these ingpectsources on bridges nearing the end of
their service life may have prevented many of #eent bridge failures.

With recent bridge failures, specifically the 1-33Widge collapse in Minneapolis, bridge
inspection practice in the United States has recenauch closer scrutiny. In response to this
scrutiny, a joint American Society of Civil EngirreeStructural Engineering Institute
(ASCE/SEI) and AASHTO Ad-Hoc group was createddentify the issues to guarantee bridge
safety and to study how current bridge inspecti@tiices could be improved for the future
(ASCE/SEI-AASHTO, 2009).

The ASCE/SEI-AASHTO Ad-Hoc group wrote a recentwoent entitled “White Paper
on Bridge Inspection and Rating”. In this paperdgheup developed a listing of several
deficiencies in existing inspection practice. @fhé¢his group’s recommendations was: “A more
rational, risk-based approach to determining the@mriate inspection intervals for bridges is
needed, as opposed to a set twenty-four month éychdl bridges” (ASCE/SEI-AASHTO,
2009). This paper went on to note that while ifae circumstances visual inspection is
adequate, there are other cases when materiakslefed concealed elements are obstructed
from view. Similarly, visual inspection is unabtedetect micro defects and defects within the
material, such as rebar corrosion. The paper asadrfA more detailed inspection conducted
less frequently may have a positive impact on trexall safety and maintenance of bridges in
the U.S., allowing for broader application of Nosttactive Evaluation (NDE) technologies and
a better understanding of the condition of indiabioridges” (ASCE/SEI-AASHTO, 2009).

Nondestructive evaluation is a way to evaluateuctire without damaging the

material’s future usefulness. NDE is used in maelg$ including mechanical engineering, civil



engineering (including bridges), aeronautical eagring, medicine and art. It should be noted
that while nondestructive testing (NDT) and NDE sirailar and the terms are often used
interchangeably, they are not the same. NDT imphasonly testing is being performed and
data is being collected. Evaluation is the procésaaking judgments about the data gathered.
Often, the evaluation in NDE implies both data ediion and analysis is being done (Shull
2002).

There are many different NDE methods that have blegeloped in recent years by
various organizations, including the Federal Highwaministration (FHWA), to evaluate
different material properties and bridge conditi¢sese Section 2.2 for a description of
commonly used bridge NDE methods). These varioubads have become increasingly
popular due to the nondestructive nature of thessssent. Visual inspection is considered to be
a form of nondestructive evaluation and is the modely used method due to the relatively low
costs. Visual inspection has been shown, howewdrate many flaws that can stem from,
among other things, inspector bias, lack of expeeeinability to “see” internal conditions, and
concealed elements (Washer 1998).

As per the ASCE/SEI-AASHTO Ad-Hoc group recommeratatf a rational approach
to bridge inspection, a wider use of NDE methoge¢gically methods more advanced relative
to visual inspection) is needed. The difficultyimereasing the use of these more complicated
NDE methods is the increased costs and time spamg these methods. The ASCE/SEI-
AASHTO Ad-Hoc group has a recommendation to attetmigblve this problem. Their
suggestion of a more detailed inspection but comdliess frequently could result in a safer and
more cost effective maintenance program. These Me#hods should contribute to a more

detailed inspection procedure to make the inspegitocess more efficient and cost effective



and bridges should become increasingly safer. isksased or reliability based planning can
be used to determine the appropriate inspectiauéecy, scope, intensity, and methodology.
Doing this would help inspectors understand whigtidges are high risk and what failure modes
they may have. To do this, though, accuracy andhiéty of each test must be quantified. This
will allow inspectors to find a balance betweerstheosts incurred and the accuracy and
reliability of the methods. This will help develapmore efficient system for the inspection

management process (ASCE/SEI-AASHTO, 2009).

1.2 Research Objectives

The goal of this thesis is to facilitate risk bagegpection planning by quantifying the
accuracy and reliability of common NDE methodsldodges. This will give bridge inspectors a
better understanding of NDE methods relative tdedher and will give managers the data they
need to incorporate the uncertainty in inspectesults in bridge management. This will allow
them to create a more efficient evaluation procatiger than using the current two-year cycle.

The specific objectives of this thesis are to:

e Determine the most common and practical NDE metladsteel and concrete bridges

e Determine the type of traits (accuracy, reliabjlgyc...) that should be analyzed in order
to describe the uncertainty in NDE in a quanti@ativay

e Implement data collection to obtain quantitativéadebout the common NDE methods

for bridges to facilitate risk based inspectiompiliamg

1.3 Research Methodology

This thesis focuses on the accuracy, reliabilitgsband costs of common NDE methods,

including visual inspection, which can be usecdest tertain bridge elements. Data about the
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accuracy, reliability, bias and various costs afrelDE method was collected. This was done
by two methods. Firstly, a literature review wasf@ened to determine common NDE methods
being used and studied for bridge inspection. Aligong the literature review, data pertaining to
the specific traits of the NDE methods was soufflet.aDuring the literature review process it
was determined that there is very little quanti@atiata being published that could be used to
establish general statistical descriptions foruheertainty in various NDE methods or even give
relative comparisons between tests. To complenheniterature, a Delphi Method survey was
conducted with experts in the NDE for bridges figlabrder to develop a broader range of data
that matches real life practices. All of the datswhen analyzed and conclusions were drawn to
guantify the accuracy, reliability, bias, and vagaosts incurred for common bridge NDE

methods.

1.4  Thesis Organization

This thesis contains four additional chapters cogeDE methods and the accuracy of
these methods for bridges. Chapter 2 containgtiire review describing the current state of
NDE research for bridges along with previous susviyat were conducted involving NDE
methods for bridges. This chapter also containged thescription of each NDE method that was
analyzed for this thesis and an explanation of e@blapter 3 explains the implementation of the
Delphi survey with experts in the bridge NDE fieldhe results obtained from the Delphi survey
are presented and discussed in Chapter 4. Chaptertaéins a summary of the work performed
and conclusions that were drawn from this work ttkenmore, suggestions for future work are

included in this chapter.



2. BACKGROUND AND LITERATURE REVIEW

2.1 Introduction

An extensive literature search was performed, aadynNDE articles, papers and reports
for bridge engineering applications were found endewed. Based on the articles found, it was
determined that there is a significant amount séaech being conducted to determine the best
situations (i.e. crack detection, rebar locatidn,.€) for specific NDE methods for bridges.
Based on these studies, previous surveys (seeB8&cth), and the results from the first round of
the Delphi survey, commonly used NDE techniqued@ih concrete and steel bridges were
determined. A description of these methods inclgdivailable data about accuracy and
reliability can be found in Section 2.2. Variousdies have also been conducted to determine
the accuracy and reliability of many of these mdthielative to one another. Section 2.3
describes these studies and presents data basleel fomdings. Furthermore, Section 2.4
describes studies that have been conducted to eenapaous costs of these methods. Finally,
Section 2.5 gives a description of the Delphi mdths a tool to gather information from experts

in a field and how this method is implemented.

2.2 Commonly Used NDE Methods and Current Research

2.2.1 Visual Inspection

Visual inspection is usually one of the first NDEtmods used for locating defects on all
structural members. Visual inspection can alsodssl @fter more advanced methods identify a
defect to give the inspector more detail (Mix 200&5ual inspection refers to inspecting a

structural member with the five senses and vericliasls (i.e. flashlights, tape measures, etc.).
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A subset of visual inspection, visual testing, alo include more advanced optical devices such
as borescopes and microscopes. It should be reaethe concepts of visual inspection and
visual testing are slightly different and are oftemfused with one another. Given the more
complicated nature of visual testing, visual ingmecmay include visual testing, but certain
aspects of visual inspection may not be includdtiwivisual testing (Moore et al. 2001).

In 2001, Phares et al. conducted a study tryirguemtify the reliability of bridge visual
inspection. Forty-nine bridge inspectors from 28esDOTs were asked to conduct seven routine
visual inspections and three in-depth visual in8pas on two of the FHWA'’s Nondestructive
Evaluation Validation Center (NDEVC) test bridgeisil being monitored by NDEVC staff. A
routine inspection was defined as inspecting asuing an overall rating to the superstructure,
substructure and deck elements while an in-degbeiction is a more comprehensive inspection
of specific aspects of these elements (welds, paiing, etc...). The results of this study
indicated that the majority of the inspector ase@yratings were statistically different than the
reference ratings established by NDEVC persontelas shown that during the routine
inspection, visual inspection of the superstrugtaubstructure, and deck had an overall bias of
+3%, -5%, and +5%, respectively. For example, theage response for the superstructure was
a 5.61 rating while the average reference rating 5vd2 implying the inspectors determined the
superstructures were in better condition than dwtyally were. The coefficients of variation
(COV) for the ratings of the superstructure, suldtire, and deck were 0.14, 0.12, and 0.16,
respectively. Furthermore, it was determined thatépth inspections may not yield any more
detail than the routine inspections. It was alsmnshduring the in-depth inspection that a low

percentage of inspectors were able to identifylined deficiencies, as shown in Figure 2.1.



Note that 42 inspectors worked on the STAR Bridgd®Band 44 inspectors worked on the

Route 1 Bridge (there were a few details on thet®awBridge with only 42 inspectors).
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Figure 2.1. Percentage of Inspectors to IdentiffidlEncies During an In-Depth Inspection of two FRVWDEVC
Test Bridges (Phares et al. 2001)

This study also found various factors affecteditispectors reliability including: fear of
traffic, near visual acuity, color vision attribatdormal bridge inspection training, and the
inspector's perception of the bridge's maintenaamoegssibility, and complexity. The study
concluded that there are many aspects of visupeti®n that need improvements. It should be

noted that the visual inspections were not compsareshy other methods (Phares et al. 2001).



2.2.2 Acoustic Emission

Acoustic emission is a NDE method in which the maldeing tested generates acoustic
signals that warn of increased mechanical or thesinass. The basis of acoustic emission is the
fact that materials will emit a sonic or ultrasoniave when stressed to the point where
increased deformation or fracture occurs. This wetheasures the low amplitude signal that is
produced when dislocations in the material’s ciylstéice structure are created during plastic
deformation. Due to the need of plastic deformatamoustic emission for bridges is used mainly
on steel members (i.e. girders and cable staysgeShis test measures flaws while they occur,
the flaw cannot be retested and requires continourstoring. (Mix 2005).

In 2001, Nair conducted a case study of a prestdessncrete bridge and a steel girder
bridge using acoustic emission. Both bridges weagléd with static and dynamic loadings and
were monitored for damage using acoustic emisdibrough this study Nair showed that when
a material reaches a certain stress level it earsignal that can be correlated into the sevefity o
the damage. Similarly, Golaski et al. (2002) parfed a case study of five concrete bridges of
varying ages and degrees of damage. Similar caoalsisvere drawn from this study, however
neither study compared acoustic emission testiragiter NDE methods or provided data to
determine the accuracy or reliability of the method

A study conducted by Gong et al. (1992) of 36 staiload bridges related the acoustic
emission test output to a stress intensity fa¢toi,he stress intensity factor is a function oftbot
the stress level and the crack length. By detenmitiie range of the stress intensity facidt,
the severity of the crack can be determined. Adtation betweerK and crack intensity can be

seen in Table 2.1.



Table 2.1. Correlation Between the Stress Intertsigtor RangeAK, and Crack Intensity for Steel Bridges (Gong
et al. 1992)

IRange ofAK  |Crack Description
0 <AK <10 Minor Defect
10<AK <20 |Slow Crack Growth
20<AK <30 |Requires Repair
30<AK <40 |Dangerous
40< AK Imminent Failure

Bridge engineers use this system to plan, schexhdeprioritize maintenance. AK
reading of 10 or higher indicates a detailed in8peds required in the area. While there was no
indication of the accuracy or reliability of thigssem, it was determined that noise could be
caused by rubbing, hammering, rain, and electsgsiem noise, which could skew the results.
There was no data that showed how much this cdtddtdahe results (Gong et al. 1992).
Furthermore, Rens et al. (2005) compares acousiigsén to various other tests (see Section

2.3).

2.2.3 Cover Meter/ Pachometer

A cover meter is a method used to measure therete cover over the rebar. Along
with this, the instrument can detect rebar sizedifer distance is known) and direction. This is
done by creating an alternating magnetic field witbrobe coil. The instrument is moved along
the surface and metal objects can be detectedhngthange of the magnetic field. These
measurements change the voltage of the outpufuaction of concrete cover and bar diameter.
It should be noted that the instrument cannot nreasoth concrete cover and bar diameter
simultaneously as the voltage is dependent on\mihbles. Often times, the bar diameter is
known and the concrete cover is verified (Song @aswathy 2007).

In 2011, Algernon performed a study in which tdstks of known dimensions and rebar

locations were created. Different blocks included $izes ranging from No.3 to No. 9 to
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determine the influence of bar diameter on measen¢sn Furthermore, another set of blocks
was manufactured with varying bar spacings to nredsow this affected accuracy. Various
geometries were also created including crossingrrabd layered rebar at various depths. The
first measurement was at a section of No. 3 relidr avossing bars. In a section with dense bar
crossings the cover meter measured 1.14 inchdswowhile in a section with the same rebar
diameter and no cross bars the cover meter meathe@bver to within a tolerance of 0.04
inches. A similar measurement was performed withrelessed bar spacing. This measurement
indicated slightly less cover due to the influentaeighboring bars.

The next measurement was taken at a section witt® Mars but with the cover meter
equipment at the setting for No. 3 bars. As notedipusly, cover and bar diameter cannot be
measured simultaneously. One of the parametersimeugtown in order to measure the other
one. Based on this setup, the cover was measusdijlaly less than actual due to the wrong bar
diameter input (Algernon 2011).

Based on these results it was shown that covermmegasurements with known bar
diameter, wide enough spacing (more than 3 inclwedno crossing layers can have good bias
of about +/- 0.04 inches. However, the introductibione or more of these parameters can
reduce the cover depth reading providing a consigeveeading (Algernon 2011). These
readings are considered conservative becausgenisrally better to measure the cover to be less
than the actual as more cover means more protefciiaebar. Furthermore, Rens et al. (2005)

provides a qualitative comparison of cover meteéhwither methods (see Section 2.3).

2.2.4 Electrical Potential

Electrical potential measures the ability of arctle current to flow within a material.

This indicates the material’s transfer propertiglectrical potential techniques for bridges have
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mainly been developed and used to detect stedbre@ament corrosion in concrete structures.
Steel corrosion in concrete is mainly dependennorsture and chloride content. These factors
also influence the electrical properties of thearete. By measuring the electrical potential the
content of moisture and chloride content can berdghed. From this, corrosion in the steel is
not directly measured, but rather the probabilitgarrosion is measured indirectly through these
electrical properties in the concrete (Maierhotesle2010).

Gucunski et al. (2010) points out that electricaiemtial measurements cannot produce
guantitative data. Rather, this method measurepdtential in the concrete. The more negative
the potential, the higher the chance of corrosf®ITM C876 provides general guidelines for
evaluating the potential readings. In general,pbtential reading is higher than —0.2V there is a
90% chance there is no corrosion, while if the meguts lower than —0.35V there is a 90%
chance there is corrosion (ASTM International 206Rythermore, Barnes and Trottier (2000)
performed a case study in which deterioration veaspared to other methods and Rens et al.
(2005) provides a qualitative comparison of eleefrpotential with other methods (see Section

2.3).

2.2.5 Impact Echo

Impact echo is based on the material’s vibratioegponse when it has been impacted.
This method is typically applied to materials witbo parallel surfaces. After impact, waves will
propagate within the material and will be reflectem the boundaries. The reflected waves
have a maximum peak in the frequency signal, wbhahbe used to determine the material’s
thickness. This method is typically used on corecstdibs to determine the thickness of the
material. Along with this, technicians can alsoedetine if an area in the slab has delamination

or spalls based on an observed reduced thicknkeswego the rest of the slab, as seen in Figure
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2.2. While it is much less common, impact echoasan be used to determine the thickness of
steel members, as well (Maierhofer et al. 2010).

Impact Source

. Receiver

2.

qqqe

Surface Wave ~
L 7))
Longitudinal Wave ‘& ,.+*" Reflected Wave  shear Wave
\%‘%

Discontinuity

Figure 2.2. Schematic of the impact echo methoddoperformed on a damaged and undamaged the cenlaet

Various studies have been conducted to researdctheacy and reliability of impact
echo. Of these studies, Watanabe et al. (20049 meeid a case study in which voids of various
sizes and depth were placed in a concrete membleeated using impact echo. According to
the authors, it was shown that for concrete withielmr, impact echo could very accurately
identify nearly the exact void sizes, however nmbars were provided. It was discovered,
however, that by introducing rebar the accuracy mgdsiced. While this reduction in accuracy
was not quantified, it was shown that the voiddaastill be detected, but the sizes were harder
to determine as the rebar spacing decreased. Fudhe two studies (Yahia et al. 2007 and
Scott et al. 2003) attempted to compare impact ézlother methods with varying results (see

Section 2.3).

2.2.6 Liquid Penetrant

The liquid penetrant method is performed by apghariiquid dye to the surface of a
member (commonly steel) and allowing it to standaf@eriod of time. The penetrant is

absorbed by capillary action into any surface ditioniities. Once absorbed into the
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discontinuities, excess liquid is removed and hthgplored developer is applied that draws
some of the liquid penetrant out of the discontynmaking the flaw easier to see. Since the
penetrant is carried into the defects by capilkston, the method can only be used to detect
surface defects such as cracks and poor weldsgAdath this, liquid penetrant cannot be used
with porous material making it difficult to be used concrete members (Mix 2005).

McCrea et al. (2002) looked at various parametesdould affect the accuracy and
reliability of the liquid penetrant test. Among sieeparameters are the defect size and wait time
of the penetrant. The smaller the defect is the ligsid will be absorbed into the defect making
the defect harder to detect. No minimum volume determined, however. Along with this, if
the area is not properly cleaned prior to adminisgethe penetrant or the penetrant is not given

enough time on the sample, the liquid will havdiclifities being absorbed.

2.2.7 Magnetic Particle

The magnetic particle test is a similar methoch®liquid penetrant method in that this
method can only detect surface flaws. To do this,nhaterial is magnetized by a magnetic coil
and fine ferromagnetic particles are poured ongostirface. Defects in the material will affect
the magnetic field from the magnetization caushegparticles to attract to it. These particles
outline the surface defects. Since the sample baistagnetized, this method is limited to
magnetic materials such as ferromagnetic steell(3602).

McCrea et al. (2002) looked at various parameteatdould affect the detection of
surface defects. They found that the size of thlecoald affect the sensitivity of the test; the
larger the coil, the stronger the magnetic fieldnsking the test more sensitive. Also, every
component must be tested at least twice to enkarmagnetic field travels perpendicular to the

defect. Defects that run parallel to the field may be detected by this method. Furthermore,
14



Shull (2002) shows that there is almost no limitatio the size or shape of the flaw being tested.
It was also shown that magnetic particle testingadetect limited subsurface defects up to a

maximum depth of about 6.35 mm.

2.2.8 Mechanical Sounding

Mechanical sounding is a broad term used for tgsifrconcrete members. The method
is done by either dragging an instrument (ofterird)aacross the surface or lightly hitting the
surface with a hammer like tool. This is done tenigfy delamination in the concrete. By using
mechanical sounding, voids can be detected byebp thud sound rather than a clear ringing
sound that would occur for solid concrete (Scotlef003).

There have been various studies that have useldamieal sounding to validate other
test methods. This is because mechanical sounsliagdlatively old and well-known method. It
is not, however, necessarily more accurate oriefftdhan the newer more advanced methods
(i.e. impact echo and radar). Among these studae 8cott et al. (2003), Barnes and Trottier
(2000), Wood and Rens (2006), and Clark et al. 204all of these studies either compared the

ability to detect deterioration or to determine #meount (area) of deterioration (see Section 2.3).

2.2.9 Radar

The radar method (also known as ground penetredida@r) is an electromagnetic
method. For this method a transmitter emits antetagnetic pulse. This pulse is then
reflected to the receiver or transmitted throughrtiaterial to a receiver on the other side. The
travel time of the pulse is measured for the deiteation of various geometric and internal

properties of the material. Radar is commonly Usedoncrete member applications to
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determine member thickness, layer thicknessesbairy@and location of rebar, ducts, anchors,
and cavities within the concrete (Maierhofer e24l10).

Various studies have been conducted to researdrctheacy and reliability of radar
(specifically ground penetrating radar). Among thetudies were Barnes and Trottier (2000),
Yehia et al. (2005 and 2007), and Wood and Rem362@ll of these studies either provided
gualitative data on the ability of radar to det@eterioration when compared to other methods or

guantitative data to determine the amount (aredptdrioration (see Section 2.3).

2.2.10 Radiography

Radiography is the use of electromagnetic wavdsi{of-rays) to look internally at a
material. These waves are emitted and travel throlg material and received by the detector.
By doing this the waves can “see through” objelets &ire opaque. The intensity of waves that
pass through the material is based on material osiign, density, and thickness allowing for
these properties to be measured. This method isnoory used on steel bridge members to
determine thickness of the member, detect fractamed inspect welds (Shull 2002) and voids
and cavities in concrete bridges (McCrea et al2200/hile there is little being done to
determine the accuracy and reliability of radiogmggMcCrea et al. (2002) discusses various
parameters that can affect the data. Among thestharexposure time, focal size, and defect
orientation relative to the electromagnetic wavdeng with this, Rens et al. (2005)
gualitatively determined the adequacy of radiogydioin concrete and compared it to other

methods (see Section 2.3).

16



2.2.11 Rebound Hammer

The rebound hammer method (also known as Schmdirfe) is a test on concrete to
determine the concrete compressive strength. $hdeme by impacting the surface of the
member with the hammer and measuring the reboumd.rébound is then translated to the
rebound number, which is directly proportionallie toncrete’s compressive strength. A high
rebound number corresponds to a high compressimegih and a low rebound number
corresponds to a low compressive strength (Ren6)200

In 2006, Wood and Rens conducted a case studyedmathrence Street Bridge in
Denver. In this study, rebound hammer testing veaspared to strength results from core
samples. Along with this, the method was also cosgp#o other NDE methods. Furthermore,
Rens et al. (2005) provides a qualitative compargd@tthe rebound hammer to other methods
(see Section 2.3). It has also been shown by vastudies including Qasrawi (2000) that there
is a correlation between concrete quality, rebduentmer results, and ultrasonic results. It was
shown that both of these methods could be usettlicectly determine concrete quality by

nondestructive means, but no numbers related waracy or reliability were provided.

2.2.12 Thermal Imaging

Thermal imaging uses special cameras to deteetredrradiation. This radiation can be
used to determine the temperature of a materiatfece. The camera is pointed at the material
and a spectrum of colors representing differenpematures can be seen. This method is
commonly used for concrete bridge members to deternegions of voids or delamination. This
can be done because areas of voids tend to ber tbatethe surrounding area (Clark et al.

2003). Some research is being done to identifyattoeiracy and reliability of the thermal
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method. Two of these studies (Clark et al. 2003Yaalia et al. 2007) developed comparisons of

thermal testing to various other NDE methods (sssién 2.3).

2.2.13 Ultrasonic

The ultrasonic method is a method that uses hegugncy (ultrasonic) waves. These
waves are emitted by a transducer and are eitheiviel by another transducer or reflected back
to the original transducer. The waves are thersteamed into an electrical pulse and observed
on an oscilloscope. Based on the wave propagaimugh the material various material
properties can be measured (Shull 2002). Amongstifiaws, fractures, corrosion, thickness,
weld imperfections, and pin discontinuities camieasured in steel members. For concrete
members ultrasonic testing is commonly used tordete thickness, locate rebar, and detect
voids (Maierhofer 2010).

Many studies have been conducted to identify acyuasad reliability of the ultrasonic
method. As mentioned previously, a comparison wadatby Qasrawi (2000) to correlate
concrete quality, rebound hammer results, andadtrig results. Furthermore, Rens et al. (2005)
gualitatively determined the adequacy of the uttras method and compared it to other methods
while Wood and Rens (2006) compared the ultrasoaithod to other methods through a case

study (see Section 2.3).

2.3  Comparative Studies for Accuracy, Reliability and Bas of NDE Methods

There were a number of studies and papers disabdenreng the literature review that
compared various NDE methods to one another. T¢twm®g@arisons were both qualitative and

guantitative in nature and offer a limited insighthe accuracy and reliability of the various
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tests described previously and a comparison ottpasameters for different test methods. The

following is a discussion of these studies.

2.3.1 Comparing Radar, Chain Drag (Mechanical Sounding) ad Electrical Potential — A

Barnes and Trottier 2000 Study

In 2000, Barnes and Trottier conducted a studyine concrete bridges using ground
penetrating radar, chain drag, and electrical pgatieto determine the accuracy of these methods
to identify delamination and voids. The resultsevexpressed in terms of percentage of area of
the total bridge deck that was found to have detation. These results were then compared to
the actual percentage of deterioration found apédired, which was assumed to be the true
value. It should be noted that the repair percenteas based on the chain drag results and more
area was repaired as seen fit. While the arearezpaiay not be the absolute true value, it was
assumed to be a representation of the true valtegrims of maintenance planning. These values
could be used to allocate expenses based on thiésreba test. An example of this is in the case
of the chain drag method. According to these resthiis method tends to relatively reliably
under-predict the true value. With this being thsee; a larger budget should be allocated to

offset the result. The results of the study casdsn in Table 2.2.
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Table 2.2. Summary of Barnes and Trottier StudyuRe$2000)

Radar Chain Dra Electrical Area Radar | Chain Electrical

Structure Percentage Percenta ge Potential | Repaired] Bias |Drag Bias Potential
9 9 PercentagePercentagg Factor | Factor | Bias Factor|

gf&’;‘gc"e River 44.5 53.9 50.5 59.7 1.342  1.108 1.18
Skye River Bridge 42.3 34.4 41.9 38.7 0.915 1.125 0.92
Baddeck River 37.4 34.9 46 401 | 1072 1149 0.872
Bridge
Shubenacadie CNR g & 35.1 39.5 353 1239  1.006 0.89
Overpass
Grand Pre Overpass 15 9.1 8.3 11.2 0.747 1.231 1.349
Deep Hollow 70.1 54 31.4 54.6 0779  1.011 1.739
Overpass
Victoria Bridge 13.6 5.2 0.1 11.1 0.816 2.135 111.00
Rough Brook Bridge 21.2 27.2 N/A 29.4 1.387 1.081 -
Glendale Bridge 16.2 20.1 9.3 22.6 1.395 1.124 2.430
Average 32.089 30.433 28.375 33.63 1.077 1.219 15.0
Std Dev 18.538 17.221 19.575 17.10 0.271 0.350 38.7
COoV 0.578 0.566 0.690 0.509 0.251 0.28/7 2.57

Based on these results, it can be seen that gmmemetrating radar tended to be the least
biased (percentage repaired divided by percentagesuned) with an average bias ratio of 1.077.
Chain drag and electrical potential were more liagigh an average bias ratio of 1.219 and
15.049, respectively. Radar also tended to be th& neliable with the smallest COV of 0.251.
This was followed by a COV of 0.287 and 2.577 foaio drag and electrical potential,
respectively. Note that by removing the outlyingedaoint of the Victoria Bridge from the
electrical potential method the data seems momoredle with a bias factor and COV of 1.341
and 0.427, respectively. This shows, however, ttiexe is a larger level of uncertainty when it
comes to electrical potential. It should be noteat Barnes and Trottier performed another
similar study with similar results published in 200No data about the repaired area was
provided, however. Without the provided repairegbaior assumed true value, no computation

of bias could be made It should be noted, howstaat,the COVs from the 2004 study for radar,
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chain drag, and electrical potential were fountded.61, 1.12, and 1.11, respectively. As

shown, these values are slightly higher than tia®2@udy.

2.3.2 Comparing Chain Drag (Mechanical Sounding) and Impat Echo to Concrete Core

Results — A Scott et al. 2003 Study

Scott et al. (2003) conducted a study to identdhachination on the Van Buren Road
Bridge. The results of the chain drag (a mecharsicahding method) and impact echo were
compared to actual concrete cores. To conducsthdy, NDEVC staff performed a
comprehensive chain drag survey on the entire etaceck. Impact echo measurements were
then taken at 10 predetermined grid locations atbegleck and where the core samples were to
be taken. The chain drag and impact echo resuttegbly matched the core sample results at
these grid locations. Furthermore, the impact éekbconducted at the predetermined grid
locations along the deck matched the actual cadtee70% of the time (20% of the tests
produced readings that indicated distress but wer@accurate enough to definitively determine
delamination). It should be noted that a groundepraing radar study was also performed on
this bridge with two types of systems (one systemmercially available and one that was
under development for FHWA). While these resultsen®t directly compared they were shown

to be reasonably accurate relative to the othehoast

2.3.3 Comparing Coin-Tap Test (Mechanical Sounding) to Ifrared Thermography — A

Clark et al. 2003 Study

Clark et al. (2003) conducted a case study to oheterthe accuracy and reliability of the
infrared method. Five spans of a concrete bridgédrthamptonshire in the United Kingdom
were first tested with the coin-tap test, a meatersounding technique. These spans were then
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tested with an infrared camera. Both techniquegwsed to determine locations of
delamination. It was shown in this study that thfeared imaging and coin tap tests matched in a
total of five out of the eight tests. Furthermoretwo instances the infrared test located a
delamination that the coin-tap test did not findohe case, at the south abutment, the infrared
test gave mixed results due to a damp patch windeoin tap test measured delamination. This
patch gave inaccurate temperature readings. lidhaunoted that these results were not

confirmed with actual core samples as the bridge stifl in use.

2.3.4 Comparing Various NDE Methods on Deteriorating Concete Bridges — A Rens et

al. 2005 Report

In this report, Rens et al. (2005) explains theafgbe bridge management system for
the City and County of Denver. While the only tegtivas done with the ultrasonic method,
Rens et al. compares various tests that can beamsedncrete to determine efflorescence,
cracking, and delamination and spall. These methoglsalso compared on a relative cost basis
(see Section 2.4). These common methods were daetrihrough the surveys conducted by
Rens et al. (1997) and Rens and Transue (1998)eBéts of this comparison can be seen in
Figure 2.3. These results for efflorescence, craglkand delamination and spall are based on a
three-point Likert scale and no quantitative dates weported for these tests. It should be noted
that the ultrasonic test performed was able totéotize location and size of vertical cracks within
the bridge pier cap by taking three measurememtaky along the member, but these readings

were not compared to any other method.
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Figure 2.3. Summary of Rens et al. (2005) Condi&& Method Comparisons

2.3.5 Comparing Ultrasonic, Hammer Sounding (Mechanical $unding), Surface

Hardness (Rebound Hammer), and Radar — A Wood and éhs 2006 Case Study

In 2006, Wood and Rens conducted a case studgdfatvrence Street Bridge in
Denver. Due to water penetration and freeze thaskesythe pier cap substructure of the bridge
was deteriorating. The study was conducted to whaled the amount of deterioration and to

compare the results of various NDE methods. A wtéive NDE methods were performed at
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five locations along the pier cap. All tests weegfprmed to determine the amount of cracking
in the concrete structure.

After the completion and compilation of the NDEaatomputer programs were used to
visually represent the data with colored regioresd?l on these regions, each location was given
a rating for each test. Core samples were themtakeach of the five locations and compared to
the NDE results. The results of these tests caseber in Figure 2.4. As shown, there was a wide
variation among the NDE tests and the comparisbtizese tests to the core results. Ultrasonic
and hammer sounding tended to give similar resalee another while surface hardness and
ground penetrating radar tended to match each.dtnethermore, surface hardness and ground
penetrating radar tended to be more consistentthéthelative core conditions. It should be

noted that no ground penetrating radar data wasndgr location A.
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2.3.6 Comparing Impact Echo, Ground Penetrating Radar, aml Infrared Thermography

— A Yehia et al. 2007 Study

Yehia et al. performed a study to determine thiabéity of impact echo, ground
penetrating radar, and infrared thermography orciete bridge decks. Three types of flaws
(cracks, delaminations, and voids) of known logafiod dimension were introduced to
specimens and the ability of each method to idgthiése flaws was tested. The results of the
ground penetrating radar tests can be seen ind-6r It should be noted that a similar
procedure was conducted with the impact echo medhddhe method detected each deficiency
100% of the time. As shown, radar and impact ecaewoth fairly accurate when detecting
delaminations and voids. In the cases where radarad detect these flaws, it was determined
the flaw was either too close to the surface (lleas 1.25 inches) or too small (less than 0.25
inches in diameter). Both tests were able to meath# depth of detectable voids with accuracy
exceeding 95%. It should be noted that while rades unable to detect cracks, impact echo was

able to detect cracks with 100% accuracy.
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The results of the infrared thermography test easden in Figure 2.6. For the infrared
method, specimens were tested at different timespfin order to understand the effects of
temperature variations during these times on thelt® It was shown that the ambient
temperature did not matter as much as the amouwsuroéxposed to the material. Due to this,
there was no detection of flaws during the nighgtinours. Furthermore, it was determined the
deeper (more than 2 inches) and smaller the flagre vthe harder it was to detect them. This
could be seen in Specimen C (not represented urd&®16) where all defects were deeper than

2.25 inches and no flaws were detected.

100% -

B Specimen A, Delamination
B Specimen B, Delamination
E Specimen A, Void
O Specimen B, Void

80%

60% -

40% -

20% -

Percentage to Identify Deficiency

0% -
10am to 12pm 12pm to 3pm 3pm to 12am

Time of Test

Figure 2.6. Percentage of Infrared Tests to Idgm#ficiencies in Concrete Specimens (Yehia e2607)

26



2.3.7 Comprehensive NDE Concrete Bridge Deck 2013 Studylthe Transportation

Research Board

In 2013, Gucunski et al. published a comprehenstivdy of common NDE methods that
are used to identify concrete bridge deck detetimmahrough the Transportation Research
Board (TRB). Prior to the testing, a total of nIMBE methods that can be used to detect
deterioration of concrete bridge decks were seliedi a literature review. Of these nine
methods, six (impact echo, ultrasonic, electricaeptial, radar, mechanical sounding, and
infrared) were included in the Delphi survey cortéddor this research. Only these methods
will be analyzed below (Gucunski et al. 2013).

During this study, ten organizations (industry versdand research centers) used two
different methods of validation testing. These mdthwere field and laboratory testing. For
both methods predetermined grids were used toifgdatations on the bridge, and detailed
testing instructions were provided to all particifsprior to testing to ensure the same testing
procedures. After testing was completed, cores wasm®ved from the sample to provide ground
truth data. For the field validation testing a pmrtof the Route 15 bridge over I-66 in
Haymarket, Virginia was selected. For laboratosfitey, two test decks were prepared. The first
was a newly fabricated deck. This deck had ninardelated areas, two corroded rebar mats,
and four vertical cracks built into it. The secdadt deck was removed from a distressed
highway bridge along Interstate 10 near El Pasga3 @and taken to the lab. All participants
were asked to submit the analyzed data from batheattoratory and field testing no later than
two weeks after testing was completed (Gucunsél.e2013).

After the testing was completed, the data was aedlynd two statistical performance

measures were considered to help rank the metfimds$.performance measures were also
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analyzed and are discussed in Section 2.4. Thistgtat measures were accuracy and
repeatability. Each measure was given a rank abi favorable), 3 (favorable), or 5 (very
favorable) for each method. The ultimate goal & siudy was to develop a computer bank of
commonly used NDE methods that can be used bydddgk inspectors. This computer
program will have will have an excess of informatabout these methods including a
description, the physical principle of the methagplications, performance, limitation,
equipment needed, test procedures, and samplegaddtput (Gucunski et al. 2013).

Accuracy was judged on three criteria: detectgbditent, detectability threshold, and
severity of deterioration. Detectability was comse&hll the most important parameter because if a
certain effect cannot be detected, the other foemsures are meaningless. Detectability is the
ability for a method to detect a flaw and not re@or intact location as defective (meaning false-
positives and false-negatives should be minimizBd¥ed on the results of the tests these
methods were given an average grade. A represemtaitihe accuracy for the test methods
included in the Delphi survey can be seen in FiQure(Gucunski et al. 2013).

The repeatability of a test was also examined. &peoach to measure repeatability was
to use the COV of each method. This was not usadeter, because not all of the results from
each test can be used to determine COVs and sothe pérticipants submitted raw data that
could not be used to calculate the COV. It shoadhbted that the COV was calculated for
impact echo, electrical potential, and radar ahdadlies were less than 0.25, indicating these
tests were relatively reliable. Instead of usingMO@lues, grading of the repeatability of each
test was based on graphical presentation of thatsedVhile this was somewhat subjective, it
provided a more comprehensive analysis. A repratientof the repeatability for the test

methods included in the Delphi survey can be sedéhgure 2.7.
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Figure 2.7. Statistical Performance Grades of BdoE Method Performed by Gucunski et al. 2013

As shown in Figure 2.7, impact echo, electricabptial, and ultrasonic methods tended
to have more accurate measurements with groundrpéing radar, infrared, and chain drag
being slightly less accurate. It should be noteairckdrag was not very successful at detecting
defects that were relatively small or deep. Theas also some concern with the infrared
imaging test as testing was environmentally depetnaied could only be done in a small
window during the day. The rebar corrosion testdadbe skewed because the methods were
developed to measure corrosive activity (the emwirent in the concrete that promotes
corrosion) and not corrosion itself. Furthermoresitests were relatively repeatable. Infrared
was the only method will below satisfactory resultsis was probably due to the method’s
susceptibility to the environment including debsbadows, markings, and time of day

(Gucunski et al. 2013).
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2.4  Comparative Studies for Various Costs of NDE Methosd

While most studies found during the literature eswiwere conducted attempting to
compare the results various NDE methods, someestiadiso measured various costs of these
methods. These comparisons were both qualitatidegaantitative in nature and offer a limited
insight to the various costs of common NDE methdtie following is a discussion of these

studies.

2.4.1 Comparing Various NDE Methods on Deteriorating Concete Bridges — A Rens et

al. 2005 Report

As mentioned previously, Rens et al. (2005) pullisa report explaining the use of the
bridge management system for the City and CounDeniver. In this report, Rens et al.
compared various tests that can be used on cornordetermine various defects. These methods
were also compared on a relative cost basis. Tlhgve cost was either determined to be high or
low. It was shown that acoustic emission, radatiography, and thermography had relatively
high costs, while electrical methods, impact echagnetic methods, mechanical sounding,

surface hardness methods, acoustic tomographyjlaadonic had relatively low costs.

2.4.2 Comprehensive NDE Concrete Bridge Deck 2013 Studylthe Transportation

Research Board

The comprehensive study published by Gucunski. 2@l 3) also compared various
factors that could affect the cost of a methodmfention previously a total of six NDE methods
that were analyzed were included in the Delphi symonducted for this research. Only these

methods will be discussed here. Again, ten orgaioiza used two different methods of

30



validation testing (field and laboratory testingjter the testing was completed, the data was
analyzed and three cost performance measures wes&lered to help rank the methods. These
measures were 1) ease of data collection, analsisinterpretation, 2) speed of data collection
and analysis, and 3) cost of data collection aradyars. (Gucunski et al. 2013).

The first cost performance measure that was andlyzes ease of use. For this measure,
seven components were considered: expertise incddétion, number of operators, ease of
maneuvering, physical effort for the setup, exgerin data analysis, and potential for
automation. The grades for these components weetlan both information provided by
participants and observations by the research t€hese grades were combined to create one
ease of use grade for each method (shown in FR)8)gGucunski et al. 2013).

Speed was another performance measure that wazenakFor this, there were two
main components that classified speed. The firsttva speed of data collection. Some methods
collect data continuously while others collect dadents. Therefore, data collection speed was
determined by the area covered per hour of cotlaciihe other component was speed of data
analysis. This was defined as the time it tookrtcpss raw data into usable data. These values
were combined to create one speed grade for eatttod)es shown in Figure 2.8 (Gucunski et
al. 2013).

The final performance measure that was considesedtiae monetary cost of each
method. For the cost measure, participants weredaskprovide a cost estimate for bridge decks
with an area of 5,000%&nd 10,000 ft The components considered for this measure ere t
cost of data collection and the cost of data amabysd interpretation. Grades were assigned to
the cost based on a unit cost. The grades foragdiection and analysis were then combined to

create one cost grade for each method (shown uré®,8) (Gucunski et al. 2013).
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Figure 2.8. Cost Performance Grades of Each NDEhdtePerformed by Gucunski et al. 2013

The speed and ease of use measures were bassihitaa scale as the statistical
measures mentioned previously (1 indicated notrihle, 3 indicated favorable, and 5 indicated
very favorable responses). As shown, infrared,rcbeag, and electrical potential tended to be
relatively easy to use, while the rest of the md¢hlead various reasons that made them harder to
use. Furthermore, radar, infrared, chain drag,ed@ctrical potential tended to be relatively
quick, while impact echo and ultrasonic tendeddslower. A different scale determined the
monetary cost measure. Methods with costs lessifidiff were given a grade of five. The

grade was decreased for every additional increb$@.85/ft. As shown, all methods tended to
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be fairly cost effective with infrared and elecalipotential being the most cost effective

(Gucunski et al. 2013).

2.5 Previous Surveys

Four previous surveys on the use of NDE methodsigimwvay structures were
discovered during the literature review. Relevamdihgs from these surveys were used to form
the framework of the Delphi method survey conduetegart of the present project. The
previous surveys included a 1993 study by Reral, &r the American Association of
Railroads, a 1994 unpublished study by the Califobepartment of Transportation

(CALTRANS), a follow-up study by Rens and Transand 996, and a 2001 FHWA survey.

2.5.1 Rens etal. 1993 Survey

In 1993 Rens et al. conducted an internationalesuon general NDE use. A total of 96
surveys were sent. Of these surveys, 50 of thera sant to state DOTs and eight were sent to
domestic industry organizations. The return rate agproximately 90% for these domestic
surveys. Furthermore, a total of 38 surveys wemne teeinternational public-works organizations.
The response rate for the international surveysapasoximately 10%. The survey questions
focused on what methods were being used in thgdiitspection programs, the applications of
these methods, and the qualifications of the pemigfiRens et al, 1997).

The key results from the survey used for this studye the types of methods being used
in bridge inspection programs. The results of thmestic responses of the NDE techniques
most commonly used are summarized in Table 2 Bea¢ind of Section 2.5.2. It should be noted
that the use of visual inspection or visual testag not questioned. The three most common
methods were ultrasonic testing, magnetic partedéng, and liquid penetrant testing. These

33



results compare very well to the results from the TRANS 1994 survey (Table 2.3), as

expected (Rens et al. 1997).

2.5.2 CALTRANS 1994 Survey

In 1994, CALTRANS conducted an unpublished surviestate Departments of
Transportation (DOTs). The CALTRANS survey as diésct by Moore et al. had 37 state DOTs
respond to the nine-question survey about NDT (200%hould be noted that the questions
were specifically about NDT, not NDE. The questionghis survey focused on what methods
were being used in the bridge inspection progranesprocedures for these programs, the
personnel performing the test, and the qualificetiof the personnel (Moore et al. 2001).

Moore et al. presents all of the CALTRANS survesules, but only the key results from
the survey for the purposes of this research atened. These results were the types of methods
being used in bridge inspection programs. The suagked what NDT methods were currently
being used in state DOT bridge inspection progrdhanly visual inspection was used
participants were asked to note that. A summaith@ftesponses can be seen in Table 2.3 at the
end of this section. Table 2.3 shows that the mastmon methods were ultrasonic testing,
liquid penetrant testing, visual testing, and maigrgarticle testing (Moore et al. 2001).

It should be noted that while this question askeabibgeneral NDT use, it was implied
that all participants used visual inspection. Hogrethe questions were compiled in the form of
visual testing, not visual inspection. Confusioomabwhat was included with visual inspection is
the probable reason why visual testing was listed frequently than other methods such as
ultrasonic testing or liquid penetrant testing. Teémaining questions gave results about the

various procedures for the bridge inspection pnograhe personnel performing the test, and the
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qualifications of the personnel but are not hightegl in this paper, as they did not directly

pertain to the scope of the research (Moore &04l1).

Table 2.3. Summary of CALTRANS (Moore et al. 200D T Survey Question 1: NDT Methods Currently ineUs
and Rens et al. (1997) NDE Survey Question: Dom&HIE Methods Currently in Use

Number of Responses fron Number of Responses fronl
NDE Methoc Moore et al. 2001 (37 total
Rens et al. 1997 (52 total)
state DOTS)

Ultrasonic Testing 26 37

Liquid Penetrant Testing 25 21

Visual Testing 19 -

Magnetic Particle Testing 17 13
Radiographic Testing 5 6

Acoustic Emission 2 -

Eddy Current Testing 1 6

Radar Locator - 6

Schmidt Hammer - 6

Contract Out NDE Work - 6

Do Not Use NDE Techniques - 5

\Voltmeter - 4
jOther - 7

2.5.3 Rens and Transue 1996 Follow-Up Survey

Rens and Transue conducted a follow-up surveyedd 893 Rens et al. survey in 1996.
The same respondents from the 1993 survey werdhlsenew questionnaire. There was an 86%
response rate. The purpose of this survey wasettifgt what information users seek during a
bridge evaluation and what aspects of the bridga®e weemed difficult to test. The results
indicated that bridge decks were the most diffibuitlge element to test. There was also an
indication that determining the location of flawaswalso difficult. The results also showed that
for concrete structures, approximately 74% of resients used NDE methods to determine
reinforcement details, while approximately 84% edpondents used NDE methods to determine

crack location and extent of cracking in steeldtites (Rens and Transue 1998).
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2.5.4 FHWA 2001 Survey

In 2001, the FHWA published a survey through theBN\Walidation Center at the Tuner-
Fairbank Highway Research Center. The survey fataosesvaluating the current policies that
might influence the reliability of visual inspeatioThe study focused on three main objectives:
1) developing a state-of-practice report for bridggoection, particularly visual inspection, 2)
gathering information on bridge inspection managsemend 3) gathering data about the current
use of NDE technologies (Moore et al. 2001).

The survey was sent to 52 FHWA State Division Beidangineers, 99 lowa county
DOTs, and 15 bridge inspection contractors. Ofdlmsveys there were 42 state DOT responses
(81%), 72 county DOT responses (73%), and 6 camtraesponses (40%). This resulted in a
combined response rate of 72% (Moore et al. 2001).

The key results from the survey for the purposesisfresearch were the current NDE
techniques being used. This question was askestdel, concrete and timber bridges, but only
steel and concrete NDE techniques will be outlineck. For steel bridges, the most common
NDE techniques were visual inspection, liquid pear@ttesting, ultrasonic testing, and magnetic
particle testing. The results for steel NDE techeg|can be seen in Table 2.4. It should be noted
that methods that had minimal results (less th&a @DState DOT responses) were omitted from

this table.

Table 2.4. Summary of NDE Techniques used on Stgattures from 2001 FHWA Survey (Moore et al 2001)

|Stee| NDE Technique State DOT| County DOT| Contractor
Visual Inspection 95% 64% 100%
Liquid Penetrant Testing 81% 3% 67%
Ultrasonic Testing 81% 0% 67%
Magnetic Particle Testing 64% 0% 67%
Radiographic Testing 17% 0% 17%
Acoustic Emission 12% 1% 33%
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For concrete bridges, the most common NDE techsiguere visual inspection,
mechanical sounding, cover meter, and rebound hanirhe results for concrete NDE
techniques can be seen in Table 2.5. It shouldbbedrthat methods that had minimal results

(less than 10% of State DOT responses) were onfitbed this table.

Table 2.5. Summary of NDE Techniques used on Coee@wuctures from 2001 FHWA Survey (Moore et 80D)

|Concrete NDE Technique State DOT| County DOT| Contractor
Visual Inspection 90% 64% 100%
Mechanical Sounding 76% 43% 67%
Cover Meter 50% 0% 33%
Rebound Hammer 45% 13% 33%
Electrical Potential Measurements 26% 0% 33%
Radar 21% 0% 17%
Impact Echo 19% 0% 17%
Thermal/Infrared 12% 1% 17%

There were also questions asked about experiemekded number of bridges tested.
While these results were not directly used, theyexkas a framework in developing similar

guestions for the Delphi method survey that waslooted (Moore et al. 2001).

2.6  The Delphi Method

2.6.1 Background of the Delphi Method

The Delphi method was originally developed in t8&0s by Olaf Helmer and associates
at the RAND Corporation (Yousuf 2007). The methedefined as “a group process involving
an interaction between the researcher and a griodemtified experts on a specific topic,
usually through a series of questionnaires” (You){i7). The process is useful to gather
opinions on complex topics when exact informat®nmavailable making it a good tool to

gather quantitative information of NDE methods lolase expert’s opinions.
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Originally, the Delphi method was used as a foreegdechnique to predict the
probability of future events (Yousuf 2007). Sinbert the method has been used for various
reasons including investigating the implicatiorhadtorical events, determining possible budget
distributions, planning curriculum, and determinpwential policy options. These are not the
only applications of the Delphi method and deteingrthe appropriateness of the method is not
always clear (Linstone and Turoff 2002). Due t tinncertainty, Linstone and Turoff suggest
the technique can be used when one or more obtloeving situations occur (2002):

e The problem is difficult to accurately study analgtly but lends itself to be analyzed
from subjective judgments

e The individuals needed to contribute to the studydt have a history of satisfactory
communication and may have different backgrounds

¢ More individuals are needed than are feasibleteract face-to-face making costs such
as time and money for regular group meetings intjpac

e Efficiency can be increase through supplementalroanications rather than face-to-face
meetings

e The communication process needs to be monitoretbakept anonymous due to the
strong disagreements of individuals

e The avoidance of a dominant quality of an individaagroup is needed

The overall goal of the method is to reach a cosisemithin a group of experts (Okoli
and Pawlowski 2004). This can be done by usingjaesgce of questionnaires to collect data and
opinions from the group of experts. The procedi&at several iterations to provide feedback to
the participants. This feedback allows the paréinips to reconsider their original opinion.

Consequently, the results from previous iteraticenrs change or be adapted by individual
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participants in later iterations based on the faelllof the group. With this feedback loop the
Delphi method attempts to reach a consensus wiitleigroup (Hsu and Sanford 2007).

The primary characteristic of the Delphi methogasticipant confidentiality, which is
achieved through the use of mail or email to exglkanformation. This aspect of the method is
designed to reduce the effects of dominant pagid which is often a concern in group-based
methods such as brainstorming conferences. Wit ¢ertain adverse aspects of face-to-face
participation such as manipulation of participamtgonformity to the group can be reduced.
Along with this, by conducting the method by mailemnail, the cost of travel time and expenses
are eliminated (Hsu and Sanford 2007).

The controlled feedback process for this methatesgned to remove noise. Noise can
skew the results that occur when the participastas on group and/or individual interests rather
than focusing on problem solving. The feedback @seaonsists of a representation of the prior
iteration making it so each participant can seeoghirions of the entire group. This allows each
participant to make additional conclusions andifgldhe information from previous iterations
based on these results. Through this processatttieipants tend to become more problem
solving focused making their opinions more insightThis minimizes the noise in the responses

(Hsu and Sanford 2007).

2.6.2 The Delphi Method Process

The Delphi method is an iterative process untilsemsus of experts’ opinions has been
achieved. To do this, multiple rounds of maileaeprailed surveys are sent to the participants
(Hsu and Sanford 2007). While the process coulddminuously implemented, Hsu and
Sanford show the process takes about three itegiioorder to achieve consensus. The

following discussion outlines the series of itevatrounds (2007).
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2.6.2.1Round One of the Delphi Method

In the first round of the Delphi method an openeahduestionnaire is used. The open-
ended guestionnaire serves as the basis of thdnDrukthod. The questions are often developed
from literature reviews or past surveys. The puepalsthis questionnaire is to gather the type
and level of expertise of the respondents and Spatiormation about the topics in question.

An example of this would be a question that askséispondents if they use a specific NDE test
(i.e. visual inspection) and, if so, how often. §question would give the investigators two types
of information: how often the method is used ana leaperienced the individual is with the
method. After receiving the respondent’s answéues jriformation is compiled and organized.

These results, are then used to develop the seoand of the survey (Hsu and Sanford 2007).

2.6.2.2Round Two of the Delphi Method

The second round of the survey is developed bygusisponses collected from the open-
ended questionnaire in the first round. These resg®are used to develop closed-ended
guestions that require the participants to rank@ueér specific responses developed by the
surveyors. In some cases, participants are askabwide rationale for their responses. The
responses are then compiled into a review sheestimamarizes the responses of all the

respondents (Hsu and Sanford 2007).

2.6.2.3Round Three and Subsequent Rounds of the Delphblllet

In the third and subsequent rounds a similar (tarofhe same) survey from round two is
sent to participants along with the summary shéatl the responses. The participants are then

asked to review the summary sheet and answer #stiqas again based on their prior opinions
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and these results. These rounds give the respanderpportunity to revise and change their
responses based the overall responses of the grbap.are also given the opportunity to

specify reasons if they chose to remain outsidetimsensus. This process is then repeated with
all of the respondents responses until it is dateztha consensus is reached. On average, this

process takes about four total rounds (Hsu andog&2007).

2.6.2.4Determining Participants

Determining appropriate participants is the moggonant step in the entire process of
the Delphi method. The expertise of the participahtectly relates to the quality of the results.
There are no current standards of selecting ppatnts for a Delphi method survey, however. It
is a general criterion for surveyors to consideiiiduals who have backgrounds and
experiences concerning the survey topic. Parti¢goaho are capable of critical thinking,
providing helpful inputs, and willing to revise theitial judgments in order to reach a

consensus are also sought (Hsu and Sanford 2007).

2.6.2.5Determining Size of a Delphi Method Study

Witkin and Altschuld (1995) note that the approxiensize of a Delphi study should be
under 50, while Ludwig (1997) shows that most stadise between 15 and 20 participants.
Concerning the response rate of the target groumr&let al. (2001) showed that a response rate
of 81% could be achieved from surveying 52 StatdB@nd a response rate of 73% could be
attained from surveying 99 lowa county DOTSs. It vaés shown, however, that a response rate
of 40% was achieved from surveying 15 NDE contnactdhe combined response rate of these
groups was 72%. As shown, this rate is slightlysdetdue to the amount of DOT participants
relative to the amount of contractors surveyed.
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2.6.2.6Determining When Consensus and Stability is Reached

Data analysis of the results from each round #fieffirst round can be employed to
determine the agreement and stability of the redafteach question. Agreement can be shown
using various methods. Hsu and Sanford (2007) shatagreement can be determined if a
certain percentage of responses falls within assege. There are various opinions as to what
percentage is needed. Hsu and Sanford (2007) ladso that consensus is met when 80% of the
responses fall within two points on a seven-patales Likewise, English and Kernan (1976)
show that the COV can be used to determine agradmevaluating the COV of each question
for each round in conjunction with a decision rofgpredetermined selected ranges. While the
selected ranges are arbitrary, English and Kerh@ng) developed reasonable cutoff ranges as

seen in Table 2.6.

Table 2.6. Selected Ranges of Coefficient of Vamatised to Determine Agreement (English and Kert@ir6)

Coefficient of Variation (COV) Decision Rule
Good degree of consensus; no nded
for an additional round

Less than a satisfactory degree o
0.5<COV<0.8 consensus; possible need for an
additional round

Poor degree of consensus; definite
need for an additional round

0<COvV=0.5

COoVv >0.8

While agreement is an important measure, it is @gmrtant to measure the stability of
each response from round to round. Stability ispgesentation of how much the responses
change from one round to the next. Kalaian andri{g8012) present various parametric
(absolute COV difference, F-ratio, Pearson Con@haCoefficient, and Paired t-test) and
nonparametric (McNemar Change Test, Spearman’s Ranielation Coefficient, and Wilcoxon

Paired Signed-Ranks t-test) methods to determat®lisy. It is shown that the various methods
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can be used for specific circumstances. These tonslidepend on, among other things, the type
of data collected (Likert scale, dichotomous, etcnumber of people in the study, and the

distribution of the data.

2.6.3 Previously Conducted Delphi Method Surveys in CiviEngineering

There have been a variety of studies in Civil Erghing that have used the Delphi
method to gather information. The majority of thetgdies have been on the topic of
management or planning. These studies asked expeit®pinions in specific topics and how
to handle specific situations. Two examples of¢éhgsidies are Yasamis-Speroni et al. (2012)
and Gad and Shane (2012). Both of these studi&sdioat various factors that affected certain
decision processes in management. All of theseestymtoduced qualitative information with no
way of developing this information into quantitaidata. Another study (Saito and Sinha 1991)
used the Delphi method to study bridge conditiamgs by inspectors. Again, this study
produced completely qualitative results. Theseltesudicated that more unified criteria and

guidelines needed to be established to producestensbridge ratings.
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3. IMPLEMENTING THE DELPHI TECHNIQUE AS A SURVEY METHO TO

GATHER EXPERT OPINION

3.1  Selection of the Delphi Method

Since it was determined that there is limited wioekng done to quantify the level of
accuracy in the tests or to compare various teste¢ another, a comprehensive survey to
gather expert opinion was identified as a meamggtber the desired information. It was
established that the Delphi method was an effict effective survey technique to gather this
information. This survey aims to provide quantitatdescriptions of accuracy, reliability, and
bias (in terms of statistical descriptions) anamprehensive comparison of the various tests to
provide information to researchers and practitisveorking in the fields of bridge management

and inspection.

3.2  Determining Participants

Prospective participants of the survey were deteechthrough an internet search of
current DOT employees that were involved in bridgsign and evaluation. The directory of the
AASHTO Subcommittee on Bridges and Structures Wss @sed to determine DOT employees
who have experience with NDE techniques. An intesearch was also conducted to determine
private companies in the United States that wotk@NDE field. These prospective
participants were then contacted by mail and earadlasked to participate. A total of 36 DOTs
were contacted. Not all 50 states were includedtdwfficulty of obtaining the required contact
information for certain state DOTs and employeesotal of 27 private companies from around

the country were also contacted. These comparlipsilarily work in the NDE field and have
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experience conducting tests on bridges. It shoelddied that all prospective participants were
contacted by mail. Of these, 25 (all being DOTsjensdso emailed. The lower number of
emailed participants was due to lack of provide@iéaddresses. All surveys were sent to
individuals who were deemed experienced with NDEhags, when possible. Determining
individual people with extensive NDE experienca apecific DOT was often difficult. To
attempt to get a better response rate the surveyswaa to heads of the structural engineering
departments when experienced individuals couldeatientified. They were asked to complete
the survey or pass it along to someone who théy$ knowledgeable in NDE methods.

The number of participants contacted was determimeart by the response rate of the
FHWA 2001 survey. This survey showed that abolBE¥ response rate could be achieved
from surveying DOTs while about a 40% responsecatagd be achieved from surveying private
contractors. Based on these results and the recodedesurvey size by Witkin and Altschuld
(1995) and Ludwig (1997) it was determined aboupé8sible participants should be contacted.
This number was determined in conjunction withribenber of DOT contact information that
could be determined. Since only 36 DOTs had comtémtmation that was easily accessible it
was determined the remaining number would be mad®yprivate contractors. Prior to
implementing the survey, the procedure and a desumi of the possible participants were
submitted for review to the Institutional Reviewad (IRB) and approved by the IRB for

implementation.

3.3 Round One Questionnaire

A total of 63 people were contacted and asked tocgzate in the survey. They were
mailed a packet, which included the six page qaestire, a cover letter that explained the

survey and acted as the release form, and a s#iéssbd and stamped return envelope to return
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the survey. The people who were also emailed warethe questionnaire and cover letter. The
cover letter included a description of the Delplgthod, the goal of the survey, a description of
the first round of the questionnaire, an explamatibthe confidentiality of the survey, and the
implied release of any known risks. A copy of tlewer letter can be seen in Appendix A. A
brief reminder letter was sent a week before tlallilee to help improve the response rate. The

following is a discussion of the first questioneaifhe questionnaire can be seen in Appendix A.

3.3.1 Section One of the First Questionnaire

Prior to completing the first section of the gimaire participants were given a
detailed description of the questionnaire and threes/ process as a whole. They were also asked
to include contact information for the surveyorsdentify the respondent of this and subsequent
guestionnaires. The first section of the questioerthen asked participants about their
background and general experience with NDE. Thegwaseked their current education level,
current NDE certification level, how long they haween working with NDE, the types of tasks
they perform when working with NDE, and the numbgkbridges their organization and each
participant individually evaluates in a given ydashould be noted that the private contractors
were asked an additional question asking them iat\gbographic region they perform NDE. It

was implied that the DOT personnel only perform NiDEheir respective state.

3.3.2 Section Two of the First Questionnaire

Section two dealt with various NDE methods for Ebelges. Participants were given a
list of common NDE methods that are used on steshbers. This list was developed from the
literature review, the CALTRANS 1994 survey, and BEHWA 2001 survey. The methods in the

list were acoustic emission, liquid penetrant tegtthermal/infrared, visual inspection, eddy
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current, magnetic particle testing, ultrasonicitgstradiography, and vibration analysis. They
were also given space to write in any test thagpants commonly used but were not listed.
Respondents were asked to list the types of camditiheir organization sought to identify with
each technique. If their organization did not uspecific method they were ask to leave the
space blank. They were also asked to identify eaethod from the list their organization used
at least once every month. If they did not useexidig technique at least once a month, they
were asked to indicate which two methods they kisertost. There were two purposes for the
guestions in this section. The first was to develdist of the most widely used NDE methods
based on the responses of the participants. Tlomdgmrpose was to compile a list of common

conditions that were tested for each NDE method.

3.3.3 Section Three of the First Questionnaire

The third section of the survey had a similar pggand questions as the second section,
however, these questions dealt with concrete bsidggain, participants were given a list of
common NDE methods but this time the methods waredncrete members. This list was also
developed from the literature review, the CALTRALNSO4 survey, and the FHWA 2001
survey. The methods in the list were acoustic aomssnechanical sounding, rebound hammer,
impact echo, cover meters/pachometers, radar, Hignfnared, vibration analysis, electrical
potential measurements, radiography, ultrasontitgsand visual inspection. Respondents
were, again, asked to list the common conditioas ¢élach method was used to identify and to
list their organization’s commonly used methoddldvang this section, participants were also
asked if they had ever stopped using any NDE metbadoridges in the past, and, if so, to
explain why. It should be noted that respondentewso asked if they would like to be

contacted with the subsequent questionnaires blyanamail. This question was used to attempt
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to increase the response rate by ensuring all guksé correspondence would be by the

participant’s preferred means.

3.3.4 Questionnaire One Response Rate

The participants were given about a month to cota@ad return the first questionnaire.
In order to help the response rate, each surveywsigen to take an estimated 20 minutes to
complete. Also, a reminder letter was sent to @dlsible participants who had not responded
about a week before the deadline. Of the 36 DOTsacted, 11 responded to the survey.
Moreover, of the 27 contractors contacted thereev@aresponses. This resulted in a 22%
response rate (31% from DOTs and 8% from contragtYhile the response rate was lower
than expected, the number of participants was deéemeeptable based on Ludwig’s
recommendation (1997).

There are various possible reasons for the lonoresprate. One reason could be due to
busy schedules of the contacted participants. Whdesurvey was written to take 20 minutes,
the burden of the possibility of completing fourfitee questionnaires may have been too much
time for some people to devote, which is a comnmortdtion to the Delphi method. Another
reason could have been miscommunication betweeariegnt personnel. As mentioned
previously, if specific people with extensive ND¥perience at a DOT could not be determined,
department heads were contacted. These departeais bould have neglected the survey due
to busy schedules, the survey could not have bw@rafded to the correct personnel in a timely
fashion, or the survey could have gotten lost endlocess. Another reason could be due to an

individual simply not wanting to complete a survey.
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3.4  Round Two Questionnaire

All 14 people who responded to the first questiarenaere contacted and asked to
participate in the second. Of these 14 people, &eirom state DOTs and three were from
private companies. These people were contactedrdathmail (two people) or email (12 people)
as indicated by their response to the last questitime first questionnaire. They were sent the
16-page questionnaire, which included directiondiaw to complete and return the
guestionnaire. This questionnaire was composed@tections. The sections were similar as
they both dealt with questions about specific ND&hnds. The first section was for NDE
methods on concrete while the second section wadb& methods on steel. Each section
contained five subsections. These subsectionsdadlbias, accuracy (the tendency of a test to
measure true results), precision (the reprodutyloli a test in a controlled environment),
reliability (the reproducibility of a test in an eontrolled environment), and various costs of
each method. It should be noted that all of thefmitions were developed only for the purposes
of this survey. The methods that were asked abeut @etermined from the responses of the
first survey and the results from the FHWA 2001vsyrresults. The mailed questionnaires also
included a self-addressed and stamped return grerefgain, a brief reminder letter was sent a
couple days before the deadline. Another reminetéerd was sent a few days after the deadline
as not all participants had responded. The follgvigna discussion of the second questionnaire.

The questionnaire can be seen in Appendix A.

3.4.1 Subsection One of the Second Questionnaire: Bias

The first subsection was used to determine howehiasch test could be relative to the

true value. Bias was defined as the tendency e$tad consistently measure either higher or
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lower than the actual or perceived value. Partitipavere given a bias scale from one to eleven

to use when answering the questions. This scaldeaeen in Figure 3.1.

- 0, 0,
50%0r  4ng  30%  -20%  -10% +10%  +20%  +30%  +409% 0% or
More More

1 2 3 4 5 | 6 7 8 9 10 11
LOWER THAN TRUE VALUE PN HIGHER THAN TRUE VALUE
TRUE
VALUE

Figure 3.1 Representation of the scale used fobite subsection.

For this scale, a response of six representedubesalue. Any incremental responses
lower than six indicated an extra 10% bias fromtthe value (i.e. a response of five would have
a bias of 10% lower than the true value, a fourlddave a bias of 20% below to the true value
and so on). This same relationship was represamtelde responses larger than six. Not all
methods were included in this subsection. If a imetivas determined to not give a quantitative
result, that method was not included in this sectidhe methods that were questioned were:
cover meters/pachometers, impact echo, radarsatratesting, and visual inspection for
concrete members and acoustic emission, radiograingsonic testing, and visual inspection
for steel members. These methods were not includéte accuracy subsection because they can
produce quantitative results. It should be noted titrasonic testing for steel members was
broken into three sections: crack detection, pap&ttion, and weld inspection. This was done
because unlike other methods, this method is cemsig used to identify all three of these
defects, rather than just a single defect. In ddiigy the test for each defect could have a

different accuracy or bias.
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3.4.2 Subsection Two of the Second Questionnaire: Accurgc

The second subsection was used to determine haweateecach test could be relative to
the correct identification of the condition. Thisbsection only included methods that were
deemed to have qualitative results. For the pugposthis survey, accuracy was defined as the
tendency of a test to measure true results. Raatits were given three options: false positive,
false negative, and true response. False negatisalefined as a test that measures no damage,
but there is damage, while false positive was aefias a test that measures damage, but there is
no damage. A true response was defined as a sgshtasures damage and there is damage or a
test that measures no damage and there is no daReagieipants were asked to estimate the
percentage of time each test would have each rdhdy were told their percentages should add

to 100%.

3.4.3 Subsections Three and Four of the Second Questionna Precision and Reliability

The third and fourth subsections were used to oeterthe precision and reliability of
each method and included all of the methods integpred-or the purposes of this survey,
precision was defined as the reproducibility oést in a controlled environment (i.e. a lab
setting) while reliability was defined as the reguoibility of a test in an uncontrolled
environment (i.e. in the field). Participants wgreen a scale based on hypothetical means and
standard deviations. They were also given COVsesponding to these numbers and a graphical
representation of the corresponding distributiohiclv was assumed to be a normal distribution.
The same scale was used for both precision arabiily and can be seen in Figure 3.2.
Participants were asked to indicate either thalbdity or precision for each method based on

the scale provided.
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Eesponse: 1 2 3 4 5

MMean 100 100 100 100 100
Standard Deviation 35 22 12 8 ]
Coefficient of V ariafion 035 0.22 012 0.08 0.06

Figure 3.2. Representation of the scale used &opthcision and reliability subsections.

3.4.4 Subsection Five of the Second Questionnaire: Costs

The fifth and final subsection of the second questaire pertained to various costs for
each method. The costs for each method were: fi@et sunning a test, time spent analyzing
data, time to train an inspector, monetary costlerequipment, and number of inspectors
needed. For each cost the participants were askaelvelop a scale of five ranges. An example

of this scale can be seen in Figure 3.3.

Very Low Low Moderate High Very High

Scale 0 - 4 thurs 3 - 8 Hours 8 - 70 tours 70 - 75 Hours 75+ Hours

Figure 3.3. Example of a Personal Scale Made foreT$pent Running a Test

The participants were then asked to categorize eethod based on the user-developed
scale. The user developed scale was implementedibed was possible two participants may
have substantially differing opinions on what cangts a “very low” or “very high” cost. This
procedure was repeated for all five costs. It sthdngl noted that due to the implementation of the
user developed scales, some responses were viffgihgmt than others. To account for this, the
data for each scale was compiled and comparecarflatd scale was then developed for each

cost based on the participant-developed scales€el$mles were developed to include as many
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responses as possible while staying relativelyectoghe average response for each range. The

scales were then implemented for questionnairegtand four.

3.4.5 Questionnaire Two Response Rate

The participants were once again given about a imtmntomplete and return the second
guestionnaire. Again, in order to help the respoagethe questionnaire was written to take an
estimated 20 minutes to complete. Also, a remifetezr was sent to all possible participants
who had not responded about a week before theideaid again a few days after the deadline.
Of the 11 DOTSs contacted, eight responded to tbergksurvey. Moreover, of the three
contractors contacted there were two responsede\Wia reasons for most participants to
discontinue their participation are unknown, orspmndent indicated they had to drop out due to
an increased workload and lack of time. While #&ponse rate was lower than expected, the

number of participants was still deemed acceptable.

3.5 Round Three Questionnaire

All 10 people (eight DOT and two private companip responded to the second
guestionnaire were contacted and asked to partécipahe third questionnaire. They were sent
the 14-page questionnaire, which included direstiom how to complete and return the
guestionnaire. Also, included with this questionaavas a results packet that contained the
individual's response (a unique response packetused for each participant) along with the
average group response for the accuracy, biagefiability subsections. This questionnaire was
nearly identical to the second questionnaire amtiggzants were asked to complete the
guestionnaire in conjunction with the results packle goal was for the participant to iterate
their response based on their prior response anadwrage group response.
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While the survey was nearly identical to the pregisurvey, there were a few minor
changes. The first change was the removal of teeigion subsection. Based on the results of
the second questionnaire, it was shown that praecend reliability were nearly identical. To
shorten the survey to help keep the responselraterécision subsection was removed. The
second change was the inclusion of predeterminglésbased on prior responses for the costs
subsection. These scales were developed to inelsideany of the responses as possible while
staying relatively close to the average respor3agicipants were asked to rate each method
based on these scales. By doing this, the resparesesmuch more uniform relative to survey

two.

3.5.1 Questionnaire Three Response Rate

The participants were once again given about a imimntomplete and return the third
guestionnaire. Also, a reminder letter was semlltpossible participants who had not responded
about a week before the deadline and again a fgw aféer the deadline. Of the eight DOTs
contacted, seven responded to the third surveyeda@r, both contractors responded to the
survey. While the reasons for most participantiscontinue their participation are unknown,
there was again some indication that increased lo@dkand amount of time taken to complete
the survey were a concern. It should be notedthigaparticipant who discontinued their

participation was not a significant outlier rel&ito the average group response.

3.6  Round Four Questionnaire

All nine people (seven DOT and two private compsg)hweho responded to the third
guestionnaire were contacted and asked to par&ipdahe fourth questionnaire. They were sent
the 10-page questionnaire, which included direstiom how to complete and return the
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guestionnaire. Also, included with this questiom@avas a results packet that contained the
individual’'s response (a unique response packetusad for each participant) along with the
average group response for the accuracy and adgse&ions from the third questionnaire. This
guestionnaire was nearly identical to the secombitlhind questionnaire and participants were
asked to complete the questionnaire in conjunctiitin the results packet.

While the survey was nearly identical to the pregisurvey, there were a few minor
changes. The bias and reliability subsections nareved from this round. Based on the results
of the third questionnaire, it was shown that #&&ponses from these subsections had converged
and become stable so no further questioning wadeded he removal of these subsections also
helped to shorten the survey. This meant only toeir@cy and costs subsections were included

in this questionnaire.

3.6.1 Questionnaire Four Response Rate

The participants were once again given about a imtmntomplete and return the fourth
guestionnaire. Also, a reminder letter was semlltpossible participants who had not responded
three days before the deadline and again a fewafésisthe deadline. All nine participants

responded to the survey.
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4. RESULTS AND DISCUSSION

4.1 Introduction

A total of four Delphi method rounds were condudtedrder to determine quantitatively
the accuracy, reliability, bias and various co$tsamnmon NDE methods. The first survey was
employed to determine background information ofgghgicipants and common NDE methods
for bridges. The second and subsequent surveysuserkalong with various statistical scales in
order to develop quantitative information basedtach method. The following is a discussion of

the results of each survey.

4.2  Round One Questionnaire

The first questionnaire was used as a foundatiothidsecond and subsequent
guestionnaires. The survey gave valuable informadlmout the experience and certification level
of all participants. Information about the typesyéthods being used and the flaws these

methods were being used to detect was also gathered

4.2.1 Certification and Experience Level

The certification and experience level informatwas sought after to ensure the
participants could be considered knowledgeableiaggbe NDE methods. According to the 14
original respondents, the average experience tdueke participants with bridge NDE was 17.8
years with a maximum of 40 years and a minimum pé&rs. Most of these people were
managers, but also assisted in data analysis,éndgpection, and report writing. The most

common education level was a 4-year degree (1@&cjmamts). Moreover, two respondents had a
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Master’s degree and two respondents had a higlokdimloma. One person did not respond. It
was also determined that an average organizatsted@bout 2000 bridges annually with an
average respondent personally testing about 7§édsiger year. The certification level of the
participants varied much more than the experie@€¢he 15 original respondents, 73% of them
possessed at least a Professional Engineeringécéong with this, three participants had an
American Society for Nondestructive Testing (ASNNDT level Il certification for at least one
NDE method. Based on these results it was detedired all participants could be considered

knowledgeable about bridge NDE methods.

4.2.2 Commonly Used NDE Methods

This section of the survey was used to detegrthie common methods that are
currently in practice and the types of flaws thatevbeing tested for. This was done both to
compile a list of commonly used methods and to enthe participants were knowledgeable
with these methods. Participants were given afiNDE methods for bridges (mostly compiled
from the FHWA 2001 survey). They were asked toaatk what condition each technique they
have experience with was used to identify or as$&sspondents were also asked to indicate
which methods they used at least once a month erage or, if that is not applicable, to list the
two most commonly used techniques they use. Thasstigns were asked for both concrete and
steel bridge members. The results for steel mendagrde seen in Table 4.1 and for concrete
members in Table 4.2. Also included in these tabteghe types of flaws that were commonly

measured.
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Table 4.1. Number of People Indicating Experienét &ach Method for Steel Bridge Members

|NDE Methoc Frequency | Type of Flaw
Liquid Penetrant 12 Weld Imperfection, Crack Detatt
Visual 12 General Flaws

Weld Imperfection, Crack Detection,
Ultrasonic 12 Corrosion Detection, Thickness

Measurement, Pin Inspection

Force Measurement
No Response

ibration Analysis
Strain Gauges*

Magnetic Particle 10 Weld Imperfection, Crack Détet
Radiography 7 Weld Imperfection, Crack Detection
Thermal 2 Deck Inspection
coustic Emission 1 Monitor Stay Cables
Eddy Current 1 No Response
1
1

* Write in Response

Table 4.2. Number of People Indicating Experiendd &ach Method for Concrete Bridge Members

|NDE Methoc Frequency | Type of Flaw
isual 12 General Flaws
Mechanical Sounding 10 Delamination
Cover Meters/Pachometer 8 Located Rebar, Deter@aver

Rebound Hammer 6 Test Compressive Strength
Thermal 5 Delamination
Impact Echo 4 Determine Thickness, Delamination
Radar 4 Located Rebar, Determine Thickness
Ultrasonic 4 Delamination

coustic Emission 3 Monitor Stay Cables
Electrical Potential 3 Detect Corrosion
Vibration 2 Force Measurement
Chloride Samples* 1 No Response
Radiography 0 -

* Write in Response

Based on the results from the Delphi survey and-th@/A 2001 survey the methods for
steel members that were removed from subsequergysuwere: eddy current, thermal,
vibration analysis, and strain gauges. The metfmdsoncrete members that were removed
from subsequent surveys were: acoustic emissibraton analysis, chloride samples, and

radiography. It should be noted that there wer@uartests that were indicated to have stopped
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being used, but no reasons were given. Those metheck: liquid penetrant (one person),

ultrasonic (one person), and radiography (one pgrso

4.3  Determining Convergence and Stability

Determining when the responses have convergeditmyée value and the responses are
stable is key when implementing a Delphi study. ¥&sgence and stability are used to
determine when the study should be terminated. &gence is used to determine whether the
responses are converging on a single value durgigea round, while stability is used to
determine the amount of change of the responsasdree round to the next. English and
Kernan’'s (1976) decision rule with the use of C@viges was used to determine if a consensus
was reached. All results with a COV lower thanWese considered to be converging to the
mean value. If a response was in a range fromo0058, the response was considered to be
nearing convergence and was analyzed in more &l tieunderstand the trend. A response with
a COV greater than 0.8 was not considered to beergimg to a mean value. All questions that
were considered to be converging were then analyzddtermine the stability of the response.

As shown by Kalaian and Kasim (2012), there areouarparametric and non-parametric
statistical methods to determine stability. BasedKalaian and Kasim’s recommendation,
parametric methods should only be used if the stilgjup is larger than 30 and/or the
responses have a normal distribution. Based oregponse rates of each round and results from
the surveys it was determined that a nonparameeitod should be employed. Of the
nonparametric options the McNemar Change Test amatithe used because the results must be
dichotomous (yes/no response). Similarly, the WitsoPaired Signed-Ranks t-test could not be

used because if there is no change in all respdraasround to round the equation is unstable.
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Due to these limitations, Spearman’s Rank Cormha@oefficient method was used to calculate

stability.
4.3.1 Using Spearman’s Rank Correlation Coefficient Methal to Calculate Stability

To determine stability, Spearman’s rhg,must first be calculated using:

2
r —1——62 d

= Equation 4.1
S n(n®-1)

where, dis the difference between ranks of the respondentsie " question and n is the
number of respondents. Note that due to peoplepingpmut from round to round, n was used
from the third survey when comparing round twohiee. The rank correlation is then compared
to a critical value determined from a table ofical values for Spearman’s rho (Sheshkin 2004).
If the calculated value is greater than the ciiitvedue, the response is determined to be stable.
From this, the closer the value is to one the nstable it is and, conversely, a value close to
zero indicates no stability. For this study a ot level of significance af = 0.05 was used
based on Kalaian and Kasim’s recommendation (2@a&)h question that was found to have
converged to a value was then tested for stabifithe question was found to also be stable, the

guestion was removed from subsequent rounds.
4.4  Results for the Bias of NDE Methods

It was determined based on the convergence anilitytabalysis that after round three
all responses in the bias subsection had both cgegeand became stable and were removed
from subsequent rounds. From this, the resultethird survey were considered to be the final

values based on the responses from the nine resptsnof that round. The response average,
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standard deviation and COV can be seen in Tablev&l8es from stability calculations can be

seen in Appendix B.

Table 4.3. Concrete and Steel NDE Methods Respstadestics for the Bias Subsection

| Concrete Methods
| Average| Standard Deviation Coefficient of Variatipn
Cover Meters/Pachometer 6.00 0.926 0.154

Impact Echo 5.40 0.894 0.166

Radar 5.57 1.272 0.228
Ultrasonic Testing 5.71 0.488 0.085

VVisual Inspection 5.89 0.782 0.133

Steel Methods
Average| Standard Deviation Coefficient of Variatipn

Acoustic Emission 5.50 1.000 0.182
Radiography 5.71 0.488 0.085
Ultrasonic Testing - Crack Detection 5.88 0.835 0.142
Ultrasonic Testing - Pin Inspection 5.89 0.782 0.133
Ultrasonic Testing - Weld Inspection 5.86 0.900 0.154
VVisual Inspection 5.67 0.707 0.125

Based on the results, respondents felt that ale@fethods for concrete and steel
bridges were slightly under biased with an averagponse in the third round of all methods
being between a response of 5 and 6 (5 being dl¥8atunder biased and 6 being the true
value). All methods were also shown to have a gmot/ergence (calculated COV less than 0.5)
to the mean value.

Based on the limited data available for comparisioa survey results seem to show
reasonable agreement to experimental findings hage by the Scott et al. (2003) study, when
impact echo was performed at the location of a kmtaw, the flaw was always detected. If the
test was performed at predetermined grid locat{eess usually the case), the test tended to
either suspect distress (indicating a possibilitg iaw) or missing it altogether. This seems to
agree with the 5.4 average response of the patitsp Furthermore, it was shown by Phares et
al. (2001) that during a routine inspection, visaapection of the superstructure, substructure,

and deck had an overall bias of +3%, -5%, and #&%pectively. Note a positive bias means the
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inspectors determined the bridge element was tetebdndition than it actually was. These
numbers are close to (but slightly higher than)rtmbers determined by the respondents.
Conversely, Barnes and Trottier (2000) showedridmddr tends to be slightly under biased,
which is reflected in the participant’s responsé$ whe responses indicating a little more bias
than found in the study. Algernon’s (2011) coveteneneasurements with the ideal spacing and
no layering of rebar produced very accurate reswiisch matches the participants responses.
However, if the parameters are changed, the tesinbes more biased by indicating the cover is
less than the actual measurement.

Based on this reasonable agreement, the data lbeulded to produce a bias factor.
Table 4.5 shows how the response of the particgperelates to the bias of each test, or the
bias factor (i.e. a bias factor of 1.0 means ns,kaabias factor of 0.9 means a response of 7 with
a bias of +10% etc...). The bias factor was deterchimefitting a trendline to the response and
the bias representation (i.e. a response of 5 nteanést was under bias by 10%). This factor
could be used with an individual method’s nomiralle to give the inspector a more accurate
representation of the true value. Therefore, miyitig the bias factor by the measured value
would yield a more valid result. It should be notkdt not all methods were included in the bias

subsection because not all methods provide qualgfidata.

4.5 Results for the Reliability of NDE Methods

As noted previously, responses for precision ahdhiéty in round two were nearly
identical so questions involving this parameterexasmbined into a single subsection just
involving reliability for round three. With thishé following discussion is in terms of reliability.

It was determined that after round three all resperin the reliability subsection had

both converged and became stable and were removadstibsequent rounds. Based on these
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calculations, the results of the third survey wasasidered to be the final values. The response
average, standard deviation, and COV can be sekabie 4.4. Furthermore, Table 4.5 shows
how the response of the participants correlatéisaaeliability of each test in terms of a COV.
Values from stability calculations can be seen pp@ndix B. Based on the results, most
methods had an average response between 3 amdsp(ase of 3 indicated a method with a

COV of 0.12 and a response of 4 indicated a metvitda COV of 0.08).

Table 4.4. Concrete and Steel NDE Methods RespBtagistics for the Reliability Subsection

Concrete Methods
Average| Standard Deviation Coefficient of Variatfpn

Cover Meters/Pachometer 4.13 0.83 0.20
Electrical Potential 3.50 0.84 0.24
Impact Echo 3.40 0.55 0.16
Mechanical Sounding 411 0.78 0.19
Radar 3.71 1.11 0.30
Rebound Hammer 2.67 0.82 0.31
Thermal 2.60 0.89 0.34
Ultrasonic Testing 414 0.90 0.22
Visual Inspection 4.00 0.87 0.22
Steel Methods
Average| Standard Deviation Coefficient of Variatipn

Acoustic Emission 4.00 - -

Liquid Penetrant Testing 3.67 1.21 0.33
Magnetic Particle Testing - Crack Detection| 4.00 0.71 0.18
Magnetic Particle Testing - Weld Inspection| 3.75 0.50 0.13
Radiography 4.25 0.50 0.12
Ultrasonic Testing - Crack Detection 3.80 0.45 0.12
Ultrasonic Testing - Pin Inspection 3.83 0.75 0.20
Ultrasonic Testing - Weld Inspection 4.00 0.82 0.20
Visual Inspection 3.67 1.03 0.28

The two methods that fell below this range (rebobhachmer and thermal) indicate that
respondents felt these methods were less relinhlermost other methods. The thermal method
can be very dependent on both sun exposure anld deftaw. Yehia (2007) showed that both of
these factors could produce weak readings causiiegr@ase in surface area detected or no

detection. Similarly, Rens et al. (2005) showedr#i®und hammer method did a “poor” job at
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detecting deterioration while Wood and Rens (2G0@)wed the method can be highly variable.
It should be noted that while it was shown thatasibnic, mechanical sounding, and radar can
also be relatively variable they were not as uab#é as the rebound hammer method, as
supported by the respondents (Wood and Rens 2R0&)umbers were provided by the
previous studies so no quantitative comparison&ideel made to the participant’s responses.

Phares et al. (2001) showed that even during rewtsual inspections the inspectors
provided values that were statistically differeFite inspector’s average standard deviation for
the superstructure, substructure, and deck wefg 0.75, and 0.83, respectively. Based on these
standard deviations and average reference ralieg; OV for the superstructure, substructure,
and deck responses were 0.14, 0.12, and 0.16 ctespg. These responses correlate to about a
response of 3 on the reliability scale provideds®hows that while the participant’s responses
were close they may have been a little too confidethe reliability of visual inspection.
Similarly, Barnes and Trottier (2000) showed tlatar, chain drag (mechanical sounding), and
electrical potential have a COV of 0.258, 0.183] rb36, respectively. While these values do
not quite match (participant responses indicatenet COV for each method), the relative
reliability of the different methods based on thedy and the respondents do agree.

The Gucunski et al. (2013) study on various NDEhod$ used on concrete bridge decks
showed that all NDE methods that were tested amd as@nducive to data analysis had an
average COV of less than 0.25. These results teadree when compared to the participant’s
responses. Furthermore, based on the repeatajiitie for each method it was shown that
impact echo, ultrasonic, radar, electrical poténéiad mechanical sounding all had similar
reliability and were relatively more repeatable witempared to infrared. Again, this agrees

with the results from the survey. While it was irspible to compare the COV from the study to
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the COV as determined by the participants, thaivelaalues of each test from the study tend to
agree with the relative values based on the suesyits.

Using only the limited data available for companisih can be shown the survey results
show reasonable agreement with current studieprobiably under predict in most cases. Based
on this reasonable agreement, the COVs indicatgrhlicipant responses are shown in Table
4.5. These COVs were determined by fitting a trevedio the response and the COV

representation (i.e. a response of 4 meant théaaesd COV of about 0.08).

Table 4.5. Concrete and Steel NDE Method Bias adff€Indicated by Participant Responses

| Concrete Methods |
I Bias Factor| COVs Indicated by Participant Resp0||ses
Cover Meters/Pachometer 1.000 0.078

Electrical Potential - 0.093

Impact Echo 1.060 0.097

Mechanical Sounding - 0.078

Radar 1.043 0.086

Rebound Hammer - 0.147

Thermal - 0.153

Ultrasonic Testing 1.029 0.078

VVisual Inspection 1.011 0.080

Steel Methods
Bias Factor| COVs Indicated by Participant Respoffses

Acoustic Emission 1.050 0.080

Liquid Penetrant Testing - 0.088

Magnetic Particle Testing - Crack Detection - 0.080

Magnetic Particle Testing - Weld Inspection - 0.085

Radiography 1.029 0.076

Ultrasonic Testing - Crack Detection 1.013 0.084

Ultrasonic Testing - Pin Inspection 1.011 0.083

Ultrasonic Testing - Weld Inspection 1.014 0.080

VVisual Inspection 1.033 0.088

4.6  Results for the Accuracy of NDE Methods

As previously mentioned, participants were givere¢hoptions for each method in the

accuracy subsection: false positive, false negasind true response. Participants were asked to

estimate the percentage of times each test wowiel &ach result. They were told their
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percentages for each test should add to 100%. 8ieagata provided by respondents was open
ended and the sum of the averages could resultotabpercentage of more than 100%, each
participant’s responses were normalized based@gribup average to 100%. The normalized
responses were then used to calculate the nordaizrage, normalized standard deviation,
and normalized COV. Based on the convergence ahdist data from round three, the
guestions were asked again for round four.

After round four, all responses except two (falegative response for electrical potential
and thermal imaging) had a COV of less than 0.kcatohg convergence. For the two responses

that were above this threshold, both COVs had drdgignificantly and were now in the lower

portion of the less then satisfactory range (betw@®8 and 0.8 COV). A breakdown of the

COVs from round three and four can be seen in TélfleNote that the highlighted cells

indicate a COV of greater than 0.5. Furthermore it response for acoustic emission indicates

only one person answered this question resultimpiCOV.

Table 4.6. Coefficient of Variation Results frone tAccuracy Subsection from Round 3 and Round 4

Survey Three COV Survey Four COV
False False True False False True
Positive | Negative | Responsq Positive | Negative | Responsd
Concrete Methods
Electrical Potential 0.34 0.15 0.12
Mechanical Sounding 0.19 0.31 0.15 0.1p
Thermal 0.35 0.38 0.29
VVisual Inspection 0.41 0.21 0.14 0.1
Steel Methods
Acoustic Emission - 0.25 - - -
Liquid Penetrant 0.32 0.10 0.45 0.35 0.08
Magnetic Particle — Crack 0.44 0.14 0.33 031l 0.11
Magnetic Particle — Weld 0.13 0.45 0.50 0.11
Radiography 0.11 0.39 0.28 0.07
Ultrasonic — Crack 0.10 0.31 0.31 0.1
Ultrasonic — Pin 0.11 0.20 0.20 0.1
Ultrasonic - Weld 0.10 0.36 0.25 0.1
Visual Inspection 0.24 0.37 0.38 0.2
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After determining the responses had a relativelydgomonvergence, the stability was then
analyzed. Based on the stability results from rotinmee to round four it can be shown that the
responses are becoming much more stable when cedhmathe results from round two to
round three. The stability results from round thi@eound four can be seen in Table 4.7 (results
from round two to round three can be seen in AppeBil Note that the highlighted cells

indicate a relatively unstable response.

Table 4.7. Stability Results from the Accuracy Sdbi®n from Round 3 and Round 4

False [False True
Positive [Negative |Responsef

Concrete NDE Method

Electrical Potential 0.96 0.88
Mechanical Sounding 1.00 0.97

Thermal 0.86
Visual Inspection 1.00
Steel NDE Method

Acoustic Emission 1.00
Liquid Penetrant
Magnetic Particle — Crack
Magnetic Particle — Weld
Radiography

Ultrasonic — Crack
Ultrasonic — Pin
Ultrasonic - Weld

Visual Inspection

While the responses were becoming more stableg there still some issues. These
issues arose in part because of the large scaletasgentify accuracy. If a respondent changed
their answer by a seemingly small 5%, this chasg¥astically increased due to the exponential
nature of the stability equation. Furthermore hesrbunds progressed it was observed that the
participants were becoming more reluctant to chahge answers during the iteration process.
Also, it stands to reason that if the false respsmwgere becoming stable, the true response

should trend towards stability, as well. Sincergsponses were considered to be converging, it

67



was determined that there would be little changendther round were implemented. , and the
responses would be considered stable if they wakedain a subsequent round. Thus, the results
from the fourth questionnaire were considered tthiedinal results. The normalized response

average and standard deviation can be seen in Fable

Table 4.8. Concrete and Steel NDE Method Normal&ecluracy and Standard Deviation Indicated by Eigdint

Responses
Normalized Average Normalized Standard Deviatidn
False False True False False True
Positive | Negative | Responsq Positive | Negative | Responsd
Concrete Methods
Electrical Potential 8.40% 11.60% | 80.00% 2.30 7.77 9.35
Mechanical Sounding 10.41% | 12.22% | 77.37% 1.84 3.72 9.06
Thermal 6.67% 33.33% | 60.00% 2.89 18.93 17.32
Visual Inspection 9.76% 11.95% | 78.29% 3.69 2.43 8.68
Steel Methods

Acoustic Emission - - 100.00% - - -
Liquid Penetrant 8.40% 8.16% 83.44% 3.81 2.86 6.94
Magnetic Particle — Crack 10.92% | 12.26% | 76.81% 3.61 3.84 8.30
Magnetic Particle — Weld 10.35% | 10.51% | 79.14% 4.70 5.23 9.09
Radiography 6.43% 9.07% 84.50% 2.49 2.52 6.32
Ultrasonic — Crack 8.00% 8.00% 84.00% 2.48 2.48 8.51
Ultrasonic — Pin 8.92% 8.92% 82.16% 1.81 1.81 8.47
Ultrasonic - Weld 6.89% 8.23% 84.88% 2.48 2.10 8.09
Visual Inspection 14.54% | 14.83% | 70.63% 5.37 5.62 16.26

There were very few comparative studies that pexviciformation about the accuracy of
bridge NDE methods. The studies that did providermation tended to agree with the results,
however. Gucunski et al. (2013) gave relative amcyratings for various concrete methods. It
was shown that impact echo, ultrasonic and eledtpiotential tended to have more accurate
measurements (near the favorable rating) with gtquenetrating radar, infrared, and chain drag
being slightly less accurate (between the not fabierand favorable rating). The relative scales
of these ratings tend to agree with the responses the participants. Furthermore, Clark et al.

(2003) compared thermal imaging and mechanicaldiogrand found that these methods agree
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about 62% of the time. This indicates some issu@scuracy for both of these methods. Based
on the 77% true response for mechanical soundidgran60% true response for thermal
imaging as determined by the participants thesebeusnseem reasonable. In addition, the
participants could have been taking into accoumirenmental factors. These factors were
shown by various studies including Clark et al.020and Yehia et al. (2007) to affect the
accuracy of thermal imaging. This could have béerréason why thermal imaging was

determined to be the least accurate of all the auksth

4.7  Results for the Costs Subsection of the Survey

Since the cost questions were changed from rounddwound three, the convergence
and stability values could not be computed untgrafound four. After round four, it was
determined that 93% of the questions had a COVtless0.5. The remaining questions were on
the lower portion of the less then satisfactoryge(between 0.5 and 0.8 COV). All of the COVs
that were in this range had also dropped signiflgdrom round three. Furthermore, it was
determined that all responses had become staldedBm these factors the responses from
guestionnaire four were considered to be the frahles. The median of these final values,
standard deviation, COV, and the range of costesponding to the median value for each cost
can be seen in Table 4.9 through Table 4.13. Natethe highlighted cells indicate a COV of
greater than 0.5. The stability calculations fas subsection can be seen in Appendix B.

The response range represents the range of casid ba the participant’'s median
response and the cost scales provided during itteathd fourth rounds of the survey. It was
impossible to know what value within the providedge each respondent wanted to choose so
the mean value of these responses could not betaisiedermine the exact cost using a trendline

and interpolation (similar to the bias and repeétglsubsections). Based on this, the median
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response was used in order to have mostly wholéoatsrto correlate to these cost scales. The
median value corresponded to the range most paatits indicated. This range was then
considered the final value. In the case of a medane being between two whole numbers (1.5,
2.5, 3.5 etc...), the range for both whole numbeesniedian values were between was used. An
example of this would be for a median value off8rihe cost Time Spent to Analyze Data. A
response of 3 would have a correlated range 08 4eurs while a response of 4 would have a

correlated range of 8 — 12 hours. Thus, a respoh3& has a correlated range of 4 — 12 hours.

Table 4.9. Concrete and Steel NDE Method Time to RTr'est Median, Standard Deviation, COV, and Cated
Range Indicated by Participant Responses

Concrete Methods
Median | Standard Deviatioh COVResponse Rang

Cover Meters/Pachometer 3 1.04 0J38 8 - 10 Hours
Electrical Potential 4 1.03 0.31 10 - 15 Hours
Impact Echo 4 1.22 0.3l 10 - 15 Hours
Mechanical Sounding 2 0.88 0.36 4 -8 Hours
Radar 3 1.07 0.31f 8-10Hours
Rebound Hammer 2 0.76 0.33 4 -8 Hours
Thermal 4 1.41 0.47] 10 - 15 Hours
Ultrasonic Testing 3 0.98 0.28 8- 10 Hours
Visual Inspection 2 0.60 0.32 4-8Hours

Steel Methods
Median | Standard Deviatiof COVResponse Rang

Acoustic Emission 3 1.41 0.47 8-10 Hours
Liquid Penetrant Testing 3 1.27 0.41 8-10 Hours
Magnetic Particle Testing - Crack DetectiIn 3 1.04 0.38 8 - 10 Hours
Magnetic Particle Testing - Weld Inspectipn 3 0.58 0.19 8 - 10 Hours
Radiography 4 0.71 0.1}7 10 - 15 Hours
Ultrasonic Testing - Crack Detection 3 0.76 0|25 8 - 10 Hours
Ultrasonic Testing - Pin Inspection 3 0.67 0J24 8 - 10 Hours
Ultrasonic Testing - Weld Inspection 3 0.82 0J27 8 - 10 Hours
Visual Inspection 2 0.71 0.35 4-8Hours
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Table 4.10. Concrete and Steel NDE Method Timenalyze Data Median, Standard Deviation, COV, and
Correlated Range Indicated by Participant Responses

Concrete Methods
Median | Standard Deviation COVResponse Rangg

Cover Meters/Pachometer 3 0.92 0,39 4 - 8 Hourp
Electrical Potential 3 0.95 0.29 4 - 8 Hours
Impact Echo 4 0.71 0.18 8 - 12 Hours
Mechanical Sounding 2 0.83 0.47 2 - 4 Hourg
Radar 4 0.49 0.11 8 - 12 Hours
Rebound Hammer 2 0.90 0.42 2 - 4 Hourd
Thermal 4 0.71 0.18 8 - 12 Hours
JUltrasonic Testing 3 0.89 0.26 4 - 8 Hours
Visual Inspection 2 0.78 0.41 2 - 4 Hours

Steel Methods
Median Standard Deviation CQOVResponse Rang

Acoustic Emission 35 0.71 0.20 4 - 12 Houry
Liquid Penetrant Testing 2 0.46 0.26 2 - 4 Hour{
Magnetic Particle Testing - Crack Detection 2 0.69 0.32 2 - 4 Hours
Magnetic Particle Testing - Weld Inspection 2 0.52 0.22 2 - 4 Hours
Radiography 3 0.75 0.24 4 - 8 Hours
Ultrasonic Testing - Crack Detection 2 0.53 022 - 42Hours
Ultrasonic Testing - Pin Inspection 2.5 0.53 021 - 8Hours
Ultrasonic Testing - Weld Inspection 2 0.52 0/22 - &LHours
Visual Inspection 2 0.52 0.32 2 - 4 Hours

Gucunski et al. (2013) provided a comparison oedpdor each NDE method. For the
speed category, the Time to Run a Test and the Tomaalyze Data parameters from the
survey were used to compare with the speed refsoitsthe Gucunski et al. study. It was shown
by Gucunski et al. that radar, electrical potentid#rared imaging, and mechanical sounding all
tended to be relatively quick (above the favorahteng) with impact echo and ultrasonic being
slower with a rating between the not favorable fawdrable rating. Based on the comparison of
the relative scales of the study and the survegrtbe seen the data tends to agree with only two
inconsistencies. One inconsistency is in the cagd@rared imaging. Gucunski et al. (2013)
determined this method was relatively quick to wbde the respondents indicated it took a

relatively long time to perform. Furthermore, uftoaic testing was shown by the study to be
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very time intensive, but the respondents indictitedest was near the midpoint in terms of time

used relative to the other methods.

Table 4.11. Concrete and Steel NDE Method Timer&onTan Inspector Median, Standard Deviation, Cand
Correlated Range Indicated by Participant Responses

Concrete Methods

Median | Standard Deviation CQOVResponse Rang
Cover Meters/Pachometer 25 1.41 2 - 14 Days
Electrical Potential 3 1.17 0.37 7 -14 Days
Impact Echo 5 0.45 . 21 + Days
Mechanical Sounding 2 1.24 0.48 2-7Days
Radar 5 0.53 . 21 + Days
Rebound Hammer 3 1.35 0.47 7-14 Days
Thermal 4 0.55 14 - 21 Days
JUltrasonic Testing 5 0.38 21 + Days
Visual Inspection 3 1.30 0.40 7-14 Days

Steel Methods

Median | Standard Deviation CQVResponse Rang
Acoustic Emission 4.5 0.71 0.16 14 - 21+ Days
Liquid Penetrant Testing 2 1.30 1 0.55 2 -7 Days
Magnetic Particle Testing - Crack Detection 3 1.25 0.46 7 - 14 Days
Magnetic Particle Testing - Weld Inspection 3 1.03 0.31 7 - 14 Days
Radiography 5 0.00 0.00 21 + Days
Ultrasonic Testing - Crack Detection 5 0.95 0/22 21 + Days
Ultrasonic Testing - Pin Inspection 5 0.92 0,21 21 + Days
Ultrasonic Testing - Weld Inspection 5 0.84 0,19 21 + Days
Visual Inspection 2 1.06 0.40 2-7Days
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Table 4.12. Concrete and Steel NDE Method Numbénsyectors Needed Median, Standard Deviation, Cid,
Correlated Range Indicated by Participant Responses

Concrete Methods
Median | Standard Deviation COVResponse Rang

Cover Meters/Pachometer 2 0.64 0/34 2 Inspectofs
Electrical Potential 2.5 1.21 0.45 2 -3 Inspectdrs
Impact Echo 3 0.84 0.30 3 Inspectors
Mechanical Sounding 2 0.67 0.38 2 Inspector
Radar 3 0.82 0.27 3 Inspectors
Rebound Hammer 2 0.58 0.29 2 Inspector
Thermal 3 0.89 0.37 3 Inspectors
JUltrasonic Testing 2 0.53 0.22 2 Inspectord
Visual Inspection 2 0.50 0.25 2 Inspectorq

Steel Methods
Median Standard Deviation CQOVResponse Rang

Acoustic Emission 2 0.00 0.00 2 Inspectord
Liquid Penetrant Testing 2 0.52 0.32 2 Inspectorg
Magnetic Particle Testing - Crack Detection 2 0.69 0.37 2 Inspectors
Magnetic Particle Testing - Weld Inspection 2 0.75 0.41 2 Inspectors
Radiography 3 0.75 0.27 3 Inspectorg
Ultrasonic Testing - Crack Detection 2 0.58 0/29 Inspectors
Ultrasonic Testing - Pin Inspection 2 0.64 0/30 nZpectors
Ultrasonic Testing - Weld Inspection 2 0.63 032 Ingpectors
Visual Inspection 15 0.74 0.46 1-2 Inspectds

Gucunski et al. (2013) also gave data for the ehsse of NDE methods. While this
category did not exactly correlate to the costslisethe surveys, some comparisons can be
made. For this category, the Number of Inspect@sddd and the Time to Train Inspectors
parameters were used to compare. Along with thesTime to Run a Test and Time to Analyze
Data parameters were also considered but to arldegeee because they did not directly
correlate to the ease of use measures as deterbwr@dcunski et al. It was shown that
electrical potential, infrared imaging, and meclkahsounding all tended to be relatively easy to
use (above the favorable rating) with impact echdar, and ultrasonic being less easy with a
rating between the not favorable and favorablegatComparing this to the survey results it can

be seen that the relative scales of the studylandurvey tends to agree. One inconsistency is in
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the case of infrared imaging. Gucunski et al. deiteed this method was relatively easy to use

while the respondents indicated it was a relatiifycult test to perform.

Table 4.13. Concrete and Steel NDE Method MoneEarst for Equipment Median, Standard Deviation, Caht
Correlated Range Indicated by Participant Responses

Concrete Methods |
Median Standard Deviation CQOVResponse Rangl

Cover Meters/Pachometer 3 0.71 0/26  $1500 - $300
IElectrical Potential 3 1.41 0.47  $1500 - $30dD
Impact Echo 5 0.55 0.12 $6000+
Mechanical Sounding 1 0.88 0 - $500
Radar 5 0.00 © 0.00 $6000+
Rebound Hammer 25 1.37 $500 - $3000
Thermal 5 0.45 0.09 $6000+
JUltrasonic Testing 5 0.52 0.11 $6000+
Visual Inspection 1 0.71 0.53 0 - $500

Steel Methods
Median Standard Deviation CQVResponse Rang

/Acoustic Emission 5 0.00 0.00 $6000+
Liquid Penetrant Testing 15 0.53 0.36 0 - $1500
Magnetic Particle Testing - Crack Detection 2 0.98 0.38 $500 - $1500
Magnetic Particle Testing - Weld Inspection 2 1.03 0.39 $500 - $1500
Radiography 5 0.41 0.08 $6000+
Ultrasonic Testing - Crack Detection 5 0.79 0/18 OGKB+
Ultrasonic Testing - Pin Inspection 45 0.74 0117 30@0 - $6000+
Ultrasonic Testing - Weld Inspection 5 0.84 0/19 0GB+
Visual Inspection 1 1.16 - 0 - $500

Rens et al. (2005) showed that acoustic emissamiary radiography, and thermography
had relatively high costs, while electrical methddgpact echo, magnetic methods, mechanical
sounding, surface hardness methods, and ultrakadicelatively low costs. While it was not
discussed what these relative cost were measutiwgs assumed these costs were monetary in
nature. Based on this, the response results fremadrticipants tend to agree with this study in
terms of monetary cost. It should be noted thaichpcho and ultrasonic testing were
determined by Rens et al. to be relatively lowast¢but the survey participants indicated these
tests have high monetary costs. This discrepanglgddie due to the costs determined by Rens et
al. being more than just monetary costs.
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The final parameter discussed by Gucunski et All32was monetary cost. This measure
could not be compared to the data collected btineey. For the cost measure, participants
were asked to provide a cost estimate for bridgésiwith an area of 5,000 fand 10,000 ft
The only monetary cost that was collected by threesuwas the cost of equipment, which was

not included in the cost estimates performed bysthdy.
4.8 Conclusion for the Results of the Surveys

After all the data was collected an inital compamief the NDE methods was made. This
comparison can be seen in Table 4.14. Each methsdyiwen a rank in each of the four
categories measured: bias, repeatability, accusay/cost. Note there are a total of nine tests
for both concrete and steel methods. These ranks ased on the most desirable outcome for
each category. For bias, the lower the rank, tbe liéased the test was. Similarly, the lower the
rank for the cost category, the cheaper the averagfeof the method. Since the cost subsection
measured five different costs, an average fohalldosts for each method was used for this
comparison. For repeatability and accuracy, thestawe rank, the more repeatable or more
accurate the test was, respectively. Based orethdts from these categories, an overall ranking
was established. This ranking was determined bytine of the rankings from each category. In
the case of a test getting a ranking for both arasaccuracy, the average of these two was
taken. It should be noted that this overall rankirag made with the assumption that each of the
parameters can be weighted equally. For some cstamoes this might not be the case. In some

instances, one parameter may be more importanthieaothers.
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Table 4.14. Comprehensive Comparison by Rankirigagh NDE Method Indicated by Participant Responses

Concrete Methods
. - Average| Overallj
Bias Repeatability Accuracy Cost | Rank
Cover Meters/Pachometer 1 1 - 4 2
[Electrical Potential - 6 1 5 6
Impact Echo 2 7 - 8 7
Mechanical Sounding - 1 3 1 1
Radar 5 5 - 7 8
Rebound Hammer - 8 - 3 4
Thermal - 9 4 7 9
JUltrasonic Testing 4 1 - 6 4
Visual Inspection 3 4 2 2 3
Steel Methods
: - Average Overallf
Bias Repeatability Accuracy Costg Rank
Acoustic Emission 1 2 1 8 2
Liquid Penetrant Testing - 8 5 2 7
Magnetic Particle Testing - Crack - 2 8 3 3
Magnetic Particle Testing - Weld - 7 7 3 qa
Radiography 5 1 3 9 4
Ultrasonic Testing - Crack Detection 3 6 4 5 4
Ultrasonic Testing - Pin Inspection 2 5 6 5 4
Ultrasonic Testing - Weld Inspection 4 2 2 5 1
Visual Inspection 6 8 9 1 8

By comparing the rankings of each of the four cates that were examined for each
NDE method, it is possible to understand the negatiifferences between each test. Furthermore,
a correlation of the costs of a method to the l@asuracy and reliability can be made. In
general, it was shown by the participants thaintioee expensive the method was, the better bias,
accuracy, and reliability the method had and viees&. There were a few exceptions to this rule,
however. Both infrared imaging and radar tendeloetoelatively expensive. Infrared imaging
tended to be relatively inaccurate and not vergaggble, and radar was relatively biased and
also fairly unrepeatable. By evaluating these campas it can be seen that inspection planning
choices should consider the quality of informatiotest provides as well as the costs (in terms of

time and money).
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5. CONCLUSIONS AND RECCOMENDATIONS

5.1 Summary

An extensive literature search was performed, aadynNDE articles, papers and reports
for bridge engineering applications were found esndewed. Based on the articles found, it was
determined that there is a significant amount séaech being conducted to determine the best
situations for specific NDE methods for bridgesttkermore, it was determined there have been
some studies conducted to determine various cadtstatistical measures including accuracy
and reliability of many of these methods relatw@he another. It was shown, however, that
these comparative studies did not provide enoufginmation to adequately quantify the
accuracy and reliability of common bridge NDE meto

Since it was determined that there is limited wioekng done to quantify the accuracy
and reliability of common NDE methods or to compaaeous tests to one another, a
comprehensive survey to gather expert opinion wastified as a means to gather the desired
information. It was established that the Delphttme was an efficient and effective survey
technique to gather this information. This survewed to provide quantitative descriptions of
accuracy, reliability, bias, and costs to providi®@imation to researchers and practitioners
working in the fields of bridge management and acsion.

A total of four Delphi method rounds were condudtedrder to determine quantitatively
the accuracy, reliability, bias and various costsoosnmon NDE methods. The first survey was
employed to determine background information ofghsicipants and common NDE methods

for bridges. The second and subsequent surveysuwgertalong with various statistical scales.
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5.2 Conclusions

The results of these surveys were used to develaptgative information for each
method. Based on these results the following canahs can be drawn:

1. Most commonly used bridge NDE methods tend to lskeubiased meaning the
majority of the measured results are slightly tbss the true value. All of these
biases were shown to be less than 10%, howeveseNaues tended to agree with
the data from previous experimental studies.

2. Most commonly used bridge NDE methods tend to laively repeatable.
Furthermore, it was shown that inspectors seenave ha relative understanding of
the variability in different tests, but they terdrtot have an understanding of the
absolute scale of the variability. Based on the g@abdvided by Barnes and Trottier
(2000), it was shown participants were able todatk which methods were more
repeatable but showed that they felt all method®weore repeatable than it was
determined by the previous studies. Barnes andidrehowed that radar, chain drag
(mechanical sounding), and electrical potentialeha¥COV of 0.258, 0.183, and
0.536, respectively, while the participants repariadicated they thought the COV
for radar, mechanical sounding, and electrical peaéwere 0.086, 0.078, and 0.093,
respectively.

3. The accuracy of commonly used bridge NDE methoddst¢o be relatively variable.
For concrete testing, most tests had a true resgmersentage of about 80%. The
exception to this was infrared imaging with a trasponse percentage of 60%.
Furthermore, most steel tests had a true resparseriage of about 85%. There

were a couple exceptions to this, however. Acoustitssion had a true response
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5.3

percentage of 100%, while visual inspection andme#g particle had a true
response percentage of 70.63% and an averagedd%/respectively.

The various costs associated with the NDE methgdsaed tended to be very
variable making this measure difficult to evaluddewever, there was a small trend
that indicated tests that were cheaper in ternegjoipment also tended to be easier
and faster to perform.

By comparing the rankings of each of the four cates that were examined for each
NDE method, it is possible to correlate the cos afethod to the bias, accuracy and
reliability. In general, it was shown by the papants that the more expensive the
method was, the better bias, accuracy, and ratiabile method had and vice versa.
A risk based approach to inspection planning woléaefore need to carefully

consider the level of information needed and thetscof obtaining that information.

Suggestions for Future Work

There are several topics that could be furtherghgated involving the accuracy and

reliability of commonly used bridge NDE methodseTbllowing is a description of these

topics:

1.

A follow-up survey could be conducted with a largample size. This follow-up
survey could be used to see if the new, largerpjsowalues are similar to the values
found in this survey.

Rather than conducting a survey, a more comprefeesiamination of many
commonly used NDE methods could be performed bygoing experiments with

each NDE method in the field and comparing thelte$o one another. This
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comprehensive examination would need much morairess including time and
equipment in order to perform the tests.

More comparative studies need to be performedattatally measure the variation in
each test. This information then needs to be Oistied to inspectors and managers so
they know what kind of variability each test tetdgroduce.

This study looked at NDE methods independentlytiHaunrresearch needs to be
conducted to compare methods that can be usedwnélanother. An example of this
could be using a cheaper and easier method totdetesd areas of deterioration, and
then use a more expensive method to examine that Another example could be
examining the use of methods in conjunction witk another, which could increase
the overall accuracy and reliability.

The information that was gathered from this surveyld be used to better
understand various parameters of commonly usedgdMNDE methods. Future work

could apply these findings to develop a risk-basggaloach to bridge inspection.
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APPENDIX A

Examples of the Surveys Implemented

Colorado State Unwersny S

Usmng Expert Opimon to Quantfy Accuracy and Peliabihty of Nondestruchve Evaluation on
Bndges - Found One of a Delphi Survey

This pestionmaire 15 the first round of @ Heragve vobmiary sovey with apprommadety four fo Sve rounds. Al results wall be
kapt confidential and will be publichad in a thesiz paper for Colorade State University. The purpose of this survey is io help
determime the acouracy, precision sensitvicy, relirtdlity and varous costs asseciated with conanoniy used nondestroctise
evaluatan (MWDE) techmiques on bredges. The zoal of the reseanchers is to quanitfy and better understand these properties of the
vanous MDE techusques for use o inspection plannme, Pleace hove the parson at your fimm with the most expenence with KOE

o bredges £l out thes qoestonnere. Each questionname il take appoosimately 2 mimoies to complete. Pleaze be thoughifil,
thoromeh, and candsd @ yoar responses.

Tf wou bowe amy gueshans regarding rhis survey please contact Alew Hesss at Colorado State DUniversity Iy phone at {508) 354-
3865 or enmil at aahessegeney colosmre adn Please meham the completed questionmirs two weeks afier receiving this
questionmaire either by email ot aakbesseEenar calostanz acda of madling oo

Diepartment of Civil and Ervronments] Enmnsenns
Colorado St University

1372 Cammpuas Dedivery

Fart Collins, 00 83523-1372

ATTE: Alex Hesse

Compistad v
O pamization:

City S,
Emras] Address

Pieass apswer all questions thorushy. If mare space is needad piense waite m the space provided ar the end of this questonmaie
g yfach further msponses on a separate shest. and indicate whech question you ars respondins o PLEASE DO KNOT U5E
ABEREVIATIONS O ACRORNYMS IN YOUR RESPONSES.
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The following section contains a series of questions concerning your experience with NDE techniques on bridges.

Section 1 - NDE Experience with Bridges

1} What 15 your current level of education? (mark only one)

_[] High School/GED

_[]  College Education - No Degree
_[] 2-year College Degree (Associates)
A 4-year college Degree (BA. BS)
_[[]  Master's Degree
[ Doctoral Degree
[ Other. Please Specify:

2) Mark any certufications for bridge mspection which you currently hold. For ASNT certification, please indicate specifically
which NDE test certification you hold for each level. (Mark all that apply. Note that ASNT refers to American Society for
Nondestructive Testing and NICET refers to National Institute for Certification in Engineering Technologies (NICET) Bridge
Safety Inspection)

[l PE. License
[[] ASNTLevell

[[] ASNTLevelll

[[] ASNT LevelII

[0 NICET Level I

[] NICET Levelll
_[] NICET Level Il
_[] NICET Level IV
[ Other. Please Specify:

3) How many years of expenience do you have using NDE on bridges?

4) In what states does your bridge inspection group practice NDE? Abbreviations are acceptable

5) What tasks do you do when 1t comes to NDE techniques on bridges? (e g Management. Data Analysis etc._)

6) Approximately how many bridges are inspected by your organization each year and how many of these de you help with?

Usmng Expert Opinton to CQuantify Accuracy
and Reliability of Nondestractive Evaluation on Bridges - Found One of a Delphi Survey Page 2 of 3
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The following two sections contain a series of questions concerning your usage of various NDE techniques. Section 2 will be on
steel bridges and Section 3 will be on concrete bridges. For each technique, please indicate what condition the technique is used to

identify or assess. If vou have no experience with any of the following techniques. please skip that technique and go on to the next
technique.

Section 2 - Use of NDE Techniques for Steel Bridges

Example:
Ultrasomnic
Flaw detection in welds. Crack detection, and Corrosion detection

The following section only pertains to Steel Bridges:

1) Acoustic Emission

2) Liguid Penetrant

3} Thermal/Infrared

4) Visual Inspection

5) Eddy Current

6) Magnetic Particle

7) Ultrasonic

8) Radiography

Section 2 is continued on the next page.

Using Expert Opinton to Quantnfy Accuracy
and Reliability of Nondestractive Evaluation on Bridges - Found One of a Delphi Survey Page 3 of 5
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9) Vibration Analysis

10) Other

11) Of these NDE techniques on steel bnndges. which methods do you use at least once every month? If you do not use any

techniques at least once every month, please list the two techniques you use the most.

Section 3 - Use of NDE Techniques for Concrete Bridges
The following section only pertains to Concrete Bridges:

1) Acoustic Emission

2) Mechanical Sounding (Chain Drag)

3) Rebound Hammer

4) Impact Echo

5) Cover Meters/Pachometers

6) Radar

7) Thermal/Infrared

8) Vibration Analvsis

9) Electrical Potential Measurements

10) Radiography

Section 3 is continued on the next page.

Using Expert Opimion to Quantify Accuracy
and Reliability of Nondestmctive Evaluation on Bridges - Roumd One of a Delphi Survey
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11) Ultrasonics (Pulse Velocity

12) Visual Inspection

13) Other

14) Of these NDE techniques on concrete bridges, which methods do you use at least once every month? If you do not use any
techniques at least once every month. please list the two techmques you use the most.

15) Have you stopped using any NDE techniques on bridges m the past? If so. which technique and please explain why.

Please indicate 1f you would like to complete subsequent surveys by email or mail. (mark only one)
L] Mail
[] Email

End of Questionname. Please make sure you have completed all three sections of the questionnarre. After that. please retum the
completed survey either by mail or email as described above. If you have any comments please mnclude them in the extra space
provided.

Thank you for completing this questionnaire and successive questionnaires 1n this study. Your responses will help improve the use
of NDE techmiques.

Extra space if needed:

Using Expert Opinion to Quantify Accuracy
and Reliability of Nondestructive Evaluation on Bridges - Round One of a Delphi Survey Page 5 of 5
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Colorado State University

Using Expert Opinion to Quantify Accuracy and Reliability of Nondestructive Evaluation on
Bridges - Round Two of a Delphi Survey

This questionnaire is the second round of an iterative voluntary survey with approximately four to five rounds, All results will be kept
confidential and will be published in a thesis paper for Colorado State University. Please be thoughtful. thorough. and candid in vour
responses.

If you have any questions regarding this survey please contact Alex Hesse at Colorado State University by phone at (608) 354-5865 or
email at aahesse(@engr.colostate.edu. Please return the completed questionnaire by November 28th, 2012 (Note: Thanksgiving i3
November 22nd) either by email at aahesse(@engr.colostate.edu or mailing to:

Department of Civil and Environmental Engineering
Colorado State University

1372 Campus Delivery

Fort Collins. CO 80523-1372

ATTN: Alex Hesse

Participant Code: Al2

Please answer all questions thoroughly. All questions are OPINION BASED. You do not need to have extensive experience of a
method to answer questions about that method. If you feel you have no opinion on a topic. please mark "Don't Know". Please answer
all questions to the best of your knowledge. If more space is needed please write in the space provided at the end of this questionnaire
or attach further responses on a separate sheet. and indicate which question you are responding to. PLEASE DO NOT USE
ABBREVIATIONS OR ACRONYMS IN YOUR RESPONSES.

Using Expert Opiion to Quantfy Accuracy
and Reliability of Nondestructive Evaluation on Bridges - Round Two of a Delphi Survey Page 1 of 16
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Sectionm I - NDE Methods for Concrete Bridzes

The following secfion confains a series of ronking guestons concerming vanons aspects of MDE methods on CONCRETE bridzes.
AL QUESTIONS ARE QOPDIION BASED. You do not need to have extensive experience of 3 method o answer questions sbout that
method. If you feel you hsve mo opinion on a topic, please mark "Don't Enow". Please answear all questions 1o the best of your

knowledze

The following questions permin o BLIAS of ezch WDE test for concrete bridges. BIAS is defned ac the tendency of a test to
consistently measure erther hizher or lower than the acmal or perceived value. Bate bow BIASED you feel each method is based on the

scale prowvided. (muark one for eack mathod

BIASSCALE
-5 or +50% or
More -2 -30%s -20% -E0% +10%%0 +20% +30% ] More
1 2 3 4 5 & 7 g 7 10 11
LOWEER THAN TEUE VALUE o i HIGHEF. THANM TRUE VALUE
TREUE VALUE

Example

If Cover Meters Pachomesers do not consistently measure a higher or lower value than the acmal valoe they have no

BIAS and the response is § (TRUE VALUE)

If Impact Echo consistently measures valnes that average sbout 20%% higher then the acmsl value it has 2 BIAS of

about 20%% higher than the tnes value and the response 1= 3 (+20%)

10 | 1X

Cover Meters Pachomeser

Impact Echa

1

1

T

1} Cowver Meters Pachometer

2} Impact Echo

3) Badar

4} Ulmasomic Tesong

o ] e
(o e
] e e

3] Visual Inspection

Uiing Expert Opinicn to Quantfy Acousacy
2=d Eaolizbiliny of Mondestmethre Evalaation o Bridges - Round Two of 2 Dalphi Sumrey
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The following questions pertain to ACCURACY of each NDE test for concrete bridges. ACCURACY 1s defined as the tendency of a
test to measure false results. Please indicate. on average. the ACCURACY of each method for each category. Note: Your percentage
for each method should add to 100%.

Definitions:
False Positive: Test measures damage, but there is no damage
False Negative: Test measures no damage. but there is damage
True Response: Test measures damage and there is damage OR fest measures no damage and there is no damage

Example:

False

False
Negative
True
Response

Don't Know

[
o
=
pr-
o

Electrical Potential 0 0
Mechanical Sounding 5% 10%

2]

h
]

o

False
Negative
True
Response

False
Positive
Don't Know

6)  Electrical Potential
7)  Mechanical Sounding
8)  Thermal

9)  Visual Inspection

Using Expert Opinton to Quantify Accuracy
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The following questions pertain to PRECISION of each NDE test for concrete bridges. PRECISION is defined as the reproducibility
of a test in a controlled environment (i.e. a lab setting). Please mark the PRECISION of each method based on the scale provided.
(mark one for each method)

PRECISION SCALE

Response: 1 2 3 4 5

s | | S A

Mean: 100 100 100 100 100
Standard Deviation: 35 22 12 8 6
Coefficient of Variation: 0.35 0.22 0.12 0.08 0.06

Note: The coefficient of variation is a normalized measure of dispersion of a probability distribution.

Example:

If Cover Meters/Pachometers are used to repeat a test multiple times in a controlled enviromment, and the results
have a coefficient of variation of about 0.12 they have an average PRECISION and the response would be 3.

If Electrical Potential is used to repeat a test multiple times in a controlled environment. and the results have a
coefficient of variation of about 0.06 it has a high PRECISION and the response would be 5.

4 5 Don't Know

v |

Cover Meters/Pachometer

Electrical Potential X

Don't Know

10)  Cover Meters/Pachometer
11)  Electrical Potential

12)  Impact Echo

13)  Mechanical Sounding

14) Radar

15) Rebound Hammer

16) Thermal

17)  Ultrasonic Testing

OQ

I
I A
I
CHNEE N e =
I I
I

18)  Visual Inspection

Using Expert Opinion to Quantify Accuracy
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The following questions pertain to RELTABILITY of each NDE test for concrete bridges. For the purposes of this survey
RELIABILITY is defined as the reproducibility of a test in an uncontrolled environment (i.e. in the field). Please mark the
RELIABILITY of each method based on the scale provided. (mark one for each method)

Response:

Mean:

Standard Deviation:

Coefficient of Variation:

Note: The coefficient of variation 1s a normalized measure of dispersion of a probability distribution.

Example:

RELIABILITY SCALE
2 3 4 5
100 100 100 100 100
35 22 12 8 6
.35 0.22 0.12 0.08 0.06

If Cover Meters/Pachometers are used to repeat a test multiple times in a controlled environment. and the results
have a coefficient of variation of abont 0.12 they have an average RELIABILITY and the response would be 3.

If Electrical Potential 1s used to repeat a test multiple times m a controlled environment, and the results have a
coefficient of variation of about 0.06 it has a high RELTABILITY and the response would be 5.

2

Don't Know

Cover Meters/Pachometer
Electrical Potential

K
|

Don't Know

19)
20)
21)
22)
23)
24)
25)
26)

27)

Cover Meters/Pachometer
Electrical Potential
Tmpact Echo

Mechanical Sounding
Radar

Rebound Hammer
Thermal

Ultrasonic Testing

Visual Inspection

[

[

I

[

(T

{0 T

Using Expert Opinion to Quantify Accuracy

and Reliability of Nondestructive Evaluation on Bridges - Round Two of a Delphi Survey

94

Page 5 0f 16




The following questions pertain to various COSTS of each NDE test for conerete bridges. For each segment you will be developing
vour own scale and marking your opinion of COST for each method based on this scale. This process will give us a better idea of your
opinion on each cost relative to other participants. After making your scale. please mark the COSTS of each method. (mark one for
eacl)

Example:
Personal Scale Made For TIME SPENT RUNNING A TEST
Very Low Low Moderate High Very High
Scale 0 - 4 Hours 3 - 8 Hours 8 - 10 Hours 10 - 15 Hours 15+ Hours

If Cover Meters/Pachometer takes about 4 hours to run a test on the example bridge the TIME SPENT RUNNING A
TEST (3 - 8 Hours) response would be Low.

If Electrical Potential takes about 13 hours to run a test on the example bridge the TIME SPENT RUNNING A
TEST (10 - 15 Hours) response would be High.

i i =
é 2 Bb é
] = =
- Z 5 ! = o
% = 3 ) [ =
2 = D g
- - a
Cover Meters/Pachometer X
Electrical Potential X

Please develop your scale and mark the average TIME SPENT RUNNING A TEST for each method for a 200 ft. 4 lane Prestressed
Concrete Bridge with a reinforced concrete deck. (mark one for each method)

Personal Scale Made For TIME SPENT RUNNING A TEST

Very Low Low Moderate High Very High

Scale

High
ry High

Low

28) Cover Meters/Pachometer
29) Electrical Potential

30) Impact Echo

31) Mechanical Sounding

32) Radar

33) Rebound Hammer

34) Thermal

35) Ultrasonic Testing

36)  Visual Inspection

OO0 0O OO ben't Know

OOOOOOOOO| very Low
I
OOOOOOOO O Moderate
I
I

Using Expert Opinion to Quantify Accuracy
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Please develop your scale and mark the average TIME SPENT ANALYZING DATA for each method for a 200 ft. 4 lane Prestressed
Concrete Bridge with a reinforced concrete deck. (mark one for each metiod)

Personal Scale Made For TIME SPENT ANALYZING DATA

Very Low Low Moderate High Very High

Scale

Low

High

7)  Cover Meters/Pachometer
8) Electrical Potential

39) TImpact Echo

40)  Mechanical Sounding

41) Radar

42) Rebound Hammer

43) Thermal

44)  Ultrasonic Testing

45)  Visual Inspection

[FERNLIY]

OO OO very Low
I
OO OO Moderate
N T
OO OO Very High
O (] Don't Know

Please develop your scale and mark the average TIME TO TRAIN AN INSPECTOR to be considered able to competently perform
the specified test method for concrete. (mark one for each method)

Personal Scale Made For TIME TO TRAIN AN INSPECTOR

Very Low Low Moderate High Very High

Scale

Low
High

46)  Cover Meters/Pachometer
47)  Electrical Potential

48) ILmpact Echo

49)  Mechanical Sounding

50) Radar

51) Rebound Hammer

52) Thenmnal
53) Ultrasonic Testing

IDO0 OO OEE O] very Low
[
1O ) Moderate
R
IO O EE ] Very High
IDDDDDDDDDmmmw

54)  Visual Inspection

Using Expert Opimon to Quantify Accuracy
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Please develop your scale and mark the average MONETARY COST FOR THE EQUIPMENT for each method for a 200 ft. 4 lane
Prestressed Concrete Bridge with a reinforced concrete deck. (mark one for each method)

Personal Scale Made For MONETARY COST FOR THE EQUIPMENT

Very Low Low Moderate High Very High
Scale

= o = z
55) Cover Meters/Pachometer ] O ] L] ] L]
56) Electrical Potential [] [] [] [] L] L]
57) Impact Echo Ll [] [] L] Ll L
58) Mechanical Sounding L] O O Ll ] L]
59) Radar ] O O ] ] L]
60) Rebound Hammer [] L] [] [] [] []
61)  Thermal [ [] [] [] [] []
62) Ulirasonic Testing Ll O O Ll ] L]
63)  Visual Inspection [] [] [] [] [ L]

Please develop your scale and mark the average NUMBER OF INSPECTORS NEEDED for each method for a 200 ft. 4 lane
Prestressed Congcrete Bridge with a reinforced concrete deck. (mark one for each method)

Personal Scale Made For NUMBER OF INSPECTORS NEEDED

Very Low Low Moderate High Very High
Scale
E 0] = z
[y = 3 i B =
3 = 2 g
64)  Cover Meters/Pachometer ] 8 ] ] [] L]
65)  Electrical Potential [] ] ] L] ] L]
66) Impact Echo Ll O O L] ] L]
67) Mechanical Sounding [] [] [] [] [] L]
68) Radar [ ] 0 [l L] [
69) Rebound Hammer [] [] [] L] L] L]
70)  Thermal [l O O O [ ]
71) Ultrasonic Testing L] L] L] L] L] L]
72)  Visual Inspection g g g g g |:|_
Using Expert Opimion to Quantify Accuracy
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Section 2 - NDE Methods for Steel Bridges

The following section contains a series of ranking questions concerning various aspects of NDE methods on STEEL bridges. ATL
QUESTIONS ARE OPINION BASED. You do not need to have extensive experience of a method to answer questions about that
method. If you feel you have no opinion on a topic. please mark "Don't Know". Please answer all questions to the best of your
knowledge.

The following questions pertain to BIAS of each NDE test for steel bridges. BIAS is defined as the tendency of a test to measure either
higher or lower than the actual or perceived value. Rate how BIASED you feel each method is based on the scale provided. (mark one

for each metliod)

BIAS
SCALE
-50% or +50% or
More -40% -30% -20% -10% +10% +20% +30% +40% More
1 2 3 4 5 6 7 8 9 10 11
LOWER THAN TRUE VALUE T HIGHER THAN TRUE VALUE
TRUE VALUE

Example:
If Acoustic Emission does not consistently measure a higher or lower value than the actual value it has no BIAS and the
response is 6 (TRUE VALUE)
If Radiography consistently measures values that average about 20% higher than the actual value it has a BIAS of about
20% higher than the true value and the response is 8 (+20%)
i(2|3|4|5]|6|7|8]|% 1|11 Dot
Know
Acoustic Emission X
Radiography X
12345 |6|7]s]9|w0]1]| Dont
Know
73) Acoustic Emission Oogoggagdadoig L]
74) Radiography L O O O oy o Oy ooy ot L]
75) Ultrasonic Testing - Crack Detection OO ggooOogd L]
76) Ultrasonic Testing - Pin Inspection Oogogggdad gt L]
77) Ultrasonic Testing - Weld Inspection Hinliniiniinliniiniiniiniinlin L]
78)  Visual Inspection oo ooy oo ot L]
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The following questions pertain to ACCURACY of each NDE test for steel bridges. ACCURACY is defined as the tendency of a test
to measure false results. Please indicate, on average. the ACCURACY of each method for each category. Nore: Your percentage for
each method should add to 100%.

Definitions:
False Positive: Test measures damage. but there is no damage
False Negative: Test measures no damage. but there is damage
True Response: Test measures damage and there is damage OR test measures no damage and there is no damage

Example:
2] o 1] %
wo=> T o = =
Lz I 3B e
< 'R ® &) '@ —
=g < 2 e =
<]
m]
Acoustic Emission 0 100%
Liquid Penetrant Testing 5% 109 85%
5] L (7] %
= o = o = =
= | 28 35 o
E1E3|F2] :
o
(=]
79)  Acoustic Emission
80) Liquid Penetrant Testing
81) Magnetic Particle Testing - Crack Detection
82) Magnetic Particle Testing - Weld Inspection
83) Radiography
84)  Ultrasonic Testing - Crack Detection
85) Ultrasonic Testing - Pin Inspection
86) Ultrasonic Testing - Weld Inspection
87)  Visual Inspection
Using Expert Opinion to Quantify Accuracy
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The following questions pertain to PRECISION of each NDE test for steel bridges. PRECISION is defined as the reproducibility of a
test in a controlled environment (i.e. a lab setting). Please mark the PRECISION of each method based on the scale provided. (mark
one for each method)

PRECISION SCALE

Response: 1 2 3 4 5

] | e | SN A

Mean: 100 100 100 100 100
Standard Deviation: 35 22 12 8 6
Coefficient of Variation: 0.35 0.22 0.12 0.08 0.06

Note: The coefficient of variation is a normalized measure of dispersion of a probability distribution.

Example:
If Acoustic Emission is used to repeat a test multiple times in a controlled environment. and the results have a
coefficient of variation of about 0.12 they have an average PRECISION and the response would be 3.
If Liquid Penetrant Testing is used to repeat a test multiple times in a controlled environment, and the results have a
coefficient of variation of about 0.06 it has a high PRECISION and the response would be 5.
Don't
1 2 3 4 5 =
Know
Acoustic Emission X
Liquid Penetrant Testing X
1 2 3 5 o
Know

88)  Acoustic Emission

89)  Liquid Penetrant Testing

90) Magnetic Particle Testing - Crack Detection

91)  Magnetic Particle Testing - Weld Inspection

92) Radiography

93)  Ultrasonic Testing - Crack Detection

94)  Ultrasonic Testing - Pin Inspection

95)  Ultrasonic Testing - Weld Inspection

]
]
]
]} |
]
]

96)  Visual Inspection
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The following questions pertain to RELTABILITY of each NDE test for steel bridges. For the purposes of this survey RELIABILITY
is defined as the reproducibility of a test in an uncontrolled environment (1.e. in the field). Please mark the RELTABILITY of each
method based on the scale provided. (mark one for each method)

RELIABILITY SCALE

[
5
.

»n

Response: 1

s | i, | SN A

Mean: 100 100 100 100 100
Standard Deviation: 35 22 12 8 6
Coefficient of Variation: 0.35 0.22 0.12 0.08 0.06

Note: The coefficient of variation is a normalized measure of dispersion of a probability distribution.

Example:
If Acoustic Emission is used to repeat a test multiple times in a controlled environment, and the results have a
coefficient of variation of about 0.12 they have an average RELIABILITY and the response would be 3.
If Liquid Penetrant Testing is used to repeat a test multiple times in a controlled environment. and the results have a
coefficient of variation of about 0.06 it has a high RELIABILITY and the response would be 5.
Don't
1 2 3 4 5 .
Know
Acoustic Emission X
Liquid Penetrant Testing X
)
1 5 3 5 Don't
Know

97)  Acoustic Emission

98)  Liquid Penetrant Testing

99)  Magnetic Particle Testing - Crack Detection

100) Magnetic Particle Testing - Weld Inspection

101) Radiography

102) Ultrasonic Testing - Crack Detection

103) Ultrasonic Testing - Pin Inspection

104) Ultrasonic Testing - Weld Inspection

T
I
T
I
T
I

105)  Visual Inspection
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The following questions pertain to various COSTS of each NDE test for concrete bridges. For each segment you will be developing
your own scale and marking your opinion of COST for each method based on this scale. This process will give us a better idea of your
opinion on each cost relative to other participants. After making your scale. please mark the COSTS of each method. (mark one for

each)
Example:
Personal Scale Made For TIME SPENT RUNNING A TEST
Very Low Low Moderate High Very High
Scale 0 - 4 Hours 3 - 8 Hours 8 - 10 Hours 10 - 15 Hours 15+ Hours

If Acoustic Emission takes about 4 hours to run a test on the example bridge the TIME SPENT RUNNING A TEST
(3 - 8 Hours) response would be Low.

If Liquid Penetrant Testing takes about 13 hours to run a test on the example bridge the TIME SPENT RUNNING A
TEST (10 - 15 Hours) response would be High.

3 " = 3
g g . & g
- g 53 Eﬂ ne] b
= i = b e Es
o - (7] s
- = > A

Acoustic Emission X

Liquid Penetrant Testing X

Please develop your scale and mark the average TIME SPENT RUNNING A TEST for each method for a 200 ft. 4 lane Steel Girder
Bridge with a reinforced concrete deck. (mark one for each method)

Personal Scale Made For TIME SPENT RUNNING A TEST

Very Low Low Moderate High Very High

Scale

Low
High

106)  Acoustic Emission
107) Liquid Penetrant Testing

108) Magnetic Particle Testing - Crack Detection

109) Magnetic Particle Testing - Weld Inspection
110) Radiography

111) Ultrasonic Testing - Crack Detection

112) Ultrasonic Testing - Pin Inspection

113) Ultrasonic Testing - Weld Inspection

CNENE NI Very Low
[
OOOOO OO OE] Moderate
I
CNEE ) Very High
CIEE ] Don't Know

114) Visual Inspection
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Please develop your own scale and mark the average TIME SPENT ANALYZING DATA for each method for a 200 ft. 4 lane Steel
Girder Bridge with a reinforced concrete deck. (mark one for each method)

Personal Scale Made For TIME SPENT ANALYZING DATA

Verv Low Low Moderate High Very High

Scale

Low
High

115) Acoustic Emission

116) Liquid Penetrant Testing

117) Magnetic Particle Testing - Crack Detection

118) Magnetic Particle Testing - Weld Inspection

119) Radiography

120) Ultrasonic Testing - Crack Detection

121) Ultrasonic Testing - Pin Inspection

122) Ultrasonic Testing - Weld Tnspection

OOOOOOOOE, very Low
I
OO OO Moderate
I O
OOOOOOOOE, very High
OO OO0 OO0 boen't Know

123) Visual Inspection

Please develop your own scale and mark the average TIME TO TRAIN AN INSPECTOR to be considered able to competently
perform the test method for a 200 ft. 4 lane Steel Girder Bridge with a reinforced conerete deck. (mark one for each method)

Personal Scale Made For TIME TO TRAIN AN INSPECTOR

Very Low Low Moderate High Very High

Scale

Low
High

124)  Acoustic Emission

125) Liquid Penetrant Testing

126) Magnetic Particle Testing - Crack Detection

127) Magnetic Particle Testing - Weld Inspection

128) Radiography

129) Ultrasonic Testing - Crack Detection

130) Ultrasonic Testing - Pin Inspection

131) Ultrasonic Testing - Weld Inspection

]
OO EEEEE] Moderate
N
OOOOOOOO ), very High
O OOOOO OO Hpen't Know

OOOOOOOoO ), very Low

132) Visual Inspection
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Please develop yvour own scale and mark the average MONETARY COST FOR THE EQUIPMENT for each method for a 200 ft. 4
lane Steel Girder Bridge with a reinforced concrete deck. (mark one for each method)

Personal Scale Made For MONETARY COST FOR THE EQUIPMENT

Very Low

Low

Moderate

High

Very High

Scale

Low

High

= 5 = v

o Z o X

: 2 2z
133) Acoustic Emission ] ] ] L] L] L]
134) Liquid Penetrant Testing ] | L] L] L] []
135) Magnetic Particle Testing - Crack Detection [l L] [] [] [ []
136) Magnetic Particle Testing - Weld Inspection [] [] [] L] [] L]
137) Radiography L] Ol Ll L] L] []
138) Ultrasonic Testing - Crack Detection O] L] L] L] [] [
139) Ultrasonic Testing - Pin Inspection L] [] [] [] L] []
140) Ultrasonic Testing - Weld Inspection [] [] [] L] L] L]
141) Visual Inspection L] L] L] L] L] []

Please develop vour own scale and mark the average NUMBER OF INSPECTORS NEEDED for each method for a 200 ft. 4 lane
Steel Girder Bridge with a reinforced concrete deck. (mark one for each method)

Personal Scale Made For NUMBER OF INSPECTORS NEEDED

Very Low Low Moderate High Very High
Scale

z 2 g Z

S|l z| B | 5| E| 2

2 =3 3 o z +

> = = 8
142) Acoustic Emission O] O] O] L] L] []
143) Liquid Penetrant Testing L] L] L] L] L] L]
144) Magnetic Particle Testing - Crack Detection [l O O [l ] [
145) Magnetic Particle Testing - Weld Inspection L] L] L] L] L] L]
146) Radiography OJ OJ UJ [J L] [
147) Ultrasonic Testing - Crack Detection L] L] L] L] L] L]
148) Ultrasonic Testing - Pin Inspection [l O [l [l ] []
149) Ultrasonic Testing - Weld Inspection L] L] L] L] L] L]
150)  Visual Inspection g g g g g []
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End of Questionnaire. Please make sure you have completed both sections of the questionnaire. After that, please retumn the completed
survey either by mail or email as described previously, If you have any comments please include them in the extra space provided.

Thank you for completing this questionnaire and successive questionnaires in this study. Your responses will help improve the use of
NDE techniques.

Extra space if needed:

Using Expert Opinton to Quannufy Accuracy
and Reliability of Nondestructive Evaluation on Bridges - Round Two of a Delphi Survey Page 16 of 16

105



Example of Cover Letter

3/4/2013 Colo O

University

Dear Potential Participant,

My name is Alex Hesse and I am a researcher from Colorado State University in the Civil and
Environmental Engineering Department. We are conducting a research study to attempt to better
understand the use of nondestructive evaluation methods (NDE) on bridges. The title of our
project is Using Expert Opinion to Quantifv Accuracy and Reliabilitv of Nondestructive
Evaluation on Bridges. The Principal Investigator is Rebecca Atadero in the Civil and
Environmental Engineering Department and the Co-Principal Investigator is Alex Hesse from
the Civil and Environmental Engineering Department. This study is funded by the Mountain
Plains Consortium, the Region 8 University Transportation Center sponsored by the USDOT.

The purpose of this survey is to help determine the accuracy. precision, sensitivity. reliability,
and various costs associated with commonly used NDE techniques on bridges. The goal of the
researchers is to quantify and better understand these properties of the various NDE techniques
for use in inspection planming. Ultimately we hope to encourage the use of NDE on bridges by
developing risk based plans for inspection. We would like the most experienced personnel to
complete this survey. If you feel you are not experienced in NDE techniques on bridges please
pass this along to a more experienced person.

It is our belief that the routine visual inspections conducted every two years on most bridges are
not the most effective allocation of resources, but in order to design a more efficient process we
need better information about the accuracy and reliability of NDE methods. Your information
was found from a public source that indicated you might be knowledgeable in this area. Only a
small portion of NDE experts are being contacted and your experiences and opinions on the
subject are very important. Results from this survey will hopefully contribute to making our
nation’s bridges safer for the public.

We would like vou to complete a Delphi method survey about nondestictive evaluation
techniques on bridges. The process will involve the completion of approximately four to five
suwrveys over the course of about five months. Participation will take approximately 20 minutes
for each survey totaling about 1.5 hours of participation throughout the process. Your
participation in this research is voluntary. If you decide to participate in the study. you may
withdraw your consent and stop participation at any time without penalty.

106



All surveys will be kept confidential and only the research team will have access to the
responses. All subsequent surveys will only use number and/or letter identifiers to distinguish
between participants. All responses will be stored separately from the identification information
and all mformation will be either locked or password protected. While there are no direct
benefits to you. we hope to gain knowledge allowing us to improve the bridge inspection
process.

There are no known risks associated with this process. As stated previously. all responses will be
kept confidential and will only be presented in aggregate form. It is not possible to identify all
potential 11sks in research procedures. but the researchers have taken reasonable safeguards to
minimize any known and potential, but unknown., risks.

Please complete the enclosed questionnaire and return it by October 19, 2012 either by email to
aahesse(@engr.colostate.edu or by mail in the provided postage-paid envelope:

Department of Civil and Environmental Engineering
Colorado State Umiversity

1372 Campus Delivery

Fort Collins, CO 80523-1372

ATTN: Alex Hesse

If you have any questions. please contact Alex Hesse at (608) 354-5865 or
aahesse(@engr.colostate.edu or Rebecca Atadero at (970) 491-3584 or
ratadero(@engr.colostate.edu. If you have any questions about your rights as a volunteer i this
research, contact Janell Barker, Human Research Administrator, at 970-491-1655.

Sincerely,
Rebecca Atadero Alex Hesse
Assistant Professor Master’s Student
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APPENDIX B

Stability Results

Table 1A. Stability Results from the Bias Subseatfiom Round 2 to Round 3

Concrete Method of

Cover Meters/Pachometer 1.00
Impact Echo 1.00
Radar 1.00
Ultrasonic Testing 0.99
Visual Inspection 0.85
Steel Method d

Acoustic Emission 1.00
Radiography 1.00
Ultrasonic Testing - Crack Detection 0.99
Ultrasonic Testing - Pin Inspection 1.00
Ultrasonic Testing - Weld Inspection 1.00
VVisual Inspection 0.98

Table 2A. Stability Results from the Reliability I&ection from Round 2 to Round 3

IConcrete Method s
Cover Meters/Pachometer 1.00
Electrical Potential 1.00
Impact Echo 0.99
Mechanical Sounding 0.98
Radar 0.99
Rebound Hammer 1.00
Thermal 1.00

JUltrasonic Testing 0.97
Visual Inspection 0.99
Steel Method d
Acoustic Emission 0.99
Liquid Penetrant Testing 0.97
Magnetic Particle Testing - Crack 0.93
Detection '
Magnetic Particle Testing - Weld 0.97
Inspection '
Radiography 0.99
Ultrasonic Testing - Crack Detection 0.98
Ultrasonic Testing - Pin Inspection 0.98
Ultrasonic Testing - Weld Inspection 0.99
Visual Inspection 0.99
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Table 3A. Stability Results from the Reliability I&ection from Round 2 to Round 3 (Unstable Resulis

Highlighted)
Is
False False True
Positive| Negative| Responsd
Concrete NDE Method

[Electrical Potential
[Mechanical Sounding
Thermal

Visual Inspection

Steel NDE Method
1.00

Acoustic Emission

JLiquid Penetrant
Magnetic Particle — Crack
IMagnetic Particle — Weld
IRadiography

IUItrasonic — Crack
Juitrasonic — Pin
Juitrasonic - weld

—

JVvisual Inspection |

Table 4A. Stability Results from the Costs Subsectiom Round 3 to Round 4 for the Concrete NDEHdds

I's
Time Spen{Time Spenf Timeto | Monetary | Number of
Running a| Analyzing | Train an Cost for Inspectors
Test Data Inspector| Equipment [ Needed

Cover Meters/Pachometer 0.98 0.99 0.98 0.98 O.T
Electrical Potential 0.99 0.99 0.99 0.99 0.99
Impact Echo 1.00 0.98 1.00 0.97 0.99
Mechanical Sounding 0.98 0.99 0.99 1.00 0.97
Radar 0.96 0.99 1.00 0.99 0.93
Rebound Hammer 1.00 0.98 0.98 1.00 0.99
Thermal 0.98 1.00 0.99 1.00 0.98
Ultrasonic Testing 0.96 0.99 1.00 1.00 0.99
VVisual Inspection 0.98 0.98 0.98 1.00 0.97
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Table 5A. Stability Results from the Costs Subsectrom Round 3 to Round 4 for the Steel NDE Method

I's

Time SpentTime Spen| Timeto | Monetary | Number of

Running a| Analyzing| Train an Cost for Inspectors
Test Data Inspector | Equipment|  Needed
Acoustic Emission 1.00 1.00 1.00 1.00 1.00
Liquid Penetrant 0.95 0.98 0.98 0.99 1.00
Magnetic Particle — Crack 0.99 0.98 0.98 0.99 0.99
Magnetic Particle — Weld 0.99 0.98 0.98 0.99 0.99
Radiography 0.99 0.98 1.00 0.99 0.95
Ultrasonic — Crack 0.99 0.98 1.00 0.97 0.99
Ultrasonic — Pin 0.95 0.98 1.00 0.97 0.99
Ultrasonic - Weld 0.98 0.98 1.00 0.97 0.99
Visual Inspection 0.92 0.99 0.98 0.99 1.00
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