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Abstract

Bridge and overpass infrastructure are crucial parts of transportation networks that must be
adequately maintained to ensure minimal repair costs and traffic disruption. jdrgyma

of the bridges and overpasses in North America are constructed with a concrete deck, with
many of these decks actingthe wearing surfacat is well known thathese types dfteel
reinforced concrete structur@se susceptible to corrosion dareagspecially when in
environments rich in chlorides. In order to mtiéy areas at risk of chloridmduced
corrosion, this research aims to correlate chloride content in bridge decks with material

properties determined using ground penetrating radar.

It has generally been accepted thaaof a concreteleck showing high levelsf signal
attenuationindicate high chloride levels. While low signal loss conditions @ften
assumed infmodelng wave propagation through concrete, this research aimsptove

the detection of chloride laden areasngsa conductive media approa®@y assuming a
constant moisture content throughout the structure and measuring the relative attenuation

in each scan, theonductivityof the deck is determined

To determinethe validity of this methodthe conductive model was employtd the
evaluation of five bridge decks surveyed in previous rese&@ygtaccounting for both

power fluctuations and geometric spreading, signal attenuation was isolated and conductive
propertes were determined. Conductive results were then compared-tehahd chain

drag reference tests from eachtloé five bridge decksnvestigated The areas with the
highest conductivity levels were strongly correlated with both-¢ellf and chain drg

results, confirming that the conductive modetapable ofdentifying concrete in need of

repair.

Finally, determined conductivities were compared to chloride contents measured from
cores taken from each deck at the time of testing. Conductivity hasnsto increase
linearly with chloride contentonfirming the ability of ground penetrating radar to detect
chlorides Thisrelationship can be used to map chloride content across a bridge deck and

estimate the time to corrosion, greatly increasing the&ency of bridge deck inspection.
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Chapter 1: Introduction

Concrete bridge decks are a valuable parpublic infrastructure all over the world.
Maintaining this infrastructure is crucial to sustaining the transportation networks that are
an essential part of thiggobaleconomy Proper maintenance includesspedions of each
bridge preventative measureand appropriate structural repairtmplementation of a
bridge management system dramatically increases the efficiency of this process and
reduces long term costs. The best waynglementhissystems with frequent inspections

and timely repairslf a bridge is repaired when theienot significant deterioration, the
result is the replacement ebund concreteynnecessary disruption ofaffic, and the
mobilization ofequipmentn orderto do very little wak. If repairs are too late, parts of the
deck that could have been protected tratslitated must undergo more extensiepair

or replacement In either situation the unnecessary costs can skyrogkgentially
crippling agencies in charge of a largstwork of bridge decks

It is estimated that repairs are best scheduled whel?%0of a giverconcretedeck is
damaged (Fitch et al. 1995, Williamson et al. 200vdrder to conduct repairs at this ideal
point, inspections must accurately determinesdetation levels of bridge decksd be
carried out frequently enoughpoedictthe rate oflamagéeo the deckProper preventative
maintenanceand inspectiomwill lengthen the lifespan of each deck and will significantly
reducetotal lifetime costs.

By recording the resultsf frequent inspectionfor a given bridge deck, it may even be
possible to estimate when repairs should take place. Making these predictions would give
management agencies an idea ofrttagnitude ofuture costs and when to expduotmn. It

would also allow efficient repairs to be scheduled for large networks of bridges as there is
only a finite amount of repair funding eagbar.This would allowmore realistic financial
planning of bridge maintenance and reduce unexpected esgsially when managing a

large network of bridges

Since muchof the current infrastructure is invested in concrete constructitme
deterioration rate ofhese deckshould be modeleth a bridge management systdiy

carrying out appropriate inspectiongesting procedures specific to concrete decks must

1



be implemented and an understanding of the common causes of damage to these decks
must be achieved. Concrete is a variable material as each mix design has its own
proportions and types of aggregate, cetmewater, and admixtures. Each unique
combination has its owadvantage and disadvantages, so thererar&lear guidelingas

to how fast deterioration may progress in a given deck.

The maincause of damage to concrete bridge decks is corrosion tWreamentDuring
the corrosion procesgeinforcing barscan expand up to six timekeir initial volume,
causing significant stresses at the stegicrete interfacéBertolini et al. 2004) As the
corrosion progressasdamages the concrete, beginnmigh small cracks and eventually
causing delamination argpallingof sections of the declSufficient corrosion can result
in the loss of structural capacity of both the reinforcing steel and the concret®iselt
the severity of this damage, itirmportant to be able to detect areas of corrosanty on

in its progressiomnd plan repairs accordingly. Chlorides have been shosigridicantly
accelerate the onset of reinforcement corrodgnassisting in théreakdown of the
protective passivalin formed during curinAhmad 2003. This is of special concern for
concrete bridge decks due to the use of deicing salts during winter months as well as any
salt water spray if the deck is in a marine environniEmese chlorides penetrate the deck,

diffusing through the concrete to the steel reinforcement.

Current bridgedeckinspection methods determine evidencexikting deteriorationbut
cannot often identify the risk of damage or the rate of deteriorafiba traditional
inspection method$or concrete decksre visual inspection, chain drag, and ‘el
potential Other methods to assess the condition of concrete bridge decks include impact

echo, resistivity measurement, ultrasonic methods, and ground penetrating radar.

The use ofcroundPenetratingRadar (GPRRs a tooko determindghe condition of bare
concrete bridge decks the focus of this thesiBare concrete bridge decks are those decks
that use the concrete as the wearing surfacpdssing traffic instead of adding a paving
layer.GPR surveys determine areasleferioration by transmitting electromagnetic pulses
into the concrete deck. These pulses reflecvidiny significant change in materials, most
notablythe steelreinforcementvithin the concretedeck and return tolte radamantenna
The amplitudeand travel timef eachreturningpulse is then recorded and processed. The
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strength of the returning signal is reducedbloyh spreading and attenuatidwssesas it

passes through the concrdtesucci 2008). Spreading loss are a function of wave
propagation distance while attenuation is due to tinelective propertiesf the material

the wave is passing through. Chloride concentration in concrete has been shown to cause
the attenuation of GPR signdly increasing theonductivity (Hugenschmidt and Loser

2008). By mapping out areas that show significaabductivity and thereforattenuation,

chloride content and therefoterrosion risk can be estimated.

Current concreteevaluation methods using GPR takenorconductive approach to
analysis. Employin@ conductive model will allow for a more complete represem of

the physical process involved glectromagnetic wave propagati throughconcrete
determining signal attenuation with greater accurddgally, this mdiod will result in
conductivity threbolds that can be applied to-service concrete bridge decks scanned
with GPR that will identify corrosion risk due to chloride$racking the conductivity
values over time and incorporating them into a diiasnodelcould afford management
agencieghe ability to monitor and even predict chloride penetration into concrete bridge

decks.

In order to prove this model to be valid as a condition assessment tool, the following

capabilities must be demonstrated

Determinatbn ofa conductivity profile for an investigated deck
Strong correlation betweancreased conductivitieslentified by the model and
deteriorationdentified by reference hatfell and chain drag testing

1 Credible relationship between calculated conditeds and measuredchloride

contents



Chapter 2: Literature Review

This chapter will contain background information relevant to the subjects explored over
the course of this research. The purpose of this literature review is to outline both the
concepts and the @vious research involved in assessing the condition of reinforced
concrete bridge decks with GPRreview of the current bridge and overpass infrastructure
will highlight the challenges management agencies will face and the importance of
thorough inspeatins. A review of the concepts behind chloride induced corrosion and
nondestructive testing of concrete decks aldlobe presented, along wiéim outline of the

relevant research.

2.1 Current State of Infrastructure

As of 2007, bridges and overpasses acaauior 8% of total public infrastructure in

Canada, amountingto $239 | | i on ( Gagnon reportshowed2hatth8 ) . Ga
average age of these structures had increased from 21.3 years to 24.5 years since 1985 due

to a lack of investment in constition. A significant portion of this ageing, 0.8 years, had
occurred since 2001 dbe investmenin these assets rose an average of only 0.4% per

year. During this same period, the average inflation rate in Canada was 2.2% per year (Bank

of Canada 2014)Compared to a mean service life of 43.3 years, the study noted that
bridges and overpasses had passed 57% of their useful life with provincial highs of 66% in

Nova Scotia and 72% in Quebec.

As the age of these structures is increasing, it is more impainizam ever to inspect and
repair them effectively. Prolonging bridge maintenance will only increase the total cost of
these bridge decks over their lifetimes and could potentially shorten lifetimes by allowing
deterioration to continue longer than necegsahe current philosophy of saving
maintenance money for a later date will end up costing much more, especially if several
bridges get to a point of critical deterioration over a short time span, which would incur a

substantial replacement cost.

In the Lhited States, the Federal Highway Administration (FHWA) National Bridge
Inventory lists 607 380 bridges as of 2012 with 11% structurally deficient and an additional
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14% functionally obsolete (FHWA 2014). The estimated cost to rehabilitate these
structuredbased on theational average cost was $35ilidn in 2012 (FHWA 2013a). Of

these structures, the FHWA lists 69% as having a concrete deck (FHWA 2013b) and 34%
of all decks as having a concrete wearing surface (FHWA 2013c).

The state of these bridgeshnth countries illustrates the need for thorough and efficient
inspection techniques. Inspections must focus on the deterioration mechanisms and strive
to detect the signs of these mechanisms before the damage is done. The large number of
concrete bridgalecks present in the infrastructure is evidence of the need for concrete
specific techniques. By identifying areas of concreidge decks that have a high risk of
deteriorationthe cost of maintaining the decks will decrease while their expected hfespa

will improve. It has been determinglat significantly increasing treccuracy of condition
assessments could decrease the total cost of repair contraed&b{Cdbwell1988). These

savings over the number of repairs for each bridge in a network wonldle substantial

cost savings to managing agencies.

2.2 Chloride Induced Corrosion

A major cause of deterioratidn concrete bridge decks é®rrosion of the reinforcement.

As the reinforcement corrodes, the corrosion product increases the volume of the
reinforcing bar while reducing the structurally effective area of steel (Berédlai2004).

The process of corrosion is essentially mietal reverting back to its original mineral and

ore components. In fact, tteameenergy required to make metal iron from iron ore is
released during corrosion (Roberge 2008). Corrosicemn electrochemical process that
consists of two half reactions, anodic reaction and a cathodic reactionoider for it to

take place, corrosiarequires enough water and oxyderbe in the concrete pore structure

to permit thetransfer of electrons between anodic and cathodic.cElle chemical
environment surroundg steel reinforcement determines when corrosion will begin as well

as how far and at what ratewill progress.



2.2.1 Corrosion Electrochemical Process

The corrosion of steel reinforcemeist an electrochemical process as it is a chemical
reaction involvingthe transfer of electronkor this reaction to occua cell must form to
allow electrontransferfrom one half to the othehe two halves of the cell are the anodic
region where electrons are released in oxidation and the cathodic process thatthbsorbs
electrons in the reduction of oxygenhydrogenTo complete the cell, electrons must be
able to pass througboththe reinforcement and the concréaegpromote all the necessary
reactionsWhile the reinforcement will naturally transfer electrongiacete needs to have
sufficient ions in solution t@ct as an electrolyte aradlow the transfer. Under normal
circumstances thenodic halfreaction is aglescribed irEquation2.1andthe cathodic half
reaction is described as Equation2.2 or 2.3 depending on the availability of oxygen
(Ahmad 2003)

&M &A A [2.1]
I ¢c( /1 tTAort/( [2.2]
¢(  cA o [2.3]

As the anode releases electrons, ionic m@solves intderrousoxide and can further
oxidize into ferric oxideas shown irfequatiors 2.4and2.5respectively These iron oxides
accumulateas a corrosion product whilde solid iron decreasesausingthe loss of
effective steel area. This accumulation of corrosion product is what causes the volumetric
expansion that results in a buildup of stresthensurrounding concret&he process also
increases the acidity of the pore solution by releasing hydiogsrnto solution.



The cathodic reaction involves either the reduction of hydrogen ions or the splitting of
water. In either case, the balance betweéramtl OH is shifting and the concrete pore
solution is becoming more baskeffectively protecting ta steel at the cathode as low pH

environments experience much more aggressive cortosion

&A ¢(1°&A ( [2.4]

T&A( ¢/ | o1 &A( [2.5]

During the early stages of concrete hydration, the pore solution is a highly alkaline
environment. While in this alkaline stage, a thin passive oxide film is formed at the
interface between the concrete and the reinforcement. This passive film prevents the
reinforcememn from forming a corrosion cell aritlis only once this passive layer breaks
down that corrosion begins to occur (Montemor et al. 20@3@rder to maintain this
protective film, the environment surrounding the reinforcement must maintain its
alkdinity. The common catalysts for the depassivation of reinforcing steel are carbonation
and chloride contamination. Carbonation occurs when sufficient carbon dioxide from the
atmosphere lowers the pH to about 9 and the passive protection layer des{@slizeisi

et al.2004). The carbonation reaction is as sedfgmation2.6and reacts with the calcium

hydroxide present during the hydration of concrete.

Chloride concentration in concrete can cause depassivation locally in the reinforcement
that also leads to the initiation of corrosion. The abundance of chlorides from deicing salts
and marine environments makes this process of additional concern foeteohddge

decks. While these can both cause corrosion, chloride generally initiates corrosion in
modern structures much earlier than carbonation (Broomfield 2006). Poor concrete or

construction practices as well as shallow reinforcement could cause a#whdn initiate



corrosion first, but this is seldom the case. Chloride induced corrosion is also typically

more aggressive and more damaging than corrosion due to carbonation (Berke 2006).

# oo O#HAN (O#HA# ( [2.6]

Corrosioncan take place as one or both of two electrochemical procesaesoncrete
bridge deck The first process is macrocell corrosion where chemical reactions take place
between two separate bars. This occurs when the anodic amas lmdir increasandthe
anodic aeas of the other bar decrease while dpposite can be said for the cathodic areas
of the barsas seen irFigure 2.1. This process requires the two bars to be in different
environments, such as a toyat ofreinforcemenencased in concretaden with chloride

ions in solutionand a bottom mat in clean concrélgansson et al. 2006Yhe second
process is microcell corrosion which is much more common in practice. This process
occurs between anodic aoathodic areas of the same reinforcing bar as sdegumne2.2.

These two reactions can ocdndependently or bothan be presenin the samdridge

deck but the corrosion rate for microcells is significantly higher (Hanssdn 20@6).
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Figure 2.1: Macrocell corrosion process (Berke 2006)
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Figure 2.2: Microcell corrosion process (Ahmad 2003)

2.2.2 Effect of Chloride Contamination

When chlorides in a concrete structure reach a threshold level, the reinforcement
depassivates and the corrosion process can begin. This threshold level is a function of the
concrete composition and its environment (Poulsen and Mejlbro 2006, Glass afeldBuen
1997).As the passive layer breaks dgwihe reinforcement becomes anodic and forms a
corrosion cell with areas of reinforcing that are still cathotiiceshold levels are variable
based on the composition of the concrete used in different decksesiads no universally
accepted method faletermining this threshofdr a given deckFrederiksen 2009 here

is little variability in therange of thresholgsvhich can beestimatedbut notspecifically

defined (Glass and Buenfeld 199This variabilty makes it difficult to determine when

corrosion will begin in a given deck due to chloride contamination.

Corrosion can be either uniform over a section of reinforcenmmposed of multiple bars

or localized to a relatively sali anodic region of onéar. When thdocalizedarea of
corrosion issmall and the corrosion is aggressive, iteerred to as pitting due to the
hollowing of thesteelsectionin the anodic region of the baks the pit deelops in the bar,
chlorides as well agnized hydrogn and ironenterinto solution andcreatea highly
aggressive environment with a pH that can drop below 5 (Poulsen and Mejlbro 2006). This
pitting can be of added concern due to the relatixagbyd loss of effective steel areand

buildup of corrosion gduct When pitting progressesufficiently, it can completely
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destroy the structural capacity of thar and could lead to structural failure if allowed to

progress ufetteredon a number of reinforcing bassnultaneously

Chlorides that have already iiifated concrete can be either free or bound. Free chlorides
are chloride ions that amithin the pore solution of the concredmd free to migrate
through the deckBound chlorides are chemically bound to tlydration products of the
cementand are faly stable(Ahmad 2003). In chloride testing, eitheater or acid is used

to separatéhe chloridefrom the concrete to be measured. Water soluble chloride content
is themeasureof only thefree chloride contenwhile acid soluble chloride content is the
sum of free and bound chlorides. It is generally accepted that free chlorides are what
contribute to the corrosion of reinforcement, so naturally water soluble chlorides are often
measuredo determine corrosion riskree chlorides cause depassivatimsiead obound
chloridesdue to the fact that bound chlorides are already interactingtiéticement, so

they will have little or no effect on the passivity of the steel. Also, bound chlorides will not
diffuse throgh the concrete likéree chlorides ashey areheld in place by their chemical
bonds

Once it has initiatedhe rate of corrosion can vary from micrometers to millimeters per
year based on the humidity and chloride content of the concrete surrounding the
reinforcement (Bertolinet al. 2004). Increases in humidity, temperature, and chloride
content increase the corrosion rdtastically The effect of humidity on the corrosion rate

is highly dependent on the mix design of the concrete and the chloride ¢ortbhentegion

It has been showthat increases in conductivity increabke corrosion currenh cement

as electrons will flow through the concrete more frg@lpnso et al. 1988, Glass et al.
1991). Chloride has been shown to increase conductivity, so naturally higher levels of
chlorides would ncrease the corrosion current arouhd reinforcemenin addition to
aiding in the depassivation of the stéldlis is shown to an extreme in the pitting corrosion
described earliewhere the chlorides within the pit create a highly acidic swiuthat

results in an aggressive corrosion environment
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2.2.3 Chloride Transport Mechanism

Concrete bridge decks are routinely exposed to chloridestlwearourse of their service

lives. Chloride exposure is often due to sea spray or the use of deicingwsaits tthe

winter monthsThis exposure results in a surface concentration of chlorides over a given
concrete deckhat can vary substantialigue to traffic effects as well as ponding and
cracking of the deckOver time chlorides from the surface infiltiathrough pore spaces

cracks, and voidthrough a diffusion process descridedy Fi cko6s fir.st and
The first law as seen irEquation2.7, relates the fluxof chlorides(F) to the diffusion
coefficient (D) andthe hange i n chloride concentration
relates the change in the flux with depth to the changklaride concentration with time

as seen ifcquation2.8. These egations can be combined for edenensional problems

such as the vertical diffusion of chloride in concrete to fully describe the physical process

as seen irequation2.9. Naturally, regions with highesustainedsurface concentrations

over time will experience mie aggressive infiltration than regions exposed to less

chloridesdue to the steess of theoncentration gradient at the surface

T o
& $T_00 [2.7]
6 170
o T o [2.8]
re 1 1o
o T_(,0$T_OO [2.9]
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where

C1i chloride concentration (kg/m3)

D1 diffusion coefficient (m2/s)

Fichl oride flux (kg/ m2As)
t1 time (s)

X T distancefrom surface of concrete (m)

To add complexity to this situation, the diffusion coefficienta concrete decls time
dependent as thmuring and thelegree ohydration of the concretgeckaffects the pore
structure significantly(Poulsen and Mejlbr@006) Different concrete mixtures have
different diffusion coefficients based on the pore structure and chemical properties of the
concrete.The diffusion coefficient decreases over time as showiqumation2.10 The
exponentn isthe age parameter andlispendent on the mixture properties of the congcrete
representinghe rate of decay of the coefficient (Song et al. 2008is equation bases the
calculated diffusion coefficient oa reference diffusion value determinath reference

time. It has been shown that the time effects are substantial and that admixtures also have

significant effect on the coefficient (Thomas and Bamforth 1999).
$0 % O 2.10
5 [2.10

where:

Drefi diffusion coefficient at reference time ffs)
m1 age parameter for diffusion
trer I reference time (s)

Il n order to use Fickods | mumericalmodelscraustdoel | at e
constructed. One modelahhas been fairly populaelates currentchloride content to

boundary conditionand useshe complimetary error function as seen ig&ation2.11
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(Crank 1975) The boundary conditions in this equation agetl@e chloride concentration

at the surface, andiGhe chloride concentration at the point of interest at time Zero.
more robust method that can accelpanging surface chloride contenssveell as changes

in the diffusion coefficient both over time and as the result of repaired sections of a bridge
deckis required for complete determination of chloride profiles. The method that has been
gaining traction is a finite difference approdi@sed on th€rankNicholson mode(Song

et al. 2009Pérez et al. 2000 All this method requires is some knowledgehe diffusive
properties and initial chloride concentrationsthé concrete in order to determine a

chloride profile.

#oo # # # AOAA—
oR [2.11]

where:

Ci i chloride comentrationat point of interest at time zero (kghm
Cs1 chloride concentration at the surface (k§ym
erfcT complimentary error function

Since the diffusion of chloride is the transfer of ions through the pore structure of the
concrete, the size and connectexinef the pores greatly influence the diffusivityhere

are several test methods to determine the pore strueacdwith varying degrees of
effectivenesgHearn et al. 2006)The pore structure can vary significantly due to the
chemical makeup of theoncrete and the age of the strucfusignificantly effecting the

diffusivity.

2.3 Nondestructive Testingof Concrete Bridge Decks

Several nondestructive testing techniques have been applieshdoete bridge decks to

determine condition. Ideally these test®uld be fast, requiring minimal traffic disruption
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and labouy while avoiding damage to the structure of the deck. A drawback to these
methods is that they ardentifying deterioration after it has begun instead of identifying
its causesTo improvenondestructive testing procedures, an effort should be made to
accurately identify aas at rislof deterioratiorby investigating the specific deterioration

mechanisms tdetermine whemaintenancer repairsshould be scheduled

2.3.1 Visual Inspection

Many concrete structures aprimarily inspected visually. An inspector looks at various
aspects of the bridggructure in order to findvidence of damag@&hese inspections can
vary significantly inrigour from a close examination of minor defects to afdoek for
serious decayAn in-depth study of the reliability of this method was carried out for the
Federal Highway Administratiooy Moore et al(2001). This studgnalyze the responses
and performance of several practicing bridge inspectors to detetime variability of
inspection results. In all9 inspectors from 25 different states participated in the study.
The inspectors were asked tofpem 10 inspection task&cluding both routine and in
depth inspectionon seven test bridges in Virgmand Pennsylvanidnspectionresults
were compared to very thoroughspectionsconducted on the same bridges by the
Nondestructive Evaluation Validation Center (NDEVQ@he inspectors were asked to
evaluate the bridge on a scale e With 9 being excent condition and 0 being beyond
repair as il lustrated in the Bridge Inspec

The study concluded that the results of visual inspection were highly variable-&ith 4
different rating valuebseing applied teach primarystructural elementThey also noted

that the inspectors would often neglect important information during inspections. For
instance, less than 25 percent of inspectors correctly identified the support conditions while
inspecting a bridge. There was also a bai of variability when it came to what exactly

was inspected and what areas of concern were recorded.

The high variability of he results of visual inspectiorstroublesome and would prove to
be costly if repairs were not done early enough or if thene conducted before there was
sufficient damage to warrant them. While it is convenient to be able to inspect bridges

without specialized equipment or significant traffic disruption, more care should be taken

14



in the accuracy ofcondition assessmenbf the structuresvhen determining repair
guantities. Visualnspections only identify areas that are already sufficiently damaged to
the point of being visible to inspectotsowever, the versatility of this method should not

be overlooked as there are ndéarslard tests for every component of a bridge. The
inspections should however be accompanied by frequent tests of higher accuracy for an
overall assessment of the condition of a given bridge. Bridge decks especially are not easily
visually inspected as tifec would have to be diverted and deterioration would have to
progress significantly to be visibte inspectors

2.3.2 Chain Drag

Chain drag surveys are conducted by inspectors sounding the bare bridge deck with a chain
or rock hammersometimes as part of andepth visual inspectiofreas of delamination

are outlined based on a changeiich of the chain or hammeontactinghe deckwhich

are indicative of reinforaaent that ha sufficiently corroded to cause a separation with the
concrete cove(ASTM 2012) Additional areas are outlined due to visual anomalies like
poor concrete or construction practiesswould be identified in a visual inspectaone

This method is limited to the determination oéas that are already severely damaged

the point of delaminatian

The FHWA survey also compared the results of chain drag surveys among the sample of
inspectors in what was identified as task lhe study(Moore et al. 2001)The results

were compared to the NDEV@sults in which an extrerein-depth sounding survey

taking approximately two man day&s conductedn the same bridg@articipants were

put into 22 teams and performed a chain drag suowethe bridge deckOnly 5 of the

teams provided delamination estimates that fell w8t of the deck aredetermined by

the NDEVC. Each survey was plotted against the reference results and many of the
inspectors were significantly off. Al of
the areas where at least 5 teamdependentlyidentified delaminations were well
correlated with the NDEVC results.

Cores were taken and compared to both NDEVC results arseé firomthd nspect or s ¢

surveys The cores confirmed the NDEVC results aefiited some areas the participants

15



claimed were delamated. The NDEVGQieterminedhat 19% of tke surveyed deck was
delaminated whileasponses from the survey participants shodesak percentages from

2-35% and averaged 138&glamination

The large variabilityshown in this studghows that results are extrely dependent on the
individual inspectorand the degree of scrutiny during testidso, the test is very
nonspecific in that it only identifies areas that are delaminated to some degree and cannot
identify the cause orate of delamination. Further, @in drag surveysannot assess the

risk of future delamination teections othe deck.

2.3.3 Half-Cell

Half-cell potential tests measure the differenctelectric potential between embeddésk|
reinforcement and a reference copper/copper sulfate electrméahance the connection,
the reference electrode @®nnected tdhe concrete surface with a mosiange This
provides a liquid bridge with low electrical resistance to create electrical contmithity

the bridge deck The reference electrode @é®nnected to a voltmeter, asan electrode
connected to amxposed part of the reinforcing mat. It must be determined that the
reinforcing mat is electrically continuous by checking for continuity between diagonally
opposite ends of theinforcing in ebridge declbefore testing can commendéis assures
that the readings are accurately measuring the correct locations.

The concrete deck itself is preetted unless the voltmeter shows no variation above 0.02V
over 5 minutes when placed on the conceetdace. Variations will usually exceed this
threshold, so prevetting is often a requiremerithe reference electrodeti®enwetted and
placed on the surface of the concrete deck at several points in a grid asFKgeneia3.

The difference in electric potential at each point is recorded and compared to threshold
values found in the testing standard (ASTM 20@9}hreshold of0.35V is listed in the
standard as indicative a@brrosion with a certainty greater than 90R&gions kowing a

more negativpotential differencéhan this are typically plotted as having active corrosion
and regions with @otential difference of0.20V or lower are noted as well. Areas with a
potential difference more positive thah20V are listed inhe standard as having a greater

than 90% chance of having aotive corrosion
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Figure 2.3: Standard hailtell potential test (ASTM 2009)

Half-cell has proven useful as a tool to measure the custatebf corrosion forconcrete
bridge decks. It should be noted that while {ta&ll surveys can delineate areas that are
likely undergoing active corrosion, it is not indicative of the rate of corrosion or the degree
of corrosion damage. Hatfell is also unale to predict time to corrosion of points on a

deck or the corrosion risk associated with the deck.

As with other methods, hatfell potential readings can be variable. It has been shown that
the length of timebetweenpre-wetting and testinghas a signi€ant effect on potential
values and that the weather over the previous days can also change hasliogroisture
within the concrete deckPoursaee and Hansson 2008). some cases where the
reinforcement is sufficiently detached from the concretetdudelaminationthere is no
electrical connectivity and corrosion becomes undetectable by thedia{Barnes and
Trottier 2004) Significant changes in cover depth affect results as well due to the fact that
large cover depths cause passive and cogosteel to have similar recorded potentials
(Elsener and Bohni 1990j.has also been determined that the reference electrode potential

can vary due to temperature, dirsttiight, and contamination (Ansuini and Dimond
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1994).The standard itself evemays of the test thabrrosion potentials are not necessarily
indicative of corrosion current and that they may be partially or fully due to the chemistry

of the environment surrounding the electr¢d&TM 2009).

2.3.4 Ground Penetrating Radar

Radar has been usto some degree since the early 1900s, but has been gaining interest as
an evaluation tool since the 1970s (Daniels 20843:PR antennais a transmitter and
receiverpairthatemitand record electromagnetic signals. These signals are transmitted as
a puse and rdéct back when there is a changeropagation velocitpf materials. As the
change irvelocityincreases, thstrength of the fiected signal increasel§ the waves sent

from the transmitter are assumed to be planar and to propagate rmthelrterface of

two materialsthey are reflected as seerfigure2.4 where \ and ¢ are the propagation
velocities of the waves within the two materials. Energy (E)f each wavés described

by Equatiors 2.12and2.13

V V
1 < Reflected(E,) 2

Transmitted (B
—

Incident (E)

Figure 2.4: Planar reflection

C
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% % % [2.13)

where:

Ei 1 energy of incident wave (J)

Er 7 energy of reflected wave (J)
E: 1 energy of transmitted wave (J)
v11 velocity in material 1 (m/s)

v2 T velocity in material 2 (m/s)

For condition assessment of bare concrete bridge decks by GPR, the emitted signal pulse
encounters two such boundaries. The first is between the air and the concrete surface, while
the second is between the concrete andosement. Two types of antennas are generally
used in condition assessment. The first type is a horn antenna which is referred to as an air
coupled antenna due to the fact that it is eleva@@500mmfrom the ground during
scanning. These antennas pdavthe benefit of being able to scan bridge decks at or near
traffic speeds when mounted to a vehicle.

The second type of antenna is a dipole ground coupled antenna that consists of a transmitter
and receiver pair that is dragged along the surface afetie although there is still a gap
between the antenna and the ground of approximaté@ntm These antennas require
traffic disruption during scanning, but provide higher resolution images of the scanned
area. One drawback to ground coupled antenndmigeflections at or near the surface
being inspected are within the near field of the antenna which greatly complicates the
interaction the electromagnetic signal has with the material being investigated (Jol 2009).
Due to this added complexity, veiitle tangible informatiorabout the concrete properties

at the surfacean be determined from the strength of signals reflected at the surface with

ground couple investigation.

A diagram of the signal travel pafibr a ground coupled antenisafound inFigure2.5 ard
includes the direct signal thpasses from transmitter to receivAs seen in thebove
equations, the strength of the returning sigeélected from the surfade based orhe

propagation velocityf the pulse in the material being scanmedits velocity in air is
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constantThis velocity is a function of the material properties the signal is passing through
and how they interact with the electromagnetic wakge the antenngasses over a
reinforcing bar, its reflection shows up as a pala@ba the GPR display his is due to the

fact that the travel path is shortest directly above the reinforcement and longer approaching

and leaving the bars shown irFigure2.6 where the antenna is travelling from left to right

T —- R

--------- N e

Transmitted

1 Returning

Figure 2.5: Wave paths for ground coupled antenna

The strength of the signals reflected from the reinforcement are indicative of the condition
of the concrete surrounding the reinforcing bar in question. These signals naturally decay
due to spreading losses as they propagate through space, but fuethgateth of signals

is due to the conductive properties of the concrete itself. Areas of the deck that are chloride
laden show attenuation, while clean areas of the deck show up much brighter as indicated
in Figure2.7. This figure sbws the longitudinal distance travelled by the GPR antenna on
the horizontal axis versus the two way travel time of the returning signal on the vertical
axis. Positive signal peaks are displayed as white while negative peaks are black. As signals
get weake they show up greyer whether or not they are positive or negative as a solid grey
would represent zero amplitud&.larger image of the reinforcement reflections is shown

in Figure2.8 with tracings of the reflection parabol&gnal processing techniques can be
applied to GPR data once it has been collected in order to remove unwanted portions of the

signal or simply to make returning signals more visible. Once any processing is complete,
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reinforcement locations can be selected #rar signal information is compiled and

analyzed.
— >
T1 R; T, R, T, R,
AntennaPosition (m)
Time (ns) 7 T
[ 2 ®

Figure 2.6: Reflection time due to antenna position

The material properties that govettre propagation velocity and signal attenuation are
dielectric permittivity (), electric conductivity ), and magnetic permeabilitye )
Dielectric permittivity describes how the atomic structure of the material reacts to the
presence of an electric ftekand the ability of the atoms to become polarized by the field.
Electric conductivity describes the ability of a charge to move freely through the material.
Magnetic permeability describes atomic response to magnetic fields and is of little concern
toGARR signal s. These properties are all I
equations (Jol 2009).
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Figure 2.7: Typical reinforcement reflections

Figure 2.8: Close up of reinforcement reflections

Permeability and permittivity both have basgues in free space anefine the speed of
light (c) in a vacuum. The permittivity of free spdth is approximately 854x 102 F/m

while the permeability of free spa¢e) is 4 x 107 H/m. As they have base values, their
relative values § a n d) are often quoted for materialSheseredlative values are the
permittivity or permeability of the material divided by the base value of the property as

seen in Equation®.14- 2.15 The relationship between permittivity, permeabilityg dine
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speed of light in a vacuum is shown in Equa2ob6 For GPR analysis has a value of

1 and any changes are known to be negligible.

R RR [2.14]
Ittt [2.15]
<P
A —

= [2.16]

where:

ci speed of light in a vacuum (m/s)
Ui dielectric permittivity (F/m)

(1 permittivity of free space (F/m)
Ui relativepermittivity

€ T magnetic permeability (H/m)

€01 permeability of free space (H/m)
er1 relative permeability

Permittivity has been shown to best relate to moisture content ivisilaot significantly
affected bychloride content (Kalogeropoulos 2012hlorides and moisture content both
affect the conductivity of concrete which is known to be the driving force of attenuation.
This relationshipvith conductivityis the reason that attenuation is assumed to be indicative
of poor concrete as increased clde levels are often a sign of an environment that is

conducive to the onset of corrosion.

Several methods of condition assessment of concrete bridge decks with GPR have been

used over the years. Early studies were able to identify deteriorated concredény
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significant perturbations in individual scans (Cantor and Kneeter 1978). Scans were
recorded on magnetic tape and accentuated pe®&ke manually identifiedwhich
represented delaminations and significant cracking. These peaks were accentuaded due
internal reflections that createconstructive interferemc In an effort to expedite the
processof identifying these pronounced reflectiprgroups of 10 or so signals were
superimposed over top of each other (Cantor and Kneeter 1982). Good corrikete

have scans that overlapped nicely while deteriorated regions would exhibit spikes in the
data. These methods were incredibly labour intensive and could only detect delaminations

or substantial cracking.

Similar methods were used on both pavedwanEved concrete bridge decks withirying
degrees of accuracy (Clefie1983, Manning and Holt 1983). Problems arose with the
radar incorrectly identifying sound concrete as deterioratetioth of these studies
bringing into question the validity of radasrfconcrete assessme@ther research was
also being done on the use of ratteat was more cogramt of the properties of concrete
during radar surveys by accounting for permittiwitiien analyzing surface reflectigns
although it was incorrectly assumed that all concrete had the same pern{itioigi et

al. 1982). The effect of changes in the dimens of voids was analyzéa this same study

with the intent of better identifying internal reflections.

An investigation of the characteristic reflections of several defects in concrete decks
developed mathematical methods of determining the type of defect present as well as the
asphalt thickness on paved concrete decks (Carter et al. 19&®ler toidentify these
defects a bare concrete deck with evidence of delamination was payeat8before GPR
investigationwas conducted. Before paving, debonding of the asphalt from the concrete
was inducedby applying anon-stick coating to areas of the deakd scaling wasimulated

by applying a coarse sand to the deBkphalt thickness measurements were deemed
accurateby coringif the asphalt thickness was greater than 50mm. Detection of defects
such as delamination and scaling were determined to be accuratdetaden of asphalt
debonding was determined to be unreliables study did not discu$e®w accurate scaling
detection would be in practice relative to the simulated condition in this tdstiogler to

make the identificatioprocess more efficient, antamated process was developed using
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ray based methodsimilar to Figure 2.5. The signal path is drawn out and detailed
calculations are made for each reflection that takes pléie study determined that GPR
was useful in conditiomssessments, but acknowledged the fact that the combination of
deteriorations was difficult for the radar to properly detBetermination of the type of
deterioration may in fact prove to be more difficult in a less controlled environment and

with significant deterioration of asphalt.

Further research led to the development of a methodology that was able to determine deck
deterioration to within 4% of chain drag and vismapectiondy areaMaser 189). This
researchcontained numerical analysis of eadsignals as well as field and lab data.
Contrary tathe above studyhis work determined that GPR could not detect delaminations
unless they were at least 3mm wide and filled with moisture. Unless both of these criteria
were met, it was determined thlére wouldhotbe significant change in the waveform of

a GPR signato identify between sound concrete and delaminated condtetas also
determined thaihcreasing chloride content caused increasittgnuation of radar signals
during testing. This was determined by comparing radar signals to chloride contents

measured in the field.

One unpaved and twelve paved bridge decks were analyzed with a combination of GPR,
infrared thermography, and visuaspection of the underside of the deck. Repair quantities
weredetermined byverlapping the test methods amdre within 4% by area of the actual

area in need of repair determingegistructively A case studyn how inspection accuracy
affects costuring his research concluded that iropements in the accuracy afndition
assessment could reduce life cycle costs by up to 20% while reducing the average
deterioration level of the group of decks by-&6. Due to the apparent necessity of
combining GPR withother test methods, it was determined thatrtaralone was not
sufficient to conduct condition assessment of concrete bridge decks. However, it was also
stated that theassessmentmethod showed great potential for future use if some

advancements wereade.

A second phase of the above research was conducted on an additional 15 paved decks to
confirm and verify thepreviousresults(Maser 1990Q) This second phase came to the
conclusion that the first method was inadequate due to questionable reswdtméfatied
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thermographythat affected the accuracy of the condition assessment as a Wwhodsy

GPR method was devised that, when combined with visual inspection of the underside of
the deck, had an average of 2.8% etvgrareaversus an average error 6f8% by
inspection engineess determined by destructive results

The AmericanSociety for Testing andMaterials developeASTM D6087for evaluating

decks both with and without aisalt which was originally introcied in 1997, but hasnce

been updatedNSTM 2008b). This standard consists of two technidbasare applicable

to both air and ground coupled antenfid®e method accounts for asphalt overlay by more

or less ignoring it and isolating reflections from the concrete surface. Howeves, void
between the asphalt and concrete layers could be empty or filled with water and would
substantially alter the signal at this interface. This phenomenon is left unmentioned in the

standard.

The first ofthese techniquagquires reflection from both the top abdttom surfaces of

the concrete deck. In order to accomplish this, the bottom surface reflection must be of
sufficient stength to analyze. Unfortunatelyis seldom the cagbat this signal is clearly
visible, let alone clear enough to determineded condition. If it is possible to use this
method, delaminations are identified by setting a threshold for the bottom surface reflection
in relation to the maximum bottom surface reflection. The problem with this method is that
it does not account for défences in spreading losses due to charig deck thickness
Further, delaminations must be of significant widbhatlversely affect the signalhe
second method is based on the reflections from individual reinforcing bars in the top mat
of reinforcementReflection amplitudes are measured and compared to a threshold that is
not made available in the standalthough an approximate range of values is gi¥@ain,

any constant threshold would not take into account variations in cover thitkaes®uld

significantly affect spreading losses.

The standard acknowledges the fact that there is insufficient data to substantiate the results
gathered from this test method. It suggests an average error in predicting delamination
guantities of 11.2%f deck aredased on a sample of decks in New York, Virginia, and

Vermont based on chain drag, coring, and repair quantities. This error is too large to see
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this method used on its own to determine deck condition. Repeatability and bias tests had

not been completedsaf the most recent revision of the standard008

Further testing in cooperation with the Missouri Department of Transportation investigated
11 unpaved bridge decks with a ground coupled antenna (Cardimona et al. 2000). GPR
data was visually examined and attenuated areas were identified. These arehtogreve

a good fit to areaslentifiedby haltcell and chain drag tests. It was noted however that it
was difficult to determine the type of deterioration presenhéndeck contrary to some

previous research that claimed to accomplish this by visaalijyzing waveforms.

Prerepair analysis ofravertine panelg the Bank of Naples wasompleted in panvith

GPR inan effort to detect the presence of voids in the mortar holding the panels, causing
instability (Leucci 2003). Due to themall thicknessof the panels (3cm) and the mortar
(cm or more), the accuracy of the GPR was put to the test. The through thickness
resolution of the antenna is taken as one quarter of the wavelehuthi¢h is dependent

on the propagation velocity and the antennauesgy as shown in EquaticRl17.
Horizontal resolutio{A), which is in the plane of the panel surfasedependent on the
wavelength the relative permittivityand the distancedm the target due to spreading of

the signalind is described in Equati@i8

) - [2.17]

[2.18]

where:

AT horizontal resolution (m)

di distancefrom antenna to target (m)
f 1 frequency of antenna (Hz)

v 1 signalvelocity (m/s)

27



a1 wavelength of signal (m)

Research was conducted with &Hz groundcoupled antenna in two phaseheTfirst
phasebeingin the laboratory o recreated panel with &wvn voids and the secopthase

being a fieldinspection of the panels in the bank. Due to the panel thicknesses involved,
an additional 6cm travertine layer was placed between the antenna and the panel to
eliminate the near field effects. Data collectethimlaboratory portion of the investigation

was used to analyze the panel in the bank and encouraging results weralstaegh at

the time of publishingn 2003they had not been confirmed by corifigyis study illustrates

the difficulties present irdentifying small voids in concrete bridge decks with GPR. Any
voids in the decks are likely significantly smaller thlae voids in the bank, the detection

of which proved difficult in fairly ideal conditions.

The Handbook on Nondestructive Testing ofnCete details the issues and benefits
associated with short pulse radar methdtlsrdia 2003).In detection of delaminations,

the handbook states that GPR is an effective tool and is the only viable nondestructive
process to use on paved decks. The haokilnloes note that GPR occasionally will miss
delaminations or detect them when there are in fact none present. This is especially true for
small delaminations at the reinforcing level as the reflections are received concurrently
with those from the reinfeementand are indistinguishable from each other. A further
limitation outlined was the lack of understanding of the effects of structure condition such

as moisture content and the presence of defects in the concrete on GPR signals.

Thickness measuremesnwith the GPR were deemed to be accurate based on the literature
review in this handbook. The only significant limitation to this measurement is the case of
negligible reflection at the interface between two materials. This could happen due to
similar didectric properties in both the material being measured and that undesnézih

would result in a negligible signal reflectioAnother cause of this negligible reflection
could besignificant signal attenuatiorbefore reaching the interfack the signal decays
enough in the layer being measured, the returning signal will not be deteétdbief
mention was given to the use of GPR to determine both the water content of new concrete

28



and the degree of cement hydratigkt the time of publising of the handbooklittle

information was available on these methods as the processes were in their infancy.

A study on the validity of GPR for condition assessment of a pavedageckonducteth
Missouri by comparing to hatfell and chain drag testn(Kim et al. 2003). During the
half-cell test, areas of the deck with a potential difference greater in magnitude
than -150mV were identified as deteriorated. The ASTM standard for-dedlf
measurements (ASTM 2009) states thatentials more positive &dm -200mV are not
experiencing corrosion with 90% certainty asuggests using a threshold -860mV.
Therefore the validity of the hatfell measurements and the comparison to the radar data
is questionable. Further, determining deteriorated concreteheattadar was done with a
threshold signal level that did not attempt to correct for spreading losses due to differences

in cower.

The effects of variations in weather condition were analyzed duringamsstudy(Kim

et al. 2003) No significant changén deteriorated areas were noted due to increased
humidity and temperature although reflection returned in wet conditions were slightly
stronger as would be expedtdue to an increased permittivitfo significant change in
travel times was recorded dt® changes in moisture levels. Tigaperconcluded that

GPR should not be used to locate delaminations or corrosion within bridge decks but that
it could be used to identify areas of higHative permittivityor attenuation as these are
sometimes linkedo delaminations. No effort was madelink permittivity or attenuation

to the condition of the deck directly.

An in depth study of the effectiveness of GPR on paved decks was conducted in Nova
Scotia (Barnes and Trottier 2004). This study compared @8Rts on 24 bridge decks to
half-cell and chain drag quantities. It was concluded that GPR is most effective when a
bridge deck is between 10 and 50% deterioratétbugh it was still not accurate enough

to be used aloneAttention was drawn to the fathat it is outside thislO to 50%
deteriorationrange that visual inspection is most effective due to clear damage or lack
thereof. While the potential of GPR to determine chloride ingress or corrosion damage was
acknowledged, it was determined that GPR ot perform well in mapping precise
locations letween 10 and 50% deteriorati@ven though it was the most effective
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deterioration rangdn this range, the GPRid produce similar repair quantities to chain
dragdue to false identification of both salinoncrete and deteriorated areas balancing out
to show no net erroOutside of this range howeyé&PR failed to provide useful repair
guantities Since the radar did not accurately identifg location ofleteriorated concrete

it was concludedhat GAR should be used as a second opinion to visual inspection to

mitigate discrepancies between estimated and actual repair quantities.

Several previous methods of GPR condition assessment of bridges have been able to
determine areas of deterioration compagdblhaltcell and chain drag by usingysial loss
thresholds (Maser 199@ardimonaet al. 2000) despite the fact that other research had
guestioned the validity of GPR for condition assessment due to its variability (Kim et al.
2003, Barnes and Trotti@004) While loss thresholds méaye effective for determining

bad concrete versus good concrétey donot give an estimation of the physical properties

of the concrete or the risk of deterioratitmthese analyses, a good correlation was found
betweerthe radar results and refereinadf-cell and chain drag tedtsit, without theresults

of these tests for referenasterminng thresholds proved difficul©mitting the effects of
spreading and attenuatiomy be the cause of the variation that hasftem been reported

as the downfall of radar.

In an effort to make loss thresholds more indicative of the true concrete condition, methods

have been developed to account for spreading losses by correcting for cover depth in an
attempt to isolate the degreé attenuation experienced by each electromagnetic pulse
(Barnes et al. 2008, Gucunski et al. 200%e ofthedeptb or r ect i on appr oact
researclprovided condition assessments within 5% of deck area (with one deck having an

error of 12% compared to hatéll due to severe debondinghen compared to chain drag

and halfcell testing on both paved and unpaved decks by simply accounting for spreading
losses.The depth correction approach used by Gucunski was a part of a condition
assessment with a variety of techniques and the specific accuracy of GPR was not
discussed, although its usefulness as a condition assessment tool with depth correction was

adknowledged.

For simplicity, much of the previous research has assumed concrete to have negligible
conductivity, so velocity has beenodekd as norconductiveas seen irfEquation2.19
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However, it is well known that GPR signattenuate in concrete, which is primarily a
function of conductivity. In order to include conductivity properly, conductive velocity and
attenuatiorwould be as shown iBquatiors 2.20and2.21regectively.If the conductivity

of concrete was in fact zero as has traditionally been ass&aeation?2.20would become

Equation2.19and attenuation would be zero

3} p A
O A [2.19
5 P
RZ A [2.20]
Ct ‘ P SzRr p
RZ { A
] Sz c z p SR p [2.21]

where:

ci speed of light in a vacuum (m/s)
v 1 signalvelocity (m/s)

Ui attenuation coefficient (Np/m)
Ui dielectric permittivity (F/m)

Ui relative permittivity

€ T magnetic permeability (H/m)

071 electric conductivity (S/m)

¥ 1 angular frequency (rad/s)

Current models that include conductivity are fairly limited. One method isolates the

attenuation by factoring out gain and spreading lossas archaeologial investigation
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(Leucci 2008) while ther authors have used the conductive model for soil imat&in
(Reppert et al. 2000, Lambot et al. 208djsmaret al. 2003). Very few models of concrete

as a conductive mediufor condition assessmehtive been published in the literature.
One model of radar signals in concretedekd the concrete as a lowgs filter to account

for signal attenuation, but did not include the conductive portion of velocity (Shaari et al.
2004).

Another methodof modelng GPR signalsused a waveform inversion approach to
determine depth dependantterialproperties in a lalratory setting based on a finite
difference time-difference forward model (Kalogeropoulos 2012). This method
acknowledged the conductive properties of chloride laden concrete but used a
nortconductive velocity method. Other researches have applied-diifiéeence time
difference technigues to model the GPR signal and determine concrete properties (Belli et
al. 2009, Travassos et al. 2007). Again, these models treat the concretecaadwmtive

while accounting for the attenuation of the signal.
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Chapter 3: Methodology

To use the conductive properties of concrete to determine bridge deck condition, a
conductivemodel of electromagnetic propagatidmd to both be created and proven
accurate. The creation of the model was based on known electromagnetic equaktions an
will be discussed in detail in Chaptér An outline of theprocessused to evaluate the
conductive modetan be seen iRigure3.1. This chapter will describe both this evaluation
process and the nessty of this model for the evaluation of reinforced concrete bridge
decks.

GPR Data Collection

A 4
Processing with Conductive Model

v
Comparison to Reference Testir

A 4
Comparison to Chloride Content

Figure 3.1: Progression of conductive model validation

3.1 Need for Conductive Model

As discussed in Secti¢h3.4 the majority of current GPR analysis is performed under the
assumption that concrete is a rmrductive medium. Due to this assumption, Equation
2.19is routinely used to describe the velocity of each antenna pulse. However, it is widely
accepted that attenuation of GPR signals is present in the condition assessnmeretd co

bridge decks. What is routinely neglected is the fact that, with zero conductivity, Equation
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2.21would also go to zero and no attenuation would be present. Since this is not the case,
conductivity is clearly a factor.df this reason, Equatiah20will be used in this thesis

along with Equatior2.21to describe the propagation of electromagnetic signals through
concreteas a conductive mediuniThis modelis hopedto providea more realistic
representation of wave propagation and signal losses, allowing an increase in the accuracy

of condition assessment.

Including conductivity in this model greatly increases the difficulty in determining velocity
and attenuation duto the fact that both permittivity and conductivity become variable. To
simplify calculationthe permittivity of a given deck is assumed constant with conductivity
varying throughout. This assumptionvalid due to the fact that permittivity is primbria
function of moisture contenvf the hardened concret&ince the deck should have
experienced the same degree of curing and environmental exposure, permittivity changes

throughout the majority of the deck should be negligible.

The only areas of the deck that would be exceptions t@#isismptiorwould be areas of
substantial cracking, where water would be free to infiltrate and collect. This change in
permittivity would only happen in the most deteriorated regions of the dbelse same
regions would likely show the highest levels of attenuation due to chloride content and
would be identified as such whether or not the permittivity was assumed constant.
However, since the permittivity would in fact be increased in these #regsyere avoided
during the calibration of model curves, ensuring that the constant permittivity assumption
would hold true for the model.

The effects of changing permittivity and conductivity on Equati®2§ and2.21 were
examined. Plots of their effects can be found in FigBr28.5. These figures clearly show
that permittivity is the driving force of velocity and that conductivity isdhging force

of attenuation. HoweveFigure3.5 shows that conductivity can actually have a significant
effect on velocity, especially at low permittivities. This is evidence that a conductive model
of propagation velocitys necesary to accurately model the effed¢tsat concrete and
especially chloride laden concrebas on electromagnetic waves. Correatlydelng the
velocity allows depth determination to improve, providing better estimates of spreading
and attenuatiotosses.
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Figure 3.2: Effect of permittivity on attenuation coefficient for different values of
conductivity
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Figure 3.3: Effect of conductivity on attenuatiaroefficient for different values of
permittivity
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Figure 3.4: Effect of permittivity on velocity for different values of conductivity
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Figure 3.5: Effect of conductivity on velocity for different values of permittivity
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3.2 Comparison to Reference Bridges

In order to prove the validity of a conductive model of electromagnetic wave propagation
through concrete, previous GPR data from 5 unpaved bridge decks (Re26@) were
reanalyzed. Along with GPR surveys, each deck was tested with both theelhalhd

chain drag techniques and cores were extracted for visual inspection and establishment of
chloride profiles. After analysis of the GPR data with the condeictiedel, results were

compared to the other testing methods to assess the accuracy of the model.

Data collection for all bridges discussed in this thesis was performed with a 1.5 GHz model
5100 ground coupled antenna from Geophysical Survey Systemsdretexgh(GSSI). The
antenna was used in conjunction with a-&Rcontroller, also from GSSI. Data collection

was completed during previous research (Redmond 2007) and was reprocessed from its
raw format for use in this thesis. During the scanning of eadigdy survey lines were

drawn in the direction of traffic flow beginning 0.25 metres from each curb and then every

0.5 metres after that as seerrigure3.6.

A

A

v

v

A
RN WP

v

Figure 3.6: Example of scan pattern for GPR survey

Five unpavedconcrete decks in Nova Scotia were investigateddémonstrate the
capabilitiesof the conductive model as described @ble3.1. These structures had varying
ages and levels of degradation in order to test the model for a variety of scenarios. Upo
completion of data processintipe model was compared to the reference testiaigtlae
chloride contentdeterminedrom cores in ordeitestablish the effectiveness of the model.

In order to be deemed successful in assessing the condition of a concrete deck, the model
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would have to closely match both katll and chain drag results. Since hadfl identifies

the onset of corrosion antan drag identifies areas where corrosion has progressed to the
point of delamination, it would be natural to assume that a conductivity value that would
match halfcell results would be lower than a value that would match chain drag results.
For this reaon, twoconductivityvalues were determined for each bridge for comparison

with the reference tests.

Table 3.1: Bridges used in study

_ Age Span | Area | Lanes
Location
(Years)| (m) (m?) | Scanned
Milford Bridge onRt. 2 36 61.5 502 2
Sambro )
Bridge on Rt. 349 27 57.6 317 1
Harbour
| Overpass for Exit 10,
Shubenacadis 38 74.4 658 2
Hwy 102
Victoria Overpass for Exit 16,
28 43.3 493 2
Harbour Hwy 101
West River | Overpass on Hwy 104 8 70.8 175 1

To be successful in determining chloride contents with conductivities determined from
GPR testing, calculated conductivities should show a consistent relationship with the
chloride contents established from the cores extracted from the decks. Ideally this
relationship would allow chloride content to be directly calculated from conductivities
determined through the model. Results of this comparison, along with those of the
conductive model compared to the reference testing, will be discussed in Ghdptese
comparisons will aid the establishment of a conductivity threshold to identify areas of a

concrete deck that have significant corrosion risk.
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Chapter 4: Conductive Modeland Data Processing

Each of the five bridge decks in this study were scanned, processedpdadd in the

same general fashion. Minimal processing was performed on the datarbhefielg in

order toavoid significantly affecting the resultBrocessing steps such as filtg the
returning signals or adjusting the travel time of the data could affect the amplitudes of the
signals reflected from the reinforcing which would alter the properties determined by the
model. The overall procedure for each bridge was as shovigure4.1. Each of these
steps will be described in this chapter with any adjustments being discussed in full in
Chapterb.

Data Collection

\ 4
Migration

\ 4
Output Normalization

\ 4
Selection of Referend@ata

A 4

Model Calibration

\ 4
Calculation of Conductivity

Figure 4.1: Condition assessment progression
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4.1 Processing

Once the data was collected, it was processed using Radlae dommercial software
provided by GSSI. The onlgrocessing that was done to each soahe softwarevas a
Kirchhoff migration to collapse reflection parabolas to single pdimtsugh an averaging
processThis process assumes a signal velocity for a given scan and usedldpgse the
parabolas into a single poifitilmaz 2001) If too high a velocity habeen used, inverted
parabolic tailan be seen above each rebar reflection. If too low a velocity has been used,
parabolic tails are visible below each ban exampleof each of these casesshown in
Figure4.2. Once the correct velocity has been chosen, these taditlaeno longer visible

or slightly visible both above and below the reinforcement locatiorRadan 7, the
velocity is enteré by the data analyst. If the parabolas appear incorrect, a different velocity
is chosen and the migration is carried out agame way to ensure a velocig/being used

that is close to the true valisetouse a process available in Radan fitt® madel parabola

to the reflections in the raw data. This is ddryeadjustingthe modelparabolato fit a
reflection parabolain the data that appears to lypital of the rest of the antenna pass
Eachantenna pas®r each bridge was migrated separatelgnsure the correct velocity
was choen for each pas#é narrow range of velocities were used for each of the bridges

as seen ifable4.1.

Ht ) EEeEee B 6|

MWHHHIHH.:.

Figure 4.2: Reinforcement reflections after migration
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Table 4.1: Propagatiorvelocities formigration oftested bridges (mm/ns)

Milford Sambro | Shubenacadi¢ Victoria West River
Average 80.8 86.3 86.3 81.9 95.3
Minimum 78 84 84 80 94
Maximum 84 88 88 86 98

The velocities used for migration did not match well with calculated velocities or those
determined from core dat&his could be due to the assumptions made in the migration
process. Migration assumes that the velocity is laterally invatiaithere is no separation
between the transmitter and receiver, and that all materials are lpasiesg) other things

(Jol 2009). All of these assumptions are invalid wherdelng concrete as a conductive
medium and could cause significant errors in the estimation of velocity. Further, velocity
will vary significantly laterally; not onlglue to thechloride content, but as the pulse passes
through cement, aggregate, voids, or any changes in moisture content. While it is reassuring
that the velocities for each deck are consistent, the overall magnitudes should not be taken
as entirely accurate. Migratiowas still used to process the GPR data inghidyas it
averages all of the scans for each reinforcing bar, providing a more representative value of
signal amplitude. The amplitude values returned may be lower than those before migration
due to attenation that is not accounted for in the migration process, but the decrease should

be fairly uniform and is not expected to significantly affect results.

Once migration had been completed for a data file, points were manually picked for the
ground couple frikection and for each rebar reflection. Radan then allows these picked
points to be exported to a text fiehich can then be transferred to a Microsoft Excel
spreadsheefThe data transferred consiststlé longitudinal position of each scahge
amplttde i n Radanoés ahamwb way traved time.nThid irfarmatéom id
provided for both layers of reflections that asected To compare amplitudes, the value

at each point is converted to decibelschynparing each signal the maximum posble
recorded signaamplitudeof 2!° based on the 16 bit data acquisition system used with the

radar as seen lquationd4.1(Barnes et al. 2008). Since each radar pass of each bridge was
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processed separately, they were piecggether in Microsoft Excel to analyze the bridge

as a whole.
] L.l b
Ll b cﬁasac— [4.1]
where:
Ampaui s gnal amplitude in Radands Amplitude

Ampgs i signal amplitude in decibels (dB)

In order to represent the physical processes that take place during the propagation of an
electromagnetic wave through concrete, a conductive meaebpplied toeach set of

GPR dataBy using the conductive velocity equation in conjunction with atteonas in
Equation2.20and2.21respectivelydetermination of conductivities throughout the deck

is made possibleThis model assumes that the moisture content in the majority of the
concrete is enstant due to consistent curing throughout the deckwill be explained

fully in Section4.4. Since moisture content is assumed constant, permittivity must be
corstant as well since it is almost entiredyfected by moistureFurthermore, since
conductivity is affected by both moisture and chloride content, a constant moisture content
would imply that any change conductivity would be driven by chlorides or other external
forces. The fact that a very narrow range of velocitiess used fothe migration ofeach

bridge deckin this study gives credence to the assumption that permittivity remains
relatively constant throughout the deck as it is the driving factor in the velocity equation.
Although the magnitude of these velocitiegy not be entirely accuradue to the
assumptions made during migratiaine low degreeof variation in each deck should
indicate fairly low fluctuations in the true velocity.the moisture content and therefore
signal velocity was changing signifidiynthroughout a bridge deck, it would be apparent

in the migration velocitieor the deck.
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Any variatiors in velocity in each scan cée attributed to a change in conductiwtien
constant permittivity is assumebhere are areas in the decks wherevidlecity chosen is

not a perfect match but these aeelatively smallpercentage of each deend are
indicative of more extensive deterioration. These areas are picked up as having elevated
conductivity in the model while permittivity is held constestd they are not neglected in

condition assessment of the deck

To determine the conductive properties of a given bridge deck seanmust be isolated
andits conductivitysolved for. This is accomplished by determining the attenuation and
velocity ofeach signal instead of simply applying loss thresholds. By comldigogtiors

2.20 and 2.21, signal properties were broken down into values of conductivity and
permittivity for points along each dk. If each scan was calculated individually, it would

not be possible to determine the two parameters as it would be one equation with two
unknowns.This problem is resolved by holding permittivity constant for the deck and

iteratively solving forconducivity .

4.2 Theory

The assumption of constantrpattivity in this modelonly applies to concretinat is not
seriously damaged his would only limit use in cases of decks so severely damaged that
moisture couldreely pass through cracks and delaminationsutjnout the entire deck.
Damage this severe to an iemtdeck would likely be easily identifiegither visually or

once GPR data had been collectBae areas of the deck that have excessive cracking and
void spaces will have excess moisture and an inede@ermittivity as conductivity
increases even furthdue to additionathlorides being brought into the dealongwith

the moisture Given this more detailed assumption, it is understood that any velocity or
attenuation changes from one scan to the aextlue to increases in conductivity in sound
concrete and due to increases in permittivity along with conductivity in cracked concrete
with excess moisture. This mechanism can be se€igures4.3 through4.6 which are

taken from the Milford bridge decRhe main points on these figures are the individual
reinforcement reflections with changing amplitude and travel time values due to changes

in concrete cover and attenuation.
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Figure4.3 shows the amplitude and tweaay travel time changes when there is no change

to either the conductivity or permittivity parameters. There is a givemtmyotravel time

change as the cover thickness of the concrete deck chaegghening theath of the

signal The amplitude changes are due to both spreading losses and attenuation of the signal
as it travels through the deck. Since the parameters are constant, the attenuation coefficient

and signal velocity are also constant.
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Figure 4.3: Time and amplitude changes with constant permittivity and conductivity

Figure 4.4 shows the changes to amplitude and travel time caused by increases in
conductivity. The conductity increases the attenuation losses in the concrete which
decreases the amplitude. Increased conductivity also decreases the signal velocity,
increasing the travel timeAny reinforcement reflections that fall on the changing
conductivity curve have thers@ concrete cover thickness as the point where the changing
conductivity curve intersects the constant parameters curve. The diffeneraeeplitude

and travel time are due to the changes in the velocity and attenuation coefficient that
correspond to thehanges in conductivitythis would be true at any point on the constant

44



parameters curve, which means that the changing conductivity curve essentially slides
along the constant parameters curve, with the effects of the changing attenuation coefficient
andvelocity becoming more significant the further the signal has to travel in the concrete.
This is shown inFigure 4.5 where the changing conductivity curve is compared to the
constant parametersree at several cover thicknessead time increasing conductivity

from 0.04 S/m to 0.22 S/ the amplitudes decreadenly the conductivity is changing

as in this figure known differencesin amplitude and traveime between the constant
parameters curve and a given reinforcemenecgfindue to aconductivity change can be

used to determine the conductivity of the concrete cover above each individual bar.
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Figure 4.4: Effect of changing conductivity on amplitude and travel time
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Figure 4.5: Effect of changing conductivity for varying cover thicknesses

Figure4.6 shows what happens when permittivity increases along with conductivity. This
would happen in the sexely deteriorated areas of a deck where moisture penetrates large
cracks and delaminations. Velocity decreases are more significant with the increase of
permittivity along with increasingconductivity. Amplitude changes are slightly less
significant than when only conductivity changeas increased permittivity slightly
decreases the attenuation coefficieAs was the case when only conductivity was
changing, this curve slides along the constant parameters curve andretatdueto any
reinforcement re@ictionwith the same concrete cover. In this case however, any changes
are due to both permittivity and conductivity changing, greatly complicating calculation of
the propertiesSince both properties could change, it becomes unclear if permittivity,
conduwctivity, or some combination of the two is changing from one reinforcement

reflection to the next.
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Figure 4.6: Effect of changing permittivity and conductivity on amplitude and travel time

Much of thedeck appears to followthe rapid drop in amplitude due to increasing
conductivity while the lowest amplitude values also have an increase in travel time due to
both permittivity and conductivity increasingimilar to the changing parameters curve in
Figure4.6. How deteriorated the bridge deck is will affect the point at which the moisture

effects begin to be seas they will be in the most deteriorated regions

During analysis, it is assumed for simplicity that only conductivithenging. This is due

to the complex nature of determinimgnether changes in conductivity, permittivity, or a
mixture of the two are affecting amplitudes and travel times throughout the Teisk
assumption should not aehsely affect the model as tiseverely degraded areasth
changing permittivitywould be found to have the highest conductivity values and would

be identifiedas poor concrete. While modalrves were established to analyze the data,

the more degraded regiohaving highemoisturelevelswere avoided in order to keep the
curves representative of the deck as a whole. These deteriorated regions were compared to
the model curves in the same manner as other points, but model curves were not plotted

through them dudo their inherent variality and the fact that it would invalidate the
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constant permittivity assumptioRegions this deteriorated would be represented by the

sparse points with low amplitude seen below the bulk of the d&igumne4.6.

4.3 Output Normalizati on

Ground penetrating radar sends signals that originate from a slightly vaiosiee source

the degree of the variability being based on the quality of the equipment being ssel
variationsalter the amplitude of the outgoing signal which of course affects the amplitude
recorded once the signal is return&€d.account for these fluctuations, the ground couple
reflections are used as an indicator of original signal streagytimy signal losseshould

be minimal and relatively constant between scdound couple reflections are a
combination of the direct signal between the transmitter and receiver and the signal that
reflects off of the concrete surface as showFigure2.5. These signals both travel through
constant material properties and travel distances during each scan, so returning amplitudes

should not vary significantly.

Previous research has been done on the usefulness of the surface reflecoowlifam
assessment aoncretedecks(Sbartaiet al. 2006)In this study, they determined that the
surface reflection was well correlated with the reinforcement reflection and even cautioned
against low quality power supplies due to variations irstgealoutpu. They determined

that the surface reflection may be indicative of samoecrete propertieat the surface
relative to those at other locatidmsttheresults were not definitivét does however show

that the surface and reinforcement reflections ameetl as would be expected. It also
brings to attention the variability that can be experienced in GPR alupubthe power
supplied to the antenna.

Surface reflections are often difficult to analyze with ground coupled GPR antennas due to
the fact tha the direct signabnd surface reflectionsiterfere with each othesind the
complex neafield effects of the antenndt is difficult to separate these two waves for
analysis purposes as both the initial signal strength and the degree of reflectidhefrom
surface can varyThe purpose of thisiormalization was to limitvariationsin signal
strength due to power fluctuatioby forcing the surface reflections to remain constant.

The ground couple reflection was used for this purpose because it shdulie no
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significantlyaffectedoy the material prope#ds of the concrete as reinforcement reflections

would, so any variations in signal strength would be indicative of power fluctuations

To study the effects opower fluctuations in the equipment used hmstresearch,
polystyrene was placed over a steel plate to exathaamplitudes returned by the direct
couple signal and byeflections from the plate. Polystyrene was used because it has a
permittivity very close to that of aiand is norconductive so no significant surface
reflectionor attenuationwould occur. The direct couple returning amplitude aaaslyzel

both when the antenna was held in the air and when it was in contact with the polystyrene.
The equipment used was a GSSI 5100 1.5GHz antettin@ SIR20 controller, thesame
equipment that was used in the fidlthta aalysiswas performed with Radansbftware

in the ame fashion afor the bridge deckswith the only exceptionbeingthat snce there

were no reinforcing bars, no migraticauld beperformed on the datd@he steel surface

was cleaned and dried and all polystyrene was brushed clean. Sheets of polystirene
dimensions of 406 x 508 x 51 mwere added one at a time and scanned. This process was
repeated twice and a total ofjbt polystyrene sheets were ugedach trialOne additional

scan was recorded in each trial to record the direct couple amplitude while the antenna was
held in the airA range of antenna heights relatiteethe steel plate were used to ensure
that refections from the plate were not interfering with the direct signal from transmitter

to receiver.

After completion of the tests, the amplitude data was collected for each scan. The range of
amplitudes for each scan was broken into fifteemplitude binsard the frequency of
returnedamplitudes in each of thebinswas plotted. These plots showed that the signal
amplitude tended to a normal distributigk.normal distribution makes sense for initial
signal strength as it is likely to appear random duedddbt that scan rate of the antenna

is unlikely to match with the frequency of any power fluctuati®epresentative examples

of the test data can be seerFigures4.7 - 4.9. It should be noted #t the two way travel

time of direct couple signals variedthin 0.02 ns even while the antenna waeld in the

air. Since this discrepancy does not make sense from the perspective of a physical signal
transmitting through constant material propertiemust be due to the method of picking

pointswithin the Radan softwanearying slightlyas it automatically chooses the strongest
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amplitude in a given sign#hat is selected by the us&his process is not perfect, and will
have some variatiorit should also be noted that from one scan to the next, the initial
surface two way travel time can vary significantly. This variation is likely due to the state
of the antenna at the instant the scan is begdris ignoredby using the differencia time
between the reinforcement reflection and the ground couple signal to determine

propagation distance within the concrete deck
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The fact thathese signals are varying without passing through any significantly conductive
material shows that the output amplitude must naturally vary over time. Since the data
tends to a normal distribution, it seems natural to adjust for its effects based orathe me
ground couple amplitude of the dakor analysis of bridge decks, the amplitude of each
scan is modified before material peyties are calculated to account fioe variation of

the input signal strength. The direct couple amplitude while the anieonahe concrete
surface is used to accomplish this. For each recorded two way travel time gtrentrg

of returning amplitudes we plotted as in the tests discussed abvevaluate the

significance of any power fluctuations and to account for them

Thereflectionscollected in the fieldlso tended to a normal distribution as seen in the lab
testing In order to analyze the deck as a whole, scans with each two way travel time were
individually gained so that the means for each two way travel tneided with the mean

direct couple amplitude of the deck. Each scan was then gained so that each direct couple
amplitude coincided with the deck mean. This removes the effect of any power fluctuation
before full data analysis. GPR data from the Milfakrpassbefore and after this
normalization is shown ifrigures4.10and4.11 It can be seen that the normalization

process provides data that has a clearer trend, especially after about Fijnscih1l.

51



Amplitude (dB)
Ny
o

Time (ns)

Figure 4.10: Raw reflection amplitudes from Milford Overpass

Amplitude (dB)
S

Time (ns)

Figure 4.11: Reflection amplitudes after normalizatitom Milford Overpass

4.4 DeckModeling

Once tle variable initial amplitude hdokeen accounted fpothe properties ahe concrete
in a given deck werenodekd First, representative pointgere chosen from the total
population of radar datalhese pointsvere asumed to be representative afnstant
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deterioration levels throughout the deckhis wa done by findingreinforcement
reflectionsthat represeetithe 99", 60", and 3@ percentileamplitude valuesf the total
deck. These poiswerethenusedas a baseline for the model saré foundn Figure4.12.
Each percentileorrespondto a different level of chloride induced deterioration. Th& 90
percentile data for instance would correspond to some of the lowest conductniies

chloride contents while the B(ercentile data would have some of the highest.

If a substantial amount of fluctuation was determined in tHep@€centile dataa higher
percentile value would have been used to ensure the constant permittivity assumption was
still valid. Substantial fluctuations could be indicative of damage to the point of increased
permittivity, which would not be validwith the constant permtivity assumption.
Naturally, decks with more data points will have better representative data as these
representativgoints areselectedirom the entire population of dataVith a largerdata
population, these representative points will follow a smaeottve that is indicative of a
constant attenuation coefficient asignal velocity Decks withfewer points will not have
representative points that plot as smoothly. The slight variation shown irftpe@@ntile

data below would become more pronounced and could be present in all three sets of

representative data if few points were available.
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Figure 4.12: Representative data from Milford Overpass

Once these reference pointe gotted, a model of spreading and attenuation losses and
propagation velocity is fit to the data. Spreading losses in decibels are proportional to 1/d
with d being the total travel distance of the signal. Since this relationship is proportional
and notexact, it is beneficial to determine spreading losses relative to a known point. By
relating to a known pointany coefficient attached to the distance term is cancelled out
when the relative spreading loss is calculaiedill be shown in Equatioh3. The velocity

and attenuation equations used in the model are Equat@dand2.21respectively. The
amplitude as a whole can be calculated as shown in Equafion R a d aamplitude
units(AU).

o ! zzA@p00 [4.2]

Olo
OoN
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where:

Ao initial amplitude (AU)

A(t) T amplitude at time t (AU)

ti time (s)

v 1 velocity (m/s)

Ui attenuation coefficient (Np/m)

Laboratorytesting was conducted tonfirmthat the spreading losses g@re@portional to

the inverse of the distance squair@dring the testing described $ectiord4.3, the average
amplitudein dedbels returned from the steel plate at egmblystyrene thickneswas
recorded for each of the two trialBhe average signal from each test was platiedg

with a model of 1/dmultiplied by a constant d¥.0054 The constant wagetermined by
minimizing the decibel difference in amplitude betweengpeeading lossurve and the
collected dataThe square of the distance was used due to the conversion from amplitude
units to decibeldecawse power is proportional to the square of amplitutiee model fi

the majority of the points very well as showrFigure4.13, confirming the validity of the
model The divergence of the model points from the collected datatvaasaamtenna height

of 50 mm and below, becoming very pronounced when the antenna was directly on the
steel plate. This is likely due to the complicated signal reflections in the near field of the

radar antenna (Daniels 2004).

The assumptions made in radaalysis are based on the far field range of a given antenna.
When reflections are extremely close to the antenna transmitter, these assumptions are no
longer valid and more complex models must be used. The majority of reflections from
concrete decks aeep enough to be outsittee near fielgdso this seldom poses an issue
Surface reflections are inside this zone and therefore become difficult to use for the
determination of concrete properties with ground coupled antennas. Although they are in
the neafield, the normalization described in Sectii3 simply adjusts the signals so that

they are consistent and determines no properties from the surface reflection.
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Figure 4.13: Modeled and recorded spreading losses

After representative points are chosemefgrence time with a sufficient amount of data
points is chosen from the middle third of the data. This reference time was necessary to be
able to determine relative lossesrh a fixed travel distance. The middle third of the data

was used due to the high concentration of data points, giving a more statistically significant
value. The 98, 60", and 38" percentile amplitude values for this time are determined and
used as Iference points to calculate relative losses for each percentile level as the concrete
cover thickness changes. The signal model is built around each of these three reference
points bysetting the model equal to the amplitude of the reference gbthe eference

time, and thencalculating the relative change in amplitude and travel time as the cover
changes. The model values are then compared to the values of the representative data of

the same percentile level.

For a given change in travel distance, difference in amplitude between the reference
point and the point being calculated can be determined based on the attenuation and
velocity valuesdetermined for the model curvénitial values of permittivity and
conductivity are chosen for the model, theptimized to fit the collected dat@ne
permittivity is used for each deck and a different conductivity value is used for each of the

threerepresentativpercentile data sets
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The decibelchangein amplitude due to spreading shown inEquation4.3. Since the
velocity is constant for the modelrve due to constant permittivity of the deck and
constant conductivity of the deterioration levidlis change simplifieso Equation4.4.
Amplitude changes due to attenuation with a constant attenuation coeffioreatich
model curvaarecalculated ashown inEquatiord.5which simplifies taEquatiord.6. The

total decibel change is calculdtby adding the attenuation and spreading eftecisther
Equation2.20and2.21can then be incorporated to calculate the total decibel change for
a change in travel distance asHguation4.7. Since onductivity and permittivityonly
appeaiin Equation4.7 as a ratio, an infinite maber of solutions could be determinasl

long as the ratio of conductivity over permittivigmainsconstantA conductivity of 0.1

S/m and a relative permittivity of 7.5 is a much different situation in reality than a
conductivity of 0.2 S/m and a relative permittivity of 15. In the second case, much more
moisture is present, leading to a lower velocity, wihikeconductivity value is significantly
larger. This could result in false identification of chloride induced damage, or the omission

of such damagand would result in incorrect determination of cover thicknesses

In order to overcome this problem, mplgé curves were fit to each deck. Since they all
have the same permittivity, the conductivities for each curve can be detdritaratively

by relating theiramplitudevalues at given point® each otherThe differences between

the amplitudes and traviénes of the individual model curves should agree with calculated
signal losses and velocity changes based on the shift in conductivity from one curve to

another.

o . .. 0
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where:

B 1 spreading loss coefficient

ti 1 two-way travel time of point of interest (s)
tref I reference time (s)

vi T velocity at point of interest (m/s)

Vief T velocity at reference time (m/s)

quiBaten T decibel loss due to attenuation (dB)
gulBspreadl decibel loss due to spreading (dB)
Ui dielectric permittivity (F/m)

a7 electric conductivity (S/m)

These model aues arecalibrated tdit to the reference data by fitting three constraints.
First, the absolute difference in amplitude of each point on the nocodgbared to the
reference data is minimizeshd summed for a given curigeensure each model adequately
represents its datdhis is similar to a regression fit, but alone is not endogsolve for
conductivity and permittivityfor a given model curvelue to the two properties being
present only as a ratio in Equatiérr. Second, thamplitude and timdifference between
each ofthe model curves must fit the conductive model. This means that for a given

distance and a given change in conductivity, the travel time and amplitude of the curves
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shouldchange a set amoubéased orEquatiors 2.20and2.21 This is done by using each
point of the 68 percentile curve and calculating the travel time and amplivaged on

the conductivityvaluesof the 90" and 3¢ percentile curves at the same travel distance.
These predicted valuese compared to the actual amplitutigta for the 99 and 36"
percentile curves and thsaim of the decibeldifferences atach point on each curve
minimized.Thisis similar tousng the changing conductivity curve frafigure4.4 to see

what the amplitude and travel time values should be for the conductivities of'tlze@0

30" percentile curves when compared to th® pércentile curve. These ideal amplitude
and travel time values are comparedht® actual values of the model curves and summed.
This assures that not only are the model curves fitting the reference data, but the
conductivities and permittivity calculatddr a given deck make sense for the deck as a
whole.Finally, each curve is extrapolated back to a two way travel time of zero. Since each
of these curves are representative of the same source, thay silohave the same
amplitudeat atravel timeof zera. Thesumdifference between théecibelvalues of each
curve at thiszero point is also minimizedThe permittivity value for the deck and the
conductivity for each curve are found to be the solwgirthat giveshe best optimization

over all threeof the defined constraints.

Since these model curves are built around specified data points, signal gain in decibels has
no effect on the conductive and dielectric properties determined by the model. As long as
the same gain is applied to the entire datathe GPR data as a whaienply moves along

the amplitude axialong withthe model curvesThe only factors thaffectthe properties

of themodel curves are the slope and curvature ofdfezrencealata. Since this is the case,

any internal gains ggied by the radar system due toget options will not be a factor in

data analysisvith this model as long as the same settings are used for the whole deck

The optimization process to calculate a permittivity tmdeconductivities for each deck
was done using MATLAB software by starting with anitial value for each of the four
parameters and determining the combination of values that m@drthe three criteria
described abov@& he initialvalue for each parameter was individually incrementekdtias
minimization was carried out again. i§tprocess was repeated for 2&a0nbinations of

initial values to ensure that a global minimum for the system was reddreMATLAB
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program would returconductivity and permittivity values for each of the @7terations

along with a value for how well the three constraints were fit. The majority of these
iterations failed to come to a credible solution as the solver within MATLAB would often
maximize one property and ignore the rest. For each deck, betwesmd 116 credible
solutions would be provided from the program. Of these credible solutions, there were
between 1 and 5 unique solutions. In each case, a single unigue solution stood out as the
best one based on the three constraints discussed abowmp@rison to the migration
velocity used, and visual comparison of the model curves passing through the reference
data. This prevented a solution being chosenrdm@esented some of the data extremely
well, but did not represent the reghe precise velocity used in migration was not used as

a constraint due to the invalidated assumptions surrounding the migration p@woess.

the global minimunfor the constraintsvas found, thealculatedparameters were input

into the modelnd condudtities for each individual reinforcing bavere determined

To calculate the conductivity of the concrete at each scan locationdatgboint was

related to one of the model curves. The curve that best fit its respective reference data was
chosen to calculate each individual conductivity value. The model curve uséusfor
processvas idealized as a quadratic functiging a least squas@pproaclover the range

of two way travel times found in GPR data as sedfignre4.14. This is done to ease the
calculation of points on the model curve so they can be related to the individual
reinforcement reflections. The quatic approximation eliminates the need to calculate
individual spreading and attenuation losses for each point omtul curve when
determining the conductivities of the remainirgnforcing bars.Since permittivity is
assumed constant for the entileck, each data point must have the same two way travel
distance as a point on the model curve, the only difference between the two being a change
in conductivity similar to that shown by the changing conductivity curv&igure4.4.

Once the conductivity has been determined for each point on the deck, the entet data

is transferred to a surface plot using the software Surfer 10.

Once a conductivity map of the bridge has been creaveductivitythresholds can be put
in placeto determine problematic areas of the deck. These thresholds can be set to delineate

areas of extensive damage having high conductivity or areas that will likely see damage in
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the years to come with slightly lower conductivity. In order to confirm thdt kegels of
conductivity map out actual deterioration to a bridge deck, the conductivity map for each
deck was compared to haléll and chain drag survey resu#ted will be discussed in
Chapter 5Finally, determined conductivity levels were comparedhioride contents of

cores taken from each structure after the completion of the GPR surveys.
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Figure 4.14: Model curve as a quadratic (9percentile datardbm Milford Overpass)

4.5 RecommendedCombination with Diffusion Models

I n order to perform a complete assessment
surveys conducted at regular intervals could eventually allovafoomplete chloride

profile when combined with exposure and diffusion modéésng conductivity levels that

have been monitored over time in conjunction with these models could establish chloride
profiles relatively accurately, allowing for planned maintenance or preventative measures

before the onset of corrosion.
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To establish cloride profiles the changes in conductivibyer timeat each poindf a given

bridge deckwould have to be compardd previous conductivity results for the same
location Diffusion models could then be used in conjunction veittoride exposure
conditions at the surface of the dedk establish a chloride profile. This profile and
diffusion model would then be used to predict the movement of chlorides through the
concrete deckin the future Oncethe diffusive properties and chloride profiles are
establshed, forward models of thmovement of the chloridprofile over timecan be
completed to give estimates of the date and extent of repairs that are to be dxqsatied

on chloride content around individual reinforcing barsese models should of coutse
updated once additional surveys are conducted and a better deterioration projection can be

made.

There are two feasible uses foe tracking of chloride profiles through a concrete deck
The first use would benrelativelynew bridge deckthat wouldbe scanned regularbyver

their lifetimes. This would allow each new bridgkeckto extendits service life through
continued monitoring and scheduled maintenance that could be predicted with diffusion
models.During the establishment of a baseline chlenmlofile over the early years of the
bridge, it is unlikely that any significant repairs would be neededthe progress of
chlorides could be focused .ohhe lack of repairsvould simplifymodelng as any repairs

to the deck would have to be taken iatount during forwarchodelng of the condition

of the structuras repaired sections will have different concrete that will have significantly
different diffusive propertiesAlso, it could be assumed that a negligible amount of
chlorides were prexisting in the deck, allowing models to assume chlorides were only
penetrating from the wearing surface. Since the only chlorides in the deck would be near

the surface, the chloride profile could be established fairly quickly.

The second use would be for oldetidges thatpre-existing chloride profilesThese
structures would require regularly scheduled surveys in order to establish a baseline
chloride profile. The accura@nd speedf this process could be increased by takioges

from the deck and determing a true chloride profile from them. These cores could be
compared to GPR data establish profiles for the deck as a whuolech faster than without

cores With no cores, it could take a fair amount of time to establish a profile with any
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accuracy dueotthe fact that there is an existiolglorideprofile in the deck in addition to
chloride penetrating from the surface. The initial surveys would be able to provide a
condition assessment, but would not be able to estimate the true chloride profile without
subsequent scans. Once the profile is determined, a dinditmnassessment and forward
modelcould be established and maintenance schedules could be devised to get the most of
the remaining service life. Older bridges that are already significarttyioi@ted would

of course have any maintenance that was deemed necessary done as it wasitgmqgred

the establishment of the chloride profilEhis would make thenodelng slightly more

difficult as there would effectively be two separate areas of concrete to rivimtidling

could be achieved by taking into account different diffusion models for the newer and older

concrete in the bridgaue to these repairs
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Chapter 5: Results

Five previously scanned bridge decks were made available for this study. Each deck was
scanned in the summer of 2005 in preparation foreaiousthesis(Redmond 2007). All
five bridges wee located in Nova Scotia and were at varying stages in their sbvese
Field testing of each bridge deck included a GPR survey, chain dragielaiisual

inspection, and coring.

Several cores were taken from each bridge studied in order to establish covendepth
visually identify signs of corrosion and detination.Delaminationswithin the coresare
noted as either being present or not whiledence otorrosion vasnoted asiot present,

low, medium,or high. Low corrosion indicates the beginnings of corrosion product on the
surface of reinforcemeras se=n from the coreMedium corrosion indicates substantial
corrosion product on the surface of the Wdiich was beginning to cause distress to the
deck High corrosion indicates sufficienbrrosion on the reinforcement to cause cracking
and delaminationThree cores from each deck were also tested for water sohlblele
content in accordance withSTM C1218(ASTM 200&). Sevenlayers with a thickness

of 5-8 mm were ground into a powder Wyilbert Langley Concrete Testing. The powder
from each layer watested for water soluble chloride content by titration at the Dalhousie
University Minerals Center and then used to establish a chloride diffusion profile as
described in ASTM C15482 (ASTM 2002) Watersoluble chlorides determined kyis
testing were cmpared to conductivities determined from data analysis of GPRnitata

the conductive model

5.1 Milford Overpass

Milford overpass is @wo lane, three span structuteatwas constructed in 1968nd is
located in West Shubenacadmear the center of thequince Upon visual inpection, it
was seen thagxtensive asphalt patchingas presentn varying states of decay with
evidence of chloride residue around the edgdle patchesn some areas, these patches
had deterioratedufficiently to expose theeinforcementiue to continued corrosiofdoint

condition was noted to be poor and the concrete showed very high air chetecbres
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were taken from the deckhe plan view of whicltan be seen iRkigure5.1. Inspection
results fran the cores are listed Trable5.1 whereit can be seethatonly oneof the cores
showedevidence otcorrosion or delamination. This is likely due to the extenashalt
patchingover the more deteriorated areesa core would nidoe takerthrough the asphalt

patches

N SB3, SB4 SBI, SB2 \
\1 \, :\‘ H
- NB3,NB4 . .
\ NB1, NB2 \ NBIN{B6 \

Figure 5.1: Core locationgor Milford OverpasgRedmond 2007)

Table 5.1: Core descriptions for Milford Overpass

Core | Depthto Bar (mm)  Corrosion Delamination | Chloride Profil&
NB 1 56.1 None None

NB 2 52.5 None None

NB 3 49.8 High Yes

NB 4 48.2 None None Yes
NB 5 71.5 None None

NB 6 70.1 None None

SB1 48.7 None None

SB 2 50.3 None None Yes
SB3 53.0 None None Yes
SB 4 51.6 None None

*Chloride profile measured in accordance to ASTM C1218

Half-cell and chain drag tests were conducted on the bridge deck for comparison to GPR
results. The hal€ell test identified an active corrosion area covering 37.0%eodeck

while the chain drag survey identified 18.0% of the deck as delaminated. It was expected
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for the halfcell to delineate a larger area than the chain drag as corrosion activity occurs
well before deterioration to the point of delamination. Redoitm the hakcell and chain

drag testshow the area outlined as deteriorated during testingamtbe seen in Figures
5.2and5.3respectively.

Figure 5.3: Chain drag results for Milford Overpa@edmond 2007)

Analysis of the GPR data collected the field wa completed and the results were
compared to the halfell and chain drag dat&®lots of radar data before and after
normalization are shown Figuress.4 and5.5respectivelywhile model curveghatwere

fit to the dataare shown inFigure 5.6. It was determinedvith this model that the
permittivity of the deck was 8.9 F/m while thé@@80", and 38 percentile conductivities
were 0.10, 0.11, and 0.BBmrespectively.
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Figure 5.4: GPR data from Milford Overpass before normalization
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Figure 5.5: GPR data from Milford Overpass after normalization
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Figure 5.6: Model curves fit to Milford Overpass data

Conductivity values for the deck were plotted as a surface and compared¢elhaifd
chain drag dataigure5.7 shows the conductivity map of the Milfof@verpasswith the
span of the bridge in metres along the horizontal axis and the width of the bridge in metres
along the vertical axisThe areas of high conductivity coincided with the large asphalt
patchesTo compare the conductivity maphoththe hdf-cell and chain drag resultsvo
conductivity levels were chosen tHagstvisually compared to the field test resulishe
threshold used to compaitee conductivity mapo the chain drag0.14S/m)has a higher
conductivitythan that used to comparettee halfcell (0.11S/m)as the delaminated area
identified by the chain drdgas moreextensivedamage and would therefore have a higher
chloride contenaind conductivitythan the active corrosion area identified by the-belk
Plots of eacltonductivty level compared to its respective tesgults are shown iRigures
5.8and5.9respectively. A comparison of the areas determined by @atiese methods

is shown inTable5.2. It can be seen that the tvebosen conductivitieboth accurately
determine the shape and area of deteriorated regions of theTtheckrst conductivity
overestimates the hatkll area by 2.3%f the deckwhile the secondinderestimates the

chain drg area by 0.9%. The chain drdglineates some small areas that were not picked

68



up by the conductivity plot. This is likely due to visual anomalies being outtingdg the

chain drag testinghat were not necessarily delaminated. These anomalies would most
likely also be noticed during a GPR survey, so they would novvedooked Some small

areas of elevated conductivity could bess@d by the GPR due to the spadiegween
consecutive passef the antenna. This could be avoided by scanning at smaller distance
intervals, but would not likely increase accuracy enough to warrant the additional testing.
Any areas small enough to be omitted from GPR results would be of negligible concern to
deckcondition as any severe damage would likely be more widespread.
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Figure 5.8: Conductivitycompared to haltell data for Milford Overpass
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Figure 5.9: Conductivitycompared to chain drag data for Milford Overpass

Table 5.2: Comparison otonductivity thresholdand field testing damage estimates
Milford Overpass

Deck Area (m) Deck Area (%)
Half-Cell 186 37.0
0.11 S/m 197 39.3
Chain Drag 90 18.0
0.14 S/m 86 17.1

5.2 ShubenacadieOverpass

The Shubenacadie Overpass spahout 74 m andas two trafficlanes. Construction of

this four span structurcated in central Nova Scotisas completed in 1967. Visual
inspection of the deck identified significant corrosion induced deterior@tedmond
2007) It was noted that four substantialatainations were identified with some asphalt
patching over potholes. The surface appeared to have a high air content and the deck was
deemed highly deteriorateine cores were taken from the locations noteHigure5.10.

Core daa confirmed the visual identification of delamination and corrosion products as
summarized infable 5.3. Locations with no depth listed correspond to cores that were
damaged sufficiently to prevent accurate depth measure@erds SB3 and SB4b were
identified as having a significant buildup of gel duealkali aggregate reactivitA@AR).

It was unclear how localized the AAR was, but the remainder of the cores showed no
indication of thepresence ogel. If the AAR was localied only to this area of the deck, it
would increase conductivity in that locatiatone How much the conductivity would be
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raised specifically duéo AAR is unknown at this time and its potential effects will be
discussed in Sectidnb.

Half-cell and chain drag tests identified 149and 64 m of deck area respectivelyigure

5.11 shows the area outlined by the hedil test whileFigure5.12 shows that outlined by

the chain drag. Asxpected, the two tests outlined similar areas, with theckdl§howing

larger areas than the chain drag.
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Figure 5.10: Core locations for Shubenacadie Overg&edmond 2007)

Table 5.3: Core descriptions for Shubenacadie Overpass

Core | Depthto Bar (mm)  Corrosion Delamination | Chloride Profil&
NB 1 38.7 None None Yes

NB 2 39.5 Medium Yes

NB 3 55.1 None None

NB 4 52.6 None None

SB1 55.3 None None Yes

SB 2 53.1 None None

SB3 - None Yes

SB 4 59.5 High None Yes

SB 4b - None None

*Chloride profile measured in accordance to ASTM C1218

Plots of the GPR data before and after normalization are shown in FigliBend5.14

respectively. Model curves were fit to the data and determined a permittivity of 11.1 F/m
while the conductivity values were 0.09, 0.11, and 0.13 S/m respectively for'the®p
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and 34" percentile curves as Figure5.15. The conductivity map determined for the deck
is shown inFigure5.16. Conductivity levels were compared to the bedfl and chain drag
data and a strong correlation between the conductivity andfégrence testing was found.
A comparison between the first level and the Hcalf data can be found iRigure5.17
while a comparison between the sectewkl and the chain drag data is showrFigure

5.18.

Figure 5.12. Chain dragesults forShubenacadie Overpad&edmond 2007)

72



Amplitude (dB)
S

Time (ns)

Figure 5.13: GPR data from Shubenacadie Overpass before normalization
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Figure 5.14: GPR data from Shubenacadie Overpass after normalization
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Figure 5.15: Model curves fit to Shubenacadie Overpass data
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Figure 5.17: Conductivitycompared to hal€ell data for Shubenacadie Overpass
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Figure 5.18: Conductivitycompared to chain drag data for Shubenacadie Overpass

Both conductivity levelsclearly identify much of the same aras reference testsith a

small area missed in the conductivity plot compared to tHeckd at the top ofigure

5.17 and some small areas where there are discrepaAdirsugh the conductity map

did show elevated levels in thisgion they were not high enough to meetlénee| plotted

It is unclear how much of an effect the AAR in the deck had on the GPR data as the extent
of the expansive gel is unknown. If it was prevalent enougsigoificantly increase
conductivity, it would only have done so in the affected ar€hs. most likely areas to
have been affected by AAR would be the leftmost and rightmost areas identified by both
thresholdsn Figure5.17 and5.18 although they could simply be evidence of aggressive
chlorideinduced corrosionThese regions havegher conductivity values than the rest of

the deck by 0.08.10 S/mwith the coreswith evidence ofAAR being in the rightrost

area Areas outlined by each terethod and theonductivity magpare located iTable5.4.

Table 5.4: Comparison of GPR and field testing damage estiniaBsibenacadie

Overpass
Deck Area (m) Deck Area (%)
Half-Cell 149 22.6
0.14 S/m 130 19.8
Chain Drag 64 9.7
0.15 S/m 94 14.3

The conductivity plotunderestimates the haiell test by2.8% of the deckwhile it
overestimates the chain drag area by 4.6%. For thddusk the difference is mostly in
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one area of the hatfell, as seen in the top Bfgure5.17. The only other significant area
missed was the small band coming from the joint on the right hand side of the figure. Both
of these regions shived some elevated conductivities, but misseglbieed conductivity

level. Again the conductivity that best compared to the chain drag was higher than that that
best compared to the haléll as would be expected based on the level of deterioration

idertified by each test.

5.3 Victoria Harbour Overpass

The Victoria Harbour Overpasgs a two lane bridge ocat ed near Nova Scc
Shorethat spans approximately 43 m and was built in 1977. The two lanes segitimed

the GPR were done on separate daggher of which are recorded as having precipitation

by Environment Canada (Environment Canada 2014). Visual inspection carried out on the
bridge noted some small concrete patching with no significant deterioration around the
patches compared to the matpof the deck(Redmond 2007)Some corrosion staining

was noted near the joints, but this was deemed to have originated from the joints themselves

and not the deck reinforcement. Minor corrosion stainingm@sent in other locations of

the deck withrsome crackinguoted

Seven cores were taken during testing at the locations outlifédure5.19 with visual
inspection of these corelescribed inTable5.5. Core data showed mixed results as three

of the coesshowed high levels of corrosipwith two to the point of delaminatiomwhile

the remainder of the cores showed no sign of corrosion damage. Variations in core
condition to this degree make determination of overall deck condition difficult based on

core dataand visual inspectioalone.
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Figure 5.19: Core locations for Victoria Harbour OverpgBedmond 2007)

Table 5.5: Core descriptions for Victoria Haohr Overpass

Core | Depthto Bar (mm)  Corrosion Delamination | Chloride Profile
NB 1 39.4 None None

NB 2 37.2 High None Yes

NB 3 61.2 None None Yes
SB1 56.4 High Yes

SB 2 - High Yes

SB3 - None None

SB 4 47.0 None None Yes

*Chloride profilemeasured in accordance to ASTM C1218

Half-cell testing on the deck identified 16 in total having a ptential drop 0£0.35V or
moreas shown irFigure5.20. The chain drag survey delineated 5ahdelamination and
agreed with th halfcell results for the location of corrosion damage. A plahefchain

drag results can be foundkigure5.21.

GPR data for this bridge had some inconsistencies between the two lanes tested. Data
collected in the northboundrdction showed on average ground couple amplitudes 1.4 dB
larger and rebar reflection amplitudes 3.8 dB larger than in the southbound direction. Also,
the two way travel times for ground couple reflections were on average 0.18 ns lower for

northbound scanthan for southbound scans. These inconsistencies are likely due to the
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testing being conducted on two separate days. It is not entirely clear however why exactly

this error occurred, but there was clearly a difference in results from one day to the next.

One possible explanation is that some settings on the unit were inadvertently changed
between tests. All visible settings documented in the data files seemed to be identical so
this is unlikely to be the cause. Since no precipitation was recorded argheand no
moisture was evident on the deck surface (Redmond 2007), it is unlikely that moisture on
the deck caused the error. The final explanation could be that the antenna did not warm up
properly on one of the testing days. It is unlikely that this tixa@ result of operator error

as the data recorder clearly shows the antenna functioning during any warm up period and
it would be noticed if it was not actively warming up. Instead, there could have been an

error in the device itself that prevented drfr warming up properly.

Whatever the cause, inconsistencies such as this can be a major pitfall for GPR surveys. It
was found however that after normalization of sueface reflectionshe difference in
amplitudes between the two lanes had been sutsbanéduced. After normalization, the
ground couple amplitudes werby definition the sameon both lanesand the rebar
reflection amplitudes for the northbound lane were only 2.4 dB higher on average than the
southbound lane. The problem had not bednedy resolved, but the conductivity results
were a much better fit to the reference tests than they would have been without
normalization. Plots of rebar reflection amplitude before and after normalization are shown
in Figures5.22 and 5.23 respectively whileFigure 5.24 shows the GPR data plot from
before normalization anigure5.25 shows the GPR data after.
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Figure 5.20: Half-cell results for Victoria Harbour Overpa@edmond 2007)

Figure 5.21: Chain drag results for Victoria Harbour Overpg@edmond 2007)
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Figure 5.22: Victoria Harbour Overpagsginforcement reflectioamplitudes before
normalization
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Figure 5.23: Victoria Harbour Overpas®inforcement reflectioamplitudes after

normalization
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