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The Penetmdar Integrated Radar ïmpedon System (IRIS) Ground 
Penetrating Radar (GPR) was selected by Dalhousie University DalTech 
as the most appropriate tcchaology for as~cssing the wndition of 
reinforced concriete bridge dech becuue of the ability of the systnn to 
penetrate thtough asphalt concrete overlays a d  perform data collection at 
trafic speeds up to 75-80 kmk- This technology was selead fmm a list 
of 0th- nondestructive testhg methods such as innarrd thennography, 
ultnwnic methods, and impact echo teshg. 

A coliaborative research program was âesigned by Dalhousie University 
DalTech and the Nova Scotia Deptmcnt of Transportation and Public 
Works to examine the accuracy and confidence with which GPR cati be 
used to predict the quantity and I d o n  of delamiirritions and concrete 
scaüng on asphalt covered bridge dccks. Seventy-two ôridge decb were 
surveyed at trafnc speeds using GPR for deterioration estimation. The 
GPR data was pn>cessed manually to dctcnnine areas of excess signal 
attenuation aad meas of high collctefe relative dielcctric constant. 
Deterioration predictions macle using GPR were aiso compareû 
quantitatively and spatidy to ground-tnithing data obtaincd hm nine 
bridge decks ushg the well-established chah h g  and WeU potentid 
surveys after the asphait was removed b m  each bridge deck just pnor to 
repair- 

On each of the nine bridge decks, good to excellent wrrelaîion ôetween 
the GPR predicted deterioration quantity and locations was observed on 
each of the nine bridge de& with the quantity and lacations of 
detenoration found on the declcs using the conventional ground-tnithing 
methods. On a network level, the GPR resuits werc obscrved to 
underestimate the actual repair quantity by 1.5% of the bridge deck 
sucfie area. The 95% upper and iower wdidenct limits of the GPR 
prediction of the deterioration quantities as a percent of the deck s u r f i  
area were observed to be 8.3% und -on and 4.6Y0 ov ercStimation 
with respect to the actuai repair quantities. These d t s  show 
irnprovements in accuracy and variability ovcr traditionai visuai 
estimation mcthods. 

From the initiai results of this research a d  compMoon to historicai 
records of the visuai inspection methods accuracy, GPR provides a 
valuable pre-tender quantity eshaîion tool to bridge managers for deck 
repairs thst is more accurate d reliabk than traditional v i d  inspection 
methods. 



1. Introduction 

Over the p s t  half-kentuxy, the durability and Me span of existing reidorced 

concrete structures have been issues thaî have d v e d  i n d  priority with 

governrnent transportaîion agencies. Focus has Jhifted f h n  the crcation of an 

infrastnicture that pcmiits the rapid movement of people and goods for a strong national 

economy to the mUntensncc and longtvity of this -. SisnifiCant and 

increasing priions of annual governmcnt expenditures are required to repaÜ and 

maintain these stnrancs as they age and decay. Garmon and Cady (1993). in their report 

for the Strategic Highways Research Program. estimaîcd tbat in the United States alone. 

the cost of repairing these stnraucs is incrrasmg at $50 miiiion per armum, or 2.5% of 

their $20 billion totaî replacement value in 1995. Tbese high wsts arc due, in to 

judgmental m r s  in formulathg cstimatco of the extent of repeirs that are rspuirod 

Aktan et al. (1995) teporteci that whüe state-of-theart practice M provideci a 

satisfactory level of public safety, inaccurate condition assessment had k a  identifiecl as 

the most critical technical banier to enective management of highway bridges. 

This thesis presents a d d l e d  discussion of the problans and cos& . s~ociaîd 

with detecting deck deterioration, prrscnts and critiques several possible test methods as 

potential resolutions to the problems at hami, and describes the developmmt a d  

implementation of a researcb program designed to assess the e f fdvc~ lcss  of the most 

appmpriate method (grounâ penetrating radar) for evaluetiag asphalt-covmd reinforceci 

concrete bridge decks.. 

1.1 Scope of the Probkm 

Historically, the Nova Scotia Depattment of TrsnspoMon and Public Works. 

like most transportation agencies, have a l l d  f h h  h m  tbcir mual budgets for 



rrpairs of reinforœd mncrrtc bridge daks basal upon the subjective and intuitive 

judgment of project engiaens instead of objective mcasurements of the actual bridge 

deck conditions. Bridge deck deterioration is mrmdy hidden h m  view to the inspecter 

by an asphalt pavement layer wvcring tbe coIlCtttt dak, msking an accurate assessment 

of their extent a d  location very difEcuIt. Bridges in each district are pnoritized for 

repair by district supervisors baseâ on their pemptioa of the o v e d  condition of the 

structures. Those bridges that appear to be in the worst condition in each district ate 

compiled iato a provincial üst haî h nniha prioritiocd to detamiiw the foilowing 

season's proposed structures for rehabilitation. Prioritization criteria of the stnictures on 

this list have not historicaiiy wnsidered actuai measumnents of deck deterioration, but 

have been based on subjective condition assesments, usuaily h m  visuai observations 

alone. It is not mtil after detenoration quantitics bave been estimaîed bascd on visuai 

observations, tenders prepared and awerded and nhabilitation of the stmctwe begun that 

testing is done to determine the actuai extent and location of deterioration in the deck 

slab. This has been due to costs related to trafEc control, physicai constraints of test 

procedures, a d  the. Conventiod deterioration test methods rcquirc direct contact with 

the deck surface a d  thcrefore lane closures, traffic contrai, and removal of the asphalt 

pavement are needed. Pmblems in meeting expeaed rchabiïtation costs both on a 

project level and on a netwo* level have occumd due to variability in the accuracy of 

individual iaspectors to effdvely  eshate deck deterioration IeveLi prior to tender 

ptepatation. On a project level, rcpair budgets have somctimes becn prone to gmss 

overestimates or dertstimates of the actual rrpair wsts. Ovmstimates d t  in 

inefficient spending and tend to cause long tcmi price increases whiîe undctestimatcs 

result in immediate incffases to Provincial dcbt burden. Gross différences betwecil 

predicted and actual deterioration quantitics can d t  in wsts related to improper rrpUr 

or replacement management decisions. 

Variability and excesses in de& repair costs have o c c d  due to the lack of an 

objective and accurate means of meesuring deterioration in bridge decks @or to theu 



selection for repair. The major f o m  of dcterioration in xcinforced concrete bridge deçks 

are delamination of the concrete cover over the top and bottom mats of steel 

reinforcement (rebar) and scaling or âarnage induad by rrpeatsd Geczbg and thawing 

cycles to the concrete surfâce. V i d  exambation of the tnidge de& has ban the only 

indicator of the presence of delaminations to the project engineer, but offm no 

rneasurement of the true extent or location of del amiruitioos in the de& from the top 

surface due to the asphalt pavement e f f i v e l y  hiding the deterioration. htead, methods 

which involve physical wntact wiîh the deck ouch as îhe halfkeii potential and chain 

drag surveys have bcen used for measuring the location and extent of del aminations, but 

only after the decision had been made to repair the deck aid the aspbaît has been 

removed. This has kni due to the bigh cost of rcmoving the asphalt pavement 

and waterproofing membrane h m  the deck surfàce and also traffic control measurPs and 

labor. Only the information gatherrd using visual methods was uscd in prioritization of 

stnicturrs for rrpairJ or in forecashg repair budgets since haif ceU potential and chab 

drag survey methods were typically employed after the dccision to repair that structure 

had been made. The high cost of obtaining accurate i a f o d o n  using the half-celi 

potential or chain h g  sweys, dong with the cost and difticuity of interrupting tratnc 

and removing the asphalt pavement and waîerpmofïng membrane, har precluded the use 

of delamination surveys in priorithtion and planning of repair budgets. Whüc this 

system of "judicious guessing" for deterioration eshaîion appears inefficient, it has 

been the most cos t l f fdve  means of managing the repah of the provincial bridge 

population. 

Improved prioritization and wst forecasthg for rcpairs of the Provincial bridges 

would be made possible if an accurate a d  p i s c  rnethoâ of quiinbifliag deck 

detenoration on bridges w m  available to the pmject eagimas. Savings wouid be 

realized on a wtwork level through more efficient speding of the annual rrpair budget, 

and also through potential reductions in the unit price of the work. Foreânowleâge of 

deck removal quantities would d u c e  rrplit costs on a project level and tbaefore 



decrease time and labor requirements for both trafnc control and mnstrudon. Improved 

knowledge of deck conditions prior to removal of the asphait pavement would eliminate 

costs asociated with unoeccsssry removal of Psphalt pavement on decks that are sound, 

but were incorrectiy pcrceived to be in neeû of repgir. Furthexmore, decks that are 

excessively deteriorated can be rehabilitateâ at l e s  cost by replacement rather than by 

repair of the deterioratiom. 

There are obvious costs associateci witb thc jack of amnate rcpaïr quantitics prior 

to tender preparation. What are not obvious are the effécîs tbat these wnsequences may 

have on management of the repair budget. Und erestimation of the repair quantity will 

resuit in an immediate over-rua of the repair budget on a project level. This takes fuads 

away h m  0 t h  deserving projects, leading to incitasad debt and reduced Service quality 

to the public. Ov erestimation of the repair quautity will cause the mntnictor to incur 

losses due to lack of expected work. If chronic overestimation is observecl over tirne, 

contractors will adjust their unit prices upward to account for the shortfidl of work In the 

long the owners of the bridges losc money due to ovacstimation by àriving the 

variable unit prices u p d  Furthermom, ov erestunation inîroàuces a budget surplus 

that may be Ralized near the end of a fiscal year. To ensure similar annual fiinding in the 

friture, these excesses may need to be spent quickly and uneconomically. 

Most irnportantly, accurate rqmir qmtity estimation will enable cconomicd 

timing of repairs to awrr that the hding  is most appropriately span R e p a i h g  
bridges too early may d t  in needless early speiiding on t r a c  control and asphalt 

removal for the sake of some minimal deck repairs. Waiting too long to stait repairs on a 

deck may result in spmdhg excessive fundtig on deck rrpPirs when it rnay k more 

economicaî to replre the deck slab altogether. 'Ibe proper timing of deck npain is 

crucial to effective management of the repair budget. 



1.2 Delnminations and Dctcriomtion Proceam 

Shaw and Xu (1998) refcr to what they cal1 the "humidity paradox" in describing 

the role of water in the iife of concrcte after it has been placed Moisture is necessary to 

develop strength, to establish a pmper hardened air-void system in the concrete, to 

prevent plastic and drying shrinkage cracking in its eady stages, and is essential for 

basically ensuring the highest quality of the concrete when it is placed. On the other 

hanci, water is b w o  to be the prime factor in most of the physical a d  chemical 

processes that cause deterioration of wtlcrete after its initial criring. 

Bridge deck del aminlitions are deboadcd areas of the proetive cover layer of 

concrete urat overiies the steel reinforcement embedded in the deck slab. While the tem 

"delamination" may technidy be a misnomer since the= is not actually a larniruir 

separation of two distinct matenals; it has becorne the accepted term ta d d b e  this 

phenornenon. Del amiirrrtions occur in bridge decks due to a combination of physical a d  

chernical proçesses. The cause of del aminations in reinforcd concrete is corrosion of the 

steel reinforcement in the deck slab. Aceordiog to Neville (1987). corrosion is an 

electrochemical pocess in which Von. Fe*, ions are o x ï â i i  in the presence of moisture 

and chloride, CI; ions. Normally, conmete is mistant to corrosion due to the strong 

auraiinity of the cernent hyQation produci calcium hydroxides Ca@&, and the passivity 

of an iron oxide film that f o m  over the steel in its presence. Catbo118fion and chloride 

ion penetration into the wncrete deck are two processes which occur that deteriorate the 

alMine environment that dlows for this passivity to exist. These two proccsses arc 
accelerated by the presence of cracks in the concrete due to increased surf" area for 

chemical reactioas and also i n c d  proximity and passage for water, chlande ions, and 

other chemical agents to the reinforcing steel. Carbonation is the &on of carbon 

dioxide with moisture to praduce carbonic acid, which reacts with the calcium hydroxide 

product of the hydrateâ cernent to produce calcium carbonate. Carbonaîion neutraüzs 

the alkaline environment in the afkcted a- begiMing at the exposed coucrete oiaface 



and proceedhg downwad into the depth of the slab. If carbonaiion reaches the 

reinforcing steel, the passive imn oxi& layer is removed dong with its corrosion resistant 

properties. Chloride ions in solution that migrate into the concrete cover react with water 

to form hydmchloric acid. The acid reacts with the iron oxide film, destroying the 

protective pasivity. Fuxthermore, concentrations of chlonde ions cause ana& a d  

cathodic regions to occur in differcnt location on the steel reinfotceme~lt. Transfer of 

electrons h m  iton at the anode to water and oxygm at the cathode d t  in formation of 

hydroxyl cations (OH)- through the foUowing W'II rcactions: 

anode reaction :Fe + ~ e "  + îe' 

cathorte reuction :O, + 2H20 + %OH)- 

These hyQoxyl cations rcact with the Libastrd iron anions (Fe? hm the d e  

reaction to pmduce fernus hyâroxide Fe(OQ, which ultimately d t s  in f d c  oxide, 

or rust. Pi- corrosion also ocfus as chlori& ions with water a d  Fe* to 

produce f m u s  hydroxide and hydrochlonc acid, thus increasing nist formation, 

deterioration of the passivity film on the steel, and induchg fiÿther pitting cornion. 

Hence, chlonde ion intrusion into concrcte cover ovcr reinforcement c m  be considercd as 

a pre-cursor to corrosion problems, or as an initial phase in the deterioration process of a 

bridge deck. As the steel reinforcing bars in the deck slab are oxi- rust fonns at the 

steel-concrete interfbce at the anode resulting in a net increase in volume. This iacrease 

in volume leads to dwelopment of intcmal expansive forces in the dcck siab. Concretc is 

a brittle material that is weak in tension and therefon respoads to i n t d  expansion by 

cracking to relieve the stresses. When the conmete cracks, water and chloride ions art 

allowed easier access to pcnctnte the concretc cova and rcach dd steel, 

increasing the rate of corrosion. It is important to note tkt chloride ions arc not 

consumed in the corrosion activity, but are wntinuaiiy cycling bctween formation of 

hydrochlonc acid and reactions with the steel. Figure t shows a rtinforcing bar that bas 



been severely c o d e d  to the point that it has become detached h m  it remaining length 

embedded in the deck. 

Figure 1 - Severely corroded reinforcing bar in a bridge deck 

The problem is M e r  compounded by damage caused to the concrete by 

repeated freezing and thawing cycles. Properties of concrete such as strength and 

permeability become worsened through freezing and thawing cycles by increasing the 

extent of existing micro and macro-cracks. Microcracking develops in concrete uirough 

buildup of interna1 expansive pressures dwing fieezing if suffcient resistance is not 

provided by a well developed hardened entrained air-void system. The surface of the 

concrete slab at the asphaltlcoacrete interface may become scaled as k z i n g  and 

thawing cycles induce cracks which flake and spdl away the protective paste layer. The 

rate of darnage to the concrete increases with prolonged exposure to repeated freezing 

and thawing cycies, worsening the effects on corrosion resistance with increased rates of 

carbonation and chioride ion ingress. For these reasons, damage due to scaiing and 



fieezing and thawhg cycles are ofien included with delaminations as areas to be repaired 

on reinforced bridge decks. 

Trafic loading is another major contributing factor to the development and 

growth of delaminations in bridge decks due to flexural fatigue of the concrete. impact 

and fatigue loading fiom truck tires increase stresses, causing an increase in crack growth 

at delaminations and dso aid in spalling the concrete cover from the rebar layer. 

Figure 2 - Concrete cover delaminated as a "plate" h m  underlying reinforcement 

Figure 2 shows a delamination that appears to be a plate of concrete cover that has 

k e n  sepamted from a transverse reinforcement bar by intemal tende stresses resulting 

from corrosion. 



Figure 3 - Concrete cover disintegrated into hgments overlying corroded reinforcement 

Figure 4 - Delamination showing no visible signs of distress on the deck swface 



Figure 3 shows a region of the deck d a c e  that has become pulverized kto 

concrete fkgments that ovcrlay corrodeci reinforcement. Figure 4 shows a delamination 

that is invisible h m  the surfàce. The various levels of effécts such as fkezing and 

thawing cycles and trafic loading have on the formation and aghg processes of 

delaminations rnakes their c ~ s t i c s  difficuit to detect usïng any singit test criteria 

Why should delaminatons be removed h m  bridge de&? The ammuer is based 

almost entirely upon durability concerns a d  extendhg the usefiai service life of the 

structure. Deck slabs are designed with respect to shear and flexural m. These 

designs incorporate loaâ and resistance e r s  th sewe to incnase design loads and 

reduce design resistawr. These factors are developed accordhg to the probabiiistic 

expectations of material prfonnance and service conditions over the design life of the 

structure. As a result, these designs are highly consewative for usual d c e  conditions, 

giving the designer some -ce that the structure will not fail within mrrnal service 

conditions. The load resistance offered by the in-service materials tends to remak 

sufficient to carry the in-service loads that are applied to the s t -  despite teductions 

in this margin of probability h m  reinforcement corrosion and concrete deterioration. 

Increases in material degradation will also serve to inaease the rate at which this 

detenoration and reduction in safety occur. Compouodi the problem of deaihg with 

deck deteriodon is the question of timing. At what point does it become economical to 

repair deck deterioration? In discussions with bridge mauagemcnt officids h m  the 

Nova Scotia Department of Tmqmrtation and Public Works, it was stated that -y 

decks can provide adquate misiance to n o d  in-service 1- even whai they are 

found to be in excess of fiffy to sixty percent deterioratecl. From a mater& standpoint, if 

the problem areas are repaireâ quickly and their causes removd, the lifetime may be 

increased well beyond the design lifetime of the structure. From the perspective of 



management, there must be some compromise bctween maintenance and replacement 

costs of a given structure to m h h k  cost and maximize ~ e ~ ~ e a b l e  life. This 

compromise ideally descriks the point at which it becornes most e«>wmical to repais 

the delaminations to bcrease the smriceabIe Wetime of the deck Repairing decks that 

are not delaminated enough to warrant the cost of repairs and decks that are so 

deteriorateci that replacement presents a more viable option are both expensive 

consequences of poor timing of repairs. 

This further illustrates the necd for an accurate mahod for predicting 

deterioration quantities before the decision is made to rep& a de& Not only will this 

increase in acciiracy reduce the rnargin of emr in repk estimates, but alsb it can allow 

for effective management decisions regardiiig the timing of rrpiis such tbat the üfe cycle 

cost of the structure can be reduced. 



2. Determination of Appropriate Teebiology 

There exist many differrat technologies tbaî may bc applicable in solvbg the 

problem of accurately predicting delamhaîion quantities in asphalt wvered reinforceci 

concrete bridge decks. The foUowing sections &scribe the establishment of selection 

criteria for the most eppropriate method a d  how the various methods wnsidered Ui this 

research fit those c r i e  

2.1 Test Metbod Critcri. 

In order to evaluate different rnetbds of assessing asphait covered reinforced 

concrete bridge decks, certain criteria were estribüshed. These criteria were based on 

phys id  conditions and cfonomic factors thrit have historidy precludod delamhaîion 

surveys fiom king conducted on many bridges prior to repairs. 

There are two primary factors that prevent simple access for personnel to nnvey 

the top d i e  of a reinforcecl concrete bridge deck. TrdSc flow over the bridge 

surface can not simply be halted during the time rquired to assess the deck. Usually. a 

lane closme is required with trafnc control measmes, wnsisting of either sign-persans 

controlling and directhg the flow of trafic, or timed signal Lights. Furthermore, the 

surveyed a m  must be enclosed ushg slfety barriers to prevent injury to p ~ o m e l  

inside the area h m  M c  outside of the area. Therefort, tra££ic control is expcnsive 

and time consuming to establish. Furthennore, there arc other expciisc rwo~bted with 

disruptions in traffic flow such as user delays, and incffased nsk of accidents. The 

second factor preventing -y access to th siafbce of the bridge dcck, on the mejonty of 

decks in Nova Scotia, is a layer of asphalt pavement overlying the siirlace of the 

concrete, sometimes with an asphaltic or nibber waterproofing membrane seperatui% the 

two II18terials. The asphalt and membrane provide a driving d a c e  that is similtu in 



texture to the h e e r  of the highway, whüe providing, in principle, a protective layer 

to retard the ingress of water and chernids h o  the concrete de&. Unfortuaately, this 

asphalt layer also prevents bridge inspectoors h m  viewing the surface of the concrete 

deck and prevents sufncient physical contact to the concrete surfiace thaî is necessary for 

effective traditional delamination w e y  mahods. Rovidïng access to the deck d a c e  

has traditionally meant removing the asphait and waterproofbg m e m b ,  usually at a 

signifiant cost, plus providing traffïc watrol. In Nova Scotia, there are appmximately 

one thousand reinforced comte  bridge docks, with an eotimated niany-nine percent of 

them overlaid with asphalt pavement. 

Given that some structures would already be in mbstandard condition, the most 

appropriate method sbould be non-destructive so that fivther damage to the structure 

would not be incurred and money need not be spot  to replace damaged areas or 

materials 

Experienced bridge inspectots generally make aàequaîely accurate estimates of 

the condition of a reinforced concrete bridge deck acwrding to the neech of the 

Department of Transportation and Public Works. Any new method must exhibit 

accuracy in predicting quantities which meets or exceeds thai historically exhibited by 

bridge inspectors. Equally important as a~curacy are subjectivity and reproducibility. 

The results should be based on a subjective anaiysis such thaî any given operator can 

arrive at the same result with an acceptable level of emr. The data rrcorded using the 

method must therefore be consistent and reproducible. This will nwurr thai a reliable 

end result will be achieveâ, eaabling the deterioration predictions to be &y accepted 

into a bridge management system. 

An important wnsideration in developing the use of a new technology in an a m  

is simplicity. Ease of data collection and interpretation shouid be a requirement such 

that personnel can be trained to use the equipment with Little effort. 



Given these considerations, the foliowing criteria were established to select or 

develop the technology to address the problcm of predicting the extent of detexioraîion 

in asphalt wvered reinforcd wncrett bridge decks in Nova Scotia The method should 

be: 

Nondesîructive to the pavement and deck slab, 

Non-intcrfering with normal tnifEc flow on the structure, 

Accurate in detecting deterioration underncath aspbalt overlays on the deck, 

Data must be consistently repducible, 

Results should be objective, 

Simple ta use. 

2.2 Idenafiation u d  Compariron of Condition Amssmeat Metbods 

DBerent bridge de& condition assessment methods wenz reviewed h m  

available literatute and wmpared against cach other ushg the method criteria establisheâ 

in Section 2.1. From these methods, the one most mitd to the constraints of this 

problem wss selected and the necessery equipment was purchssed for use in this research 

project to evaluate its efféctïveness for bridge deck condition assessment in Nova Sootia 

From a review of technical literature, conferences and infoxmation provided on 

the intemet, the following üst of potential me- for the probIcm of identifying bridge 

deck deterioration was developed: 

Standard methods - visual ~~ssessment, chah drag and haif-cell 

potential surveys 

Ultrasonictcstmcthods 



ImpirtEcho testmahods 

i n f i a d  methods 

b u n d  Penetrating Radar methods 

2.2.1 Standard Pnctke Methods 

The simplest and easiest method of asseshg bridge conditions availabk to a 
. . 

bridge inspector is visual e m o n .  Cracking, rust, efflorescence and moisture 

staining on the curbs, abutments, a d  underside of the deck are strong iadicators of water 

permeation through the conmete which may lead to corrosion of the rebats and 

delaminations in the deck. Tbese indicators may lead one to suspect the existence of 

delaminations in the deck wtiere they are found, but do not allow one to measure the 

actual location and extent of delaminations over the whole deck. nor do they give 

conclusive evidence that del amhaîions defïnitely exist at that location. The lack of an 

actuai delamination at a given location may not necessarily mean that corrosion of the 

reinforcement and other concrete deterioration is not present There are traditional and 

also more technical methods wIiich bridge inspectors use to determine the location and 

extent of del aminations and corrosion rates in the deck to try to gain a better 

understanding of a pariicular bridge. T b  of these methads are visual inspection, the 

chah drag and the W k e l l  potentid survey. 

OAen an inspector cm detect areas in whicb deterioration may be occurring by 

o b s e d g  the sudace and underside of the de& The asphalt may exhibit cracks 

and signs that underlying concrete has deteriorated, pmviding an ~ s t a b l e  base for the 

asphalt pavement Cracks in the asphalt pavement and separation h m  the curb edges 



and joints provide easy paihways for water, chionde, and oxygen to penetrate to the 

concrete deck where ingress into the slab may fïrst be initiated. 

Figure 5 - Severe staining of deck underside 

The underside of the deck may provide more substantive evidence of deterioration 

in the slab. Moisture, tust, efflorescence and cracking provide evidence of deterioration 

processes in the slab above them, but may not necessarily indicate the lateral extent of 

delaminations in the overlying deck. Furthemore, measurement of the size and location 

of these indications can be extremely difficult as height and obstacles such as wateways 

or traffic undemeath the structure may limit access to the deck underside surface. 

Figure 5 shows extensive staining on the underside of a bridge deck. W I e  the 

probability of delaminations existing above the stains is high, the lateral or longitudinal 

extent of the deterioration remains unknown. At best, visual inspection can help the 



engineer in assessing probable deterioration in the deck, but still maka fonnulating a 

repaïr quantity e s h a t e  diflïcult. 

2.2.1.2 Mol/ Ce# P o & W  Su- 

Halfcell potential surveys are used to indicate areas i .  which there is a high 

probability of active wmsion ptesent on the reinforcement coniained inside the deck in 

the comsion ceil within the deck there is a flow of electrical current as electrons migrate 

h m  the anode to the cathode. Associated with this current flow are variations in 

potential dong the length of the reinforcement, which may be detected using a balf=cell 

electrode. The results h m  the half-cell potential survey do not directiy iadicate the 

presence of del aminstions, but it foliows that over the,  delaminations will occur in those 

areas in which t k e  is active corrosion. Active corrosion can be viewed as an 

intermediate phase in the deck deterioration process, coming a f k  moisture and chlonde 

ingress, but b t h  before and d e r  the formation of a delaminaîion crack. 

The test method wnsists of applying a copper-copper sulfate electrode, connecteci 

to the negative terminal of a voltmeter, to the pre-wetted surfâce of the exposed concrete 

bridge de&, in which the reinforcing steel is elecûically comecteà to the positive 

terminal of the voltmeter. The resulting voltage is measured using the voltmetet and 

recorded dong with the location of the test on the deck d a c e .  The voltages are plotted 

as iso-potentid contour maps overlaid on a plan map of the deck SIPf'bce or on a 

cumulative hquency distribution for interpretation. According to ASTM C876-91, 

voltages that are more positive than 4.20 volts CSE (copper-mpper sulfate elecbrode) 

indicate that there is a greater than Wh pmbabiiity that m> corrosion of the reinforcing 

steel is occming at that particular location. Voltages rneasured between 4.20 volts CSE 

and -0.35 volts CSE can not be used to p d c t  the existence of corrosion with auy 

certainty. Voltages more negative than -0.35 volts CSE indicate that î k e  is above 90% 

probability that them is active corrosion at that particular test location. Kemp (1996) 



suggests that the standard -0.35 volts CSE hnit may indicate a high pmbability of 

significant active corrosion, but claims that tests have show tbat onset of oomsion may 

occur at potentials as low as 4.24 volts CSE. 

Alldred (1996) reports tbat absolute values of potential done are wt ewugh for 

reliable determination of wmsion probability, since the absolute values cm vary 

according to moisture content and, to a lesscr extent, the temperature of the concrete. 

Alldred also suggests thai inclusion of cover tbicknesses with the m e y  will 

allow for correlation between high probabiiity of active comsion and low cover 

thicbiesses on the deck There are a number of field conditions that require expriace 

and possibly destnrtive investigations to aid id i n m o n  of the WkeU potential 

test results. Carbonation of the concrete to the dcpih of the reinforcing steel will hxease 

the negativity of the measurement, resulting in higher prediction rates for c o m i o n  in tbe 

deck. Dry concrete will act as an iasulatiag dielectric instead of king more cwductive 

in a wetter state. Concrete thet experiences highly variable moisturc and oxygen contents 

at the level of the embedded steel and also rehabilitated soructures that have introduced a 

change in the moi- and oxygen content at the depth of reinforcing steel require 

analyses that accouot for these change in rates with respect to comsion. Volkwein 

(1995) States that misleading high and low potentials can be observeci in wncrete that is 

very dense or wet with poor oxygen supply and in concrete where there is little cover 

over the reinforcernent and that has dried, allowing active comsion to change into a 

passive state. Volkwein also notes that potential measuemcnts the average potential 

measured over the deck area adjacent to the meanaing point and tbat it is possible to 

overlook certain d l ,  but active, corrosion locations. 

Half-ce11 potential measurements may or rnay not bc accurate indications of 

corrosion cumnt. Variable moisture, oxygen, and ion concentrations in the conmete near 

the reinforcing steel may cause changes in measured voltage thit wiU lead to dccreased 

accuracy in predicting the psence of cornsion a d v i t - .  ASTM C 876 - 91 



recomends that other data be used in conjunction with the half'li surveys to fomuiaîe 

conclusions concerning the corrosion activity of ernbedded steel in the deck such as 

chloride contents, depth of cabnation, del amination w e y  findings, rate of conosion 

results, and environmental exposurt conditions. ASTM C 876 - 91 does not specifL grid 

spacing for conducting hîlf-cell potentiai sweys, but notes tbat longitudinal a d  lateral 

spacing of four f W  have been found to be saîisfàctory for deck slab applications. 

Measurements tbat are too close together tend to be redumht and waste time and effort, 

while spacing that is too large may ovalodr small arcas of active corrosion. 

The halfeli potentiai survey is not a direct measmement of the presence of 

delaminations, but identifies the potentiel for del aminstions. Given that most bridges are 

not surveyed using the haKceU e lec tde  uniil a point in the Life span of the deck that 

delaminations are likely, most areas denoteci by the survey are liirely to have induced 

cracking and del aminaiions in the deck. Some areas wiii be found in which the 

probability of active corrosion is hi& but the degree of corrosion is insutllicient to cause 

delarnination in the deck. 

The chah drag may be the simplest and most cost effective meaas of gathering 

information on the top rebar del aminations for exposed reidorced concmte decks. 

Delaminations are detected by the operator listening to the souads of a length of steel 

chai. being dropped and dtagged over the deck surface. Sound concrete vvill result in a 

sharp ringing souad h m  the deck, while delaminatcd wncrete tesponds with a hollow 

and du11 echo thaî is lower in pitch as a resuit of the void or discontinuity bctwcen the 

slab and the delaminateci cover. Delamïnaîions are easily located and d e d  using this 

technique, but it is much less effective on bridge decks t h  are ovedaid with an asphait 

pavement. The pavement tends to have an insulating efféct on the transmission of the 

sound energy to the concrete and back to the sinfrrc, reducing the volume and distorthg 



the reflected sou&. The cbain drag method is subject to operator opinion and therefore 

may not detect di of the delamirrnteA areas. Sometimes, the sound produced by the chah 

on the deck can mdce the presence of del aminations questionable. For example, some 

delamhaîions produce wcak alterations to the somd of the chah that may not be 

perceived by the operator. Conversely, somc slight cbanges to the sound of the chain on 

the deck may be perceived by the operator to be a delamination when it is in fact caused 

by another source. This can be caused by partiaily debnded pieces of asphalt pavement 

or membrane that wmc not removd h m  tbc dcck sudace. With plongeci use over an 

hour, the operator can tend to b m e  toneinscnsitive and may miss audible 

delamination tones . pmblem is aggravateci by the tra8lic noise since trafEc flow is 

not usuaiiy discontinued over the entire deck during the nawy. Aras tbat are actively 

corroding, but have not yet inducd Suflticient t d e  stress in the deck to cause cracking 

or delamination will not bc &tecteâ using the chah drag methd Also, areas tbaî have 

delaminated but in which the crack has beni 6iled with solid corrosion products may not 

be detectable using the chain drag method. Furthermore, the qmtities and locations 

designated for repair arc o h  detemiinai by visual obsavation as well as the ch i r i  drag 

method. Sutface scaling, emkddeû obj- such as wood and other debris, d severe 

damage by k z i n g  and thawing action are usually included. Sluface macre-texture, 

reinforcement cover, the size of the chah links used, anà operator opinion have an effect 

on the areas and quantities chosen for repair by using the chah drag methi. 

In a discussion in the Concrete Repair Digest (1996), tbree experts wae 

questioned regarding the effectiveness of the chah cimg for locating delaminiitcd 

concrete. It was gcneraiiy agreed that the chin  drag is vey  effective in louting 

delaminations, but is limited in @th on an exposeci deck h m  1 to 3 ùK:hes, depcdiag 

on the size of chain liaL used Two of the experts Bescnbed the rciascy of tbc chain 

drag to be within ten and twenty percent of the total deIBmiiifltH1 area. 



Regardles of the potential for emrs, the chah drag method has been the most 

effective meam of quantiQing the locaiion a d  extent of delamination on exposed 

reinforceci concrete bridge dcçks. The chain drag is the primary methoci by which the 

Nova Scotia Department of TranspoRation and Public Wodcs establishes the removal 

areas on bridge decks tbat have been prepared for repair. 

Standard test rnethods for condition assessment of reinforceci concrete bridge 

decks have been the chah &ag and hlf-cell potcntial survey, preluded usually by a 

visual survey of the declc. Basically, a visual assessment of the deck underside, which 

may or may not have included the application of a )wnmer to the deck underside for 

detecting delamination in accessible areas, has ban the b i s  of quantity estimates for 

tendering rehabiîitation work. The chab diag and half'kell potentiai siaveys are mt 

practical tools for deterioration estimation prior to the removai of the asphalt pavement 

fiom the deck surfâce. The pavement acts as an insulator to both the half-cell electrode 

for detecting corrosion cumnts and to the propagation of sound me%y to the underlying 

concrete and bsck to the operator's ear. R d t s  obtained by using these methods on 

decks h m  &ch the asphalt pavement has w t  been removed can be uorrliable. 

Considering the application of the staadard coadition assessment metho& with 

respect to the method criteria outlined in Section 1.2, theù d t a b i i i t y  for esthathg 

repair quantities for tender p m p a d o n  becomes quickly apparent. The ~uccess of these 

methods would requk the removal of the asphalt pavement, thus faiiing to meet the 

primary criterion of non-desbnictive testing of bridge declrs. Furthemore, removing the 

asphalt pavement anâ wnducting the w e y s  requires traffic contml a d  fàils to mect the 

second criterion of non-intcrfcrence with normal traffic flow. The necessity of asphdt 

removal for their application to the deck surface f ~ l s  to meet the third criterion. Whüe 

the halfcell potential survey is subjective, with minimal operator infîuence, the chah 

drag method is not, requiring the operator to decide what is &lamiirnt..t and what is not. 

Both methods are simple to use and are cost effective, but the cos& a s s o c i d  with 



asphalt removal and oafnc control are too high to make the use of these standard test 

methods appropriate for estimating iemovd quantities for tender preparation AAer 

disqualifying the chah drag and W-cei i  potentid surveys h m  the list of potential 

standard test methods for estimating repair quantith, what remains is the current practice 

of visual examination of the decks. 

2.2.2 Ulîmsonic Tut M e t h d  

Ultrasonic Testiag (UT) or ultrasonic pulse velocity measurements have been 

used world-wide as a nondestructive test for q d t y .  A h y d  and Jones (1963) 

demonstrated that M e  there was no unique relationship between pulse velocity aad 

concrete strengh, useful empirical relationships could be formuisted for predicting 

concrete strength within tlS% when the composition a d  curing conditions were 

carefûiiy eontrolied. These relatïonships are based on the assumption that changes in the 

puise velocity, or the elastic dynamic modulus, is related to changes in sacngth pmpcrties 

of the concrete. 

Ulttasonic traasducers are chosen depending on the path length under scrutiny, or 

the condition thai is sought a f k ,  in the wncrete specimen. A limiting f m r  is the 

degree of signal attenuation and scattering effects due to aggqptc siP on the concrete. 

Tranducers are ususlly coupled to the wncrete s u r f i  using a liquid or grease, then a 

pulse is tramnita through the specimen. The time rcquired for the pulse to travcl h m  

one traosducer to the other is recordeci dong with the peak magnitudes. Puise velocity is 

determineci based on tbe travel time between transducers and the m d  path distancc 

between transducers, tbe latter of which may k dinicult to accurately measure for slabs 

and waiis where access to the wIicrete for both transducers may aot be available. 

R6sch et ai. (1995) d d b e d  how longitudinal, or tbmugh-transmission, pulse 

velocity measurements might be useû to locaîe defscts in concrcte columos. Low quality 



concrete was identifid by cornlaihg puise velocity with the compressive strength of 

concrete cores drilled h m  the colilmnfi. Pulse velocity measurements were recordeci 

over a grid system established on the columns and three-dimensional modeling was used 

to produce a simple-to-read diagram of the interior showhg areas of low puise velocity. 

Areas of poor compaction were associaîed with sfower pulse velocity measurements. 

These were revealed by inîicssing the velocity thresholds estabiisheâ for delineating 

grades of concr*e quaiity. The necessity of a large nimiber of data points and an 

understanding of the margin of enor involved was recommcnded for rcLiability d in 

better locating areas in need of repair. 

Wollbold d Neisecke (1995) reportcd on their continuing development of a 

single transducer ulttasonic method which incorporated a pulse-echo technique for 

evaluating concrete structures h m  one side only, instead of the two-sided transmission 

technique. Data was presented in B-scan (amplitude intensity changes over time over 

distance) format in rd t h e  to de- defect or backwall reflections, nceiving 

information on the intensity and phase of the signai and their relative changes as the 

wMducer is moved dong the concrete surface. Thickness measurements requinxi a 

separate means of measuring pulse velacity by a transmission meîhod* 

Ultrasonic pulse echo has been used to detect and locate air gaps, or cracks and 

other flaws on concrete structures by identifjing shorter pulse time-of-flight h m  the 

surf'e to the defect t h  is usual for the time-of-flight h m  the s d a c e  to the backwail. 

Transmission methods detect defecr by the attenuation or even the absence of a 

reflection of the transmitted signal, or by a decrease in pulse velocity. 

In terrns of the method criteria outthecl in Section 1.2, ultmsonic methods can be 

used to provide non-destructive condition assessment to the slab and other wmponents of 

~ i n f 0 ~ : e d  concrete bridge decks, but does not appear viable for detecting deterioration 

beneath asphalt overlays on the deck. Measurcments are objective, but require some 



technid expertise in the identification of rcflections, unksîmding internai reflectjons 

within concrete members, and in detennining the puise velocity, particularly in the case 

of deck slabs, where transmission measurements are wt possible. The primary reasons 

for not selecthg uitrasonic mcthods are the tiw a d  number of statiociary measutements 

required to survey a wmplete deck and the ncccsag interruption of f l c  flow and 

possible removal of the asphalt overlay. 

2.23 Impact Echo 

The Impact Echo (E) mcthod was deveiopeû by Dr. Mary Sansalone and Dr. 

Nicholas Carino, of Corne11 University, b m  ongoing research that began in 1983. 

Sansaione and Streea (1995) report using the impact echo me- to loca!e and 

determine the extent of cracks, voids, delaminations, honeycombing, and &bondhg in 

concrete structures. W e  the point of intercst of the impact echo mabod in tbe m h  

dembed within this thesis is dedicaîed only to rriaforceâ comte bridge decks, it is 

also used to evaluate other concrete structures such as pavements, floor slabs, waUq 

beams, columns, and hollow cylinders like tunnel linings. 

The impact echo technique is similat to ultrasonic methods in that the propagation 

of stress waves is considered in evaluating structures. These waves are generated by a 

short duration mecbanid impact on the specimen pruduced by striking the surface with a 

small steel sphere attached to a spring-rod handle. Sphere size is variad, depcnding on 

the thickness and material king considered, to produce impacts of different dura!ion to 

achieve the desired remlution. Tbe impact produces low fkquency diJataîional (P) a d  

distortional (S) wavts that propagate into the ~ i m c n  aad are mflected by intemal flaws 

and extemal surfâtes. A h  produced are Rayleigh (R) wava tbat ppagate dong the 

surface of the specimen. Of these three wave types, P-waves are d y  considerrd for 

d y s i s  purposes since thcy teml to have the grca&st amplitude in the arca nar the 

impact. The P-wave reflections h m  flaws or extcinal d a c e s  rchw to the impactcd 



d a c e  where they are reflected back into the specimen again by the fiee d a c e .  In this 

manner, the reflections establish a periodic retuxn to the impactcd surface h m  which 

layer thicknesses can be measured if the wave speed is known. Displacements caused by 

the waves arriving at the impacted surface are recordeci by a broadband piezoelectnc 

transducer. The signal h m  the transducer b recorded using a hi&-speed data aquisition 

card and a wmputer. A waveform of amplitude versus t h e  is produced h m  the data 

This waveform is then transformecl us@ a Fast Fourier Transfomi into the 

fkquency domain for adysis. Domirisnt fiequencies aske in the data b m  multiple 

reflections between the impact sufhce and flaws or 0 t h  extemai surfaces. Each type of 

structure exhibits a characteristic muency response basexi on its geometry. These 

resonant fkquencies are used to locate flaws ~ccording to deviations h m  the 

characteristic fiequncy response. Since îhe travel time between the surface and an 

intemal flaw must be l e s  than the travel tirne between the surfe and the opposing 

e x t e r d  surface, flaws appear as dominant resonant fkquencies that are higher than the 

characteristic resonant fkquency. in the case of delamination, an additional resoaant 

fkquency occurs as the debonded plate vibrates about its longitudinal a d  transverse 

axes. This vibration tends to be at much lower fkqwncies than the c h a c t e m û  . . 
C 

fkequency of a souad specimen. Poston and Sansaione (1997) describecl severai cases 

where the impact =ho method was used to detect and estabüsh the extent of cracking in 

beams and wlumiis based on changes in îkquency response and pulse velocity 

measurements. Sansaione and Carino (1989) reportcd on the use of the impact-echo 

method to detect delaminations in a bridge deck tbrough an asphalt overlay. 

Delaminations were detated in two diffkrent asphalt overlaid slabs without prior 

knowledge of their locaîion. The steel sphere impactor requkd slight modification by 

adding a thin steel plate to the sphere so thaî the impact time would not k i n d  by 

the sphere dinctly contacâing the relatively softer asphait oonctcfc. 

Accunite depth measurements are dependent on the speed of the data acquisition, 

which affects the fiequency molution of the data Also, the P-wave speed mwt k 



measured accurately. This has historicaily quired direct througb-trammission wave 

speed measimwnt on a section of the stnrQrrrs that was accessible fkm both sides. Lin 

and Sansalone (1997) developed a meaiis of closely estimating the P-wave spsd based 

on the travel tirne of the Rayleigh wave baweai two transducers spaced at a known 

distance. This provides a simple means to daamine the P-wave speed on m y  smooth 

&âce since m e s s  is only required h m  one side. 

Impact echo rnethods bave a bcncfit ova conventional ultmsonic mcthods in that 

the transducers do not quire  grrrise as a c o u p h  to *bc spcimen sudace. h t e &  a 

thin sheet of lead is useû to provide adequate coupling. Impactors are chosen to provide 

the contact duraîion aud fFtquency such tbat the bighest fkpencies thra are anticipated 

in the data are c o n t a i d  within the impact pulse, making this test distinct h m  other 

ultrasonic methods. 

Impact echo testïng bas been show11 to provide accurate and diable  d t s  for 

detecthg del amhations, cracks, and for measilring thiclnesses. Structural elements that 

may cause sigdicant scattering of the waves, such as dense reinforcement or Mgular 

geometry, may d u c e  the accuaracy. The greakst drawbacks to the method are the 

necessity of contact to the test surface, *ch may create oôstacles in the development of 

a procedure to test slabs at highway speeds. The reported procedures have involved band 

placement of the transducers, sampling on a grid system over a surface, with additional 

sample points taken when ncctssary at suspect Iocaîions. Software have been dcveloped 

to proces the raw data into a fkquency domain format, but still rspuire operator analysis 

for proper inkqmtation. A si-cant amount of timc would be requiFed to proccss the 

excessive quantity of data that would be genacited by a dense survey grid on a typicai 

bridge dak. While the mcthod is simple, purely non-destnrctive and has bem d u c t e d  

with accurate and rrpraducible results through asphalt ovedays, the amount of timc 

required for testing necessitates lane closure a d  t a c  control. interCerence with normal 

traffic flows and the d t i n g  reduction in cost+ffectivmess of this pocedure are two 



restraints that make netwodc level bridge deck condition asstssments using this produre 

unattractive, in spite of its excellent reportcd results as a metbod of direct delrunination 

measurement. 

The technique of hfhred thermography (IR) for detecting del aminations is based 

on principles of heat transfet. The pte~e~lce,  or la& of, solar heat applied to the deck 

creates daily cyclical fluctuations in tempemtwe profiles thmughout the thickness of the 

de& Well-bonded rnaîerids m e r  heat relatively urilfonnly, detaminatioons iniroduce 

discontinuities in the heat flow. These discontinuities act to insulate underlyhg 

materials, produchg 1- changes in îhe heat flow gradient. Innand cameras are 

used to scan the bridge deck &ace area to detect these anamdous heat gradients, 

signaling discontinuities tbat are intetpreted as delamhtions. 

Data is usually collected using aa infira-red video camera mounted to a vehicle 

which is driven over the deck surfâce. Normal video fwtage is u s d y  ~recorded with 

the inûared data to identify cracks, potholes, oil stains, and other s u r f i  feahirrs which 

will affect the data interpretation. in the literatute encountered during this research, date 

was collected at slow speeds, not at speeds thai would prevent interférence with normal 

&c fiows. Typically, date was collected h m  deck SUTfâces that were edosed within 

a barrier system so that the deck was open exclusively to the test vehicle. 

Manning and Masliwec (1990) report that delaminations can bc disthguished 

from areas of concrete SUrf8ce scaling by observing a grey-scale intensity plot of the data 

Delaminations occur as well denned white spots (hotîer a-), compared to the cooler 

and hence darker areas of s m d i n g  sound deck, while scaüng eppears as a mottled 

grey-white tone, with b m a &  mottiing occiariag as tbc degrcc of sealing worsens. 

Debonding of the asphalt pavement, on the o h  had, is l e s  distinguisbable, o h  



appearing as anomalies in the data with the same or greater intensity as delaminations and 

can sometimes be completely umoticed. 

According ta Maser (1989) d i s  h m  &-rd delamination surveys have been 

found to be inconclusive, with physicai and environmental f-rs affêcting the outcorne 

of the survey. Positive detectioo results bave generdy been found to correlate well with 

existing delaminsitions, but negative detcction results do mt wccrserily indicate that the 

deck is in sound conditioa Negative detedon results may only iadicatc ihat conditions 

at the time of testing were insufncient for detsctiag Jome of the deterioration. The 

presence and thiclcness of an asphalt pavement overlying the deck affects the magnitude 

of the t h d  anomaly that can be rneamred, with thicker pavements retadhg the rate of 

heat change at their siirface that would indicate a &lamhted area. Furthermore, 

debondeci asphalt pavements may i n d u c e  thcmiil discontinuities imo the deck system. 

Surface texture, differential Wear, and cracking of the pavement ninace also have an 

effect on the anodous  temperature gradients. The depth of cover and crack opening 

width of the del amination affects the magnitude of the a n o d y  as weii as the crack 

contents. Del aminations that are fillecl with water or corrosion pmduct may aot induce 

thermal anomaiies on the deck surfkce that are measureable. Aside h m  deck 

characteristics, infhred îhermography is sensitive to availability of smshhe, cloud cover, 

wind speed, moisture, season, time of &y, aad stationary shadows. Typically, clear, 

cairn and sunny days are required to dequately detect thc presence of delaminati 
. . 

O-, 

taking advantage of higher rates of heat absorption of the deck Water present on the 

deck surface interfixes with the consistency of the data quality. 

Manning and Masliwec (1990) state that in6renJ surveys uin geo-y k 

conducted successfûiiy except during the hours near d s e  d sunsct, whm the rate of 

thexmal change approaches zero as the deck goes b r n  a oooling statc to a heating state or 

vice versa Date collection should be contained to sunmy days with tcn pawnt cloud 

cover or les, sina passing clouds can change the grey d e  of a portion of the cornpletc 



deck data set. Water wntained in the del d o n s ,  or in the asphait pavement, the 

transfer of heat into the deck becornes affecteci and deterioration in those areas will not be 

detected. At pavement thicknesses greater than 75- deck deterioration prediction 

becornes less certain due to the thermal inertia of the thick pavement layer. 

Infirared thermography has been shown to be a usefiil technique in detecting deck 

detenoration, but inconsistent and inconclusive d t s  that are dependant on the ambient 

weather conditions m a k  it an U i l e  wtbod with respect to the criteria estabtished 

in Section 1.2 of this thesis. This non-destnictive technique meets ai i  method criteria 

ouâlined in Section 1.2, except for the reproducibility of the data, accuracy, and the 

subjectivity of the data interpretation. 

22.5 Ground Penetmting h d a r  

Ground Penetrating Radar (GPR) is a nondestructive method of locoting and 

identifiing subsurfâce layers of engineering materials such as S O ~ ,  rock, and concrete. 

Information about these layers is gathered by the transmission of high radio fiequency 

(RF) energy into the material and recordhg the strength of the reflected energy over 

tirne. Alongi et al. (1982) reportecl that GPR developed as a nondestructive method of 

evaiuating bridge decks and pavements h m  its early applications in detecting bMed 

non-metallic landmines for the Unitcd States army in the mid 1960's. Bridge deck 

assessrnent followed a f k  the development of GPR technology for deterrnining 

pavement layer thicknesses and for void detection. Other applications have included 

reinforcement and metallic duct detection in slabs, detection of excessive moisture in 

pavements and d e r  slabs on grade, moist rotten areas in timber poles, hydrocdmns in 

groundwater, and GPR has even been used in forensic science for detecîing disairbed 

soils. Efforts in GPR research have since focusseci upon equipment reliability, 

experience, and automation of the signal proocssing techniques. Today, GPR 

technology has advanced to the state of high resolution dsta collection at maximum 



highway speeûs of approximritely 80 km/hr and partialiy automated signal anaiysis for 

detecting del amirisltions and measuring layer thicknesses, making it more economically 

feasible for e v a l d o n  of idbsûucture on a netwok level. New efforts are underway to 

develop the use of multiple antenaat for synthetic apertme anaiysis whm data is 

observed at dinèrent locations nea. a point ta produce a thme dimensional prediction of 

the properties of that point. 

GPR bas been relativeiy newy established as a bridge investigation tool 

compared to other conventional and weU-acceptai techniques, but positive results have 

been reported by various authors. Its ability to access the deck slab through q b a l t  

pavement layers and in normal t d E c  flows make this method highly attractive. 

Commercial systems are available which o f f i  automatic proctssiag software to analyze 

the data with minimal user input, enabling a more objective d t .  The use and 

background theory behind GPR in bridge and highway investigations is discUSS6d more 

indepth in the following section. 

Ground Penetrating Radar (GPR) best fit the method criteria established in 

Section 1.2 of this thesis as shown in Table 1. Ail methods that wete examincd offer 

non-destructive testhg capability, but not all of them meet the strictest criteris of non- 

interference with normal traffic flow and effectiveness through asphalt pavement layers. 

Other test methods meet some of the criteria, but only infia-red thetmography and GPR 

have the capiibility to collect test data at highway speeds. Of t b  two mehds ,  ody 

GPR offers software that minimilrP user input, simplifyiag data pioces~ing and 

increasing objectivity in the results. GPR was selected as the most appropriate poteritid 

test method for condition assesment of bridge decks in Nova Scotia because of its non- 

destructive capoibility to provide sccurcite results tbrough asphait pavement laym and 

non-interference with n o d  trafic flows. These q d t i e s  enable insight to the 



condition of the deck before the decision ta rcpair the bridge bas actually been made. 

Furthermore, the automatic ptocessing software pcrmits simple user input in data 

processing to yield objective results. 

Table 1 - Cornparison of test methods to seleaion criteria 

Nondestructive 

Does not interfere with nomial tra££ïc flow 

With the identincation of the appropnate technology, the Nova Scotia Department 

of Transportation and Commrmications was approached by Dalhousie University 

DalTech with a proposal to l a d  financial assistance to a five-year term research pmject 

in which the use of GPR as a predictive tool for estim8ting bridge deck deterioration 

would be undertaken. The GPR system prociuced by the Penetradar Corporation was 

selected because of the strong support it had received h m  the US Federal Highways 

Administration, Ontario Ministry of Transportation, and many of the above mentioned 

departments. The fivc-year rrsavch project was approved by the Nova Scotia 

Department of Traasportation and Public Works and the Pen& Integraîed Radar 

Inspection System (IRIS) shown in Figure 6, was purchased in the swnmer of 1996. 

Works through asphalt overlays 

Reproducible data 

Objective with minimal operator influence 

Simple to use 

Standard* 

Half-ce11 potentiai and chah drag surveys. 
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Figure 6 - Van equipped with Penetradar PS-24 Integrated Radar Inspection System 

Further credence was given to the selection of GPR as the most appropnate 

technology for bridge deck assessment by the SHRP S-325 report describing the 

application and expected accuracy of the Penetradar PS-24 GPR antenna systern. A draft 

of a standard method for deck assessment was also included in the report that used GPR 

for detecting delaminated regions of a bridge deck. Furthermore, the use of GPR by 

many different transportation agencies such as the Ontario Ministry of Transportation and 

many State departments including New York, Ohio, Texas, Pe~sylvania, and West 

Virginia, lent M e r  credibility to the technology. 



3. Ground Penetrating Radar for Bridge Deck Assessrnent 

The following subsections will provide a description of the testing equipment, the 

theory behind radar energy propagation and reflection h m  layers, and a discussion of 

the history and research of the application of GPR to layer thiclmess measurement and 

bridge deck condition assesment. 

3.1 Hardware rad Equipment Setup 

The mode1 PS-24 Pewtradar system, used in this research program, is a low 

power solid state ground penetrathg radar desigmd for noncontact iaspeaion and a high 

data collection rate. The antenna is a monostaiic, ultra directive, and ultra broaûband air- 

coupled horn type. The system uses a monocycle transmitter that emits a phase coherent 

pulse at a very high pulse repetition fiequency that allows for a hi& signal to noise ratio 

that is required for ground penetrating applications. The IRIS system that incotporates 

the PS-24 can acwmmodatc and allow for up to three simultaneous radars to be used at 

one tirne. A 100 Hz linear range scan provides continuous -und wverage a! vehicle 

speeds up to 80 km/hr. Each transmitted pulse has a period of approximately one 

nanosecond, equal to the inverse of the center ihquency of one G W  and over one 

million pulses are genetated transmitted every second. The radar hardware, shown in 

Figure 7, is integrated as a system inside a Ford E250 cargo van and manipulates a signal 

emitted h m  the distance measuring instrument of the ABS braking system into the data 

for spatial alignment of the data to the deck surface. 

A workstation is wntained within the van for personnel to collect and pmcess 

GPR data The wodcstation includes a rack-mounted cornputer, monitor, power inverter, 

radar batteq pack, master control unit, d distance measiiring device wntrol. The 

power inverter draws electrical charge h m  the heavy-duty aiternator installeci in the 



cargo van and is also used to charge 2 large wet-cell batteries located in the rear storage 

area of the van. These two batteries are used to power the equipment if the van is not 

running and also for charging the radar battery pack. The radar battery pack provides a 

short-tem supply of relatively constant voltage to the radar control unit, enabling 

constant transmitted signal power. Since the inception of this research project the battery 

pack has been replaced with a circuit supplying constant power to the radar control unit. 

This elirninated the need to recharge the battery pack and tends to proàuce output of a 

more uniform amplitude. The master control unit controls the timing and shape of the 

transmitted signal, signaling the transmitter/receiver unit which is located on the exterior 

hardware that is installed on the antenna configuration on the fiont of the van. The 

distance measuring device control receives electronic pulses fiom the ABS braking 

system and has them recorded dong with the radar data for distance measurement. 

Figure 7 - GPR control hardware contained inside researçh vehicle. 

Exterior hardware includes the transmitter/receiver unit, antenna, and antenna 

support structure. This assembly is show in Figure 8 below. 



Figure 8 - Exterior antenna assembly on front of van 

A steel beam was designed and welded to the h e  of the van underneath the 

fiont bumper. This beam allows the antenna support structure to be moved to any 

location across the width of the van for data collection. This ability to shifi the position 

of the radar antenna ailows the van to remain in normal t r a c  lanes to collect data, 

instead of straddling adjacent lanes. The antenna support structure is bolted into place on 

the support frame. This support structure is composed of a "post" with two steel Uni- 

strut channels on either side in which the "ami" can be bolted into place using Uni-strut 

lock-nuts. This configuration allows the user to choose the vertical air-gap distance 

between the antenna and the targeted surface. Fixed in place on the arm is the 

transmitter/reciever unit which sends the transrnitted signal to the antenna and receives 

the reflected signal. This unit is controlled by the master control unit loçated inside the 

van. These two devices are connected by the main radar cable which screws into the rear 

of the transmitterlreceiver unit and into a connection port located just above the burnper 

on the h n t  passenger side of the van. The antenna is connecteci to the arm using a fixed 



bracket on its side and twt, large plastic bolts tbat fit into holes located on the end of the 

ami. The transmittedreceiver unit is comected to the a m  by the mtenna feed cable thai 

is a semi-rigid coaxial cable. Both of these cables are fh@e and c m  must be taken not 

to bend them. A single antenna assembly was used in this research to wUect the data one 

pass at a time, along the length of the deck in the direction of tranc flow. The 

Penerradar IRlS ha0 the capability of quiring data ushg 3 to 4 antennae, ducing the 

number of traverses requirrd along the deck lengtb. 

3.2 GPR Background Theo y 

Beginning with some fiindamental concepts of GPR electromag~letic theory, an 

examination is presented of how the transmitted pulse is affected by the targeteâ layer 

systems and how the data may be used to extract information about these Iayers. 

3.2.1 Fundrmentd Concepts 

From an electromagnetic standpoint, a material can be metallic or dielectric in 

nature, though the transition h m  metaiiic to dielectric is gradual, with many materiais 

exhibithg properties of both. Metallic substances have high elecirical conductivity and 

attenuate electromagnetic waves to a high extent, resuiting in low m o n  depth. 

Dielectric materials have low el&cd condutivity, teferrad to as insulators, and 

therefore attenuate electromagnetic waves to a lcsser extent. The phase veiocity through a 

material is dependant upon its relative dielectnc constant, or  da t ive  pennittivity, s, 'Zh 

dielectric constant of a particular material is r e f d  to as being relative since it is equal 

to the ratio of the dielectric pexmittivity of the material, E, ta the fiindamentally constant 

dielectric permittivity of he-space, ~g 8 . 8 ~ 4 ~  1 O-" F/m. 



Material pennittivity is acaially a complex number, c = E' - js"comp0sed of a real 

portion, a', associateci with charge storage potential, and an imaghary part, E", associateci 

with the conductivity or atîenuation of electramagnetic waves in the medium, which is 

also refemd to as the loss f m r  by Halabe a al. (1993) and by Loulizi and Al-Qadi ' 

(1997). In low l o s  matcrials, the imapinerv part of the Ifsiterial permiaivity is o h  

neglected, leaâing to Equation 2 above. 

The propagstion velocity of the transmiüed RF energy wavehnt through a 

particuiar materid is given by E q d o n  3 as: 

where c is the speed of ligbt in fke space. c = 0.3*109 mls and m, is the relative 

magnetic penneability of the material. For low loss materials, a is usually taken to be 

unity and the phase velocity of the transmitted energy through a dielectric medium 

generally reàuces to Equation 4: 

If the signal mats a boundary h e m  two matetials thai bave dissimilar relative 

dielectric constants, the em%y is partially reflecteù and received again. The amount of 

energy reflected and transmitted are given by the reflection and transmission coefficients, 

respectively. These coefficients are dependant on the relative impedance of the two 

materials at the interfbce, zrl and zd, respectively. For low loss dielectrics, the impedance 

is given in Equafion 5: 



where m,-, = 4% IO-' HenryIrneter is the magnetic pcnncability of fra space. 

The voltage reflection and voltage traasmission coef6cients are given by Bungey 

and Millard (1993) as Equations 6 and 7, rrspeetively: 

These coefficients describe the fractions of the incident voltage, and the mot of 

the incident power, to an intedace that are reflected and m t t e d ,  ieJpectively. Most 

of the remaining traasmitted energy continues to penetrate pst the interfiace, d e  a 

small firaction is lost to spherical losses due to antenna displacement, Scattering losses due 

to mughness of the interface and nonhomogenous layers, and attenuation of the signal by 

the layer itseIf. These losses cannot be m d  tbrough a particular layer but have been 

predicted using mathematical models (Bungey and Millard, 1993). Attenuation, a, is a 

function of the fhquemcy of the transmitted encrgy, the relative dielectric constant of the 

medium, and the l o s  tangent or dissipation b r ,  6, which is the ratio of the r d  to 

imaginary parts of the medium permittivity, as shown in Eq. 8. 



This is simplifiai to Equation 9 for practical puiposes since conductivity is the 

dominant materiai property affecting attenuation irregardless of frequency. a& is the 

direct current or ohmic conductivity of the materiai. 

It should be wted herr tbat if the electromnpnetic wavehnt is nflected h m  an 

interface of two materials in which the underlying xnaterial has a higher relative dielectric 

constant than the overlying material, then there will be a reversal of polarity in the 

reflected wave. As the mnainiag ttansmitted energy meets ~uccssive material 

interfaces, additional reflections are sent back to the d v e r  and are recordeci over the.  

In this way, the time quireâ for the energy to travel h m  the ttansmitter to each 

interface and back is recorded with the magnitude of the reflected energy h m  each 

interface peak in wâat is r e f d  to as the radar waveform. Each waveform is composeci 

of the recorded rdections of the initial ttansmitted signal over the. Each wavefomi is 

constructed of eight hundred voltage sarnple points over a timespan of twenty 

nanoseconcis. Measurements of h e  and pak amplitudes h m  the waveform form the 

basis upon which GPR is used for measuring layer thickness and for more! cornplex 

predictions of matenal deterioration such as concrete delaminations and m g .  A 

typical transrnitted signal is shown in Figure 9. 

Attenuation plays an important mle in deteminhg the penehration depth of the 

signal into a given medium. Materials thPt are more codudiW will attenuate the energy 

at a fmer rate, reduciag the penetration depth. Also affecting penetration depth W tbe 

center hquency of the antenna with hi- fiequedes atteniiriting faster tben lower 

fiequencies. There is a trade-off with penetration depth for depth molution. Higher 
fiequency antennae produce shorter traasmitted puisewidths. Shorter pulsewidtbs allow 



for measufement of thinner layers, but attenuate more rapidly than longer pulsewidths 

which have a greater penetraîion depth, but lower thickness resolution. 

Radar Channel 1 . . . - . . .  . . . . . . .  2.50 . . . . . . .  . . . . . . .  
m . . . . . .  . . . . . . -  . . . . . . .  . . . . . . .  . . . . . . .  m . . . . . .  . . - - . * .  . . . . . . .  2.011 ...-.-..............- o....--........-..... ..a. -..-.-..- ............ O a... o.-- ....a < 
. . . a . . .  . . . . . . .  . . . . . . .  . . . . . . .  . . . . . . .  . . . . m . .  

Figure 9 -Typical transrnitted radar impulse signal 

3.2.2 Interpntation of Layer Characteristics 

For the 

used to extract 

concrete bridge 

Y 

purpose of describing how measurements h m  the radar waveform are 

usefùl infomraton about the laym, a typical asphalt paved 

deck will be used as a target layer system. 

An asphalt paved reinforceci concrete bridge de& can bc considered 

four dielectric layers. There are the asphalt and concrete layers cdjacent to each other 

and which are bounded above and below by layers of air. Due to dielectric dissimilarities 

between these layers, energy reflections and transmissions will occur at theu interfaces. 



Steel reinforcement within the deck does not reflect energy in the same manner as the 

horizontal and plane interfaces of the air, asphalt, and ancrete layers. The &orcement 

is metallic and therefore is extremely wnductive and reflective of the transmitted energy. 

The reinforcement is usually arranged into two grids, located near the top and bottom of 

the concrete slab. The grid is normally composed of longitudinal a d  tramverse bars, 

used to develop flexural and shear mistance as well as in the eontrol of shrinkage and 

cracking in the slab. Since the steel occurs as a mat with bar spacing mucb in excess of 

the bar diameter, only a portion of the energy transmitted to the level of the mat is 

reflected. With the radar beam âirected orthogody to the de& transverse bars have 

little effect on the reflected signal due to orthogonal polarbation, while longitudinal bars 

have a much greater effêct due to paralle1 polarkition. In bridge de& having very 

closely spaced reinforcement, the reinforcement layer acts more as a plate than a mat, 

reflecting more emrgy. When bar spacing is one haif of the e f f i v e  wavelength in the 

concrete deck the reinforcement layer reflects al1 of the incident eoergy. Equation 10 

describes the power refiection coefficient, or the square of the voltage transmission 

coefficient, R, of the layer of reinforcement modeled as an quivalent @el, or 

longitudinal mat as reported by Bechtel and Alongi (1976): 

where: a = angle of incidence, assumed to be zero. 

d = iongitudjnai bar spacing 

1 = wavelength of the radar wave 

DI = diameter of the longitudinal reinforcement 

F, = correction factor related to conductor spacing, approxirnately zero 

for s d l  spacing. 



Figure 10 shows a simple ray diagram depicting the incident and reflected energy 

portions of the original transmitted beam h m  the antenna By accountiag for the 

transmission and reflection of energy h m  each in- in the system, we can f o d a t e  

equations to mode1 the expected responsc in the recordeci radar waveform. 

Figure 10 - Ray diagram of energy reflection and transmission h m  a bridge deck 

Air 
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From Figure 10 it may be observed that there are thRe reflections which are 

received by the antenna: the surface reflection h m  the airlasphalt interface, the 

reflection fkom the asphait/concrete intefiace and the reflection h m  the concretelair 

interface. The magnitude of the energy reflected h m  the airlasphalt intedace is the 

product of the voltage reflection coefficient and the incident voltage, Ei, which is the mot 

of the incident power, Pi. 



The portion of îhe energy tbat is transmïtud pst the interface is detennined by 

To, = 1 -b,, . This energy travels through the asphalt layex and experiences attenuation a 

before meeting the asphalt/concrete interfhce. At this interfke, the signal is again 

partialiy reflected eccording to the reflection coefficient Rt1, and partiaily transmitted 

according to the transmission coefficient TIt. The rcflected portion is redirected back 

towards the aidasphalt interfàce wfiere it is again partially reflected and fransmitted 

according to and To,i as before. The d t a n t  magnitude of the peak in the waveform 

is therefore given by EqULlfion 12 as foliows: 

Using a similar analysis, the resultant peak in b waveform due to the 

concretelair interfhce at the de& bottom is givcn by Equation 13. Note tbat there is a 

change in phase of the peak since the relative dielectric of concrete is higher than îbat of 

air. 

= 4 (~2.3 X(T,, b N T ,  k 2 Il3] 

Figure 1 1 shows a waveform recordcd h m  an actual bridge àeck The waveform 

is the recorded voltage, or signal strength, of the reflected signal versus tirne. The 

expected peaks of the airlasphalt, asphalt/conaete, and concrete/air interfiaces can be seen 

within the wavefoxm dong with positively orientcd peaks corresponding to the upper and 

lower layers of steel reinforcement. The two initial peal<s arrivhg prior to the four 

nanosecond location are internal reflections of the antenna and GPR hardware. 



Figure 1 1 - GPR waveform recorded from typical asphalt paved bridge deck 

3.23 Measurement of Layer Tbicknesses 

Since the reflection and transmission coefficients of the radar signal can be 

expressed in terms of the relative dielectric constants of the layers bounding an interface, 

the relative dielectric constant of the underlying layer with respect to the relative 

dielectric constant of the overlying layer is measured using the amplitudes of the 

reflected peaks in the wavefom. Using the amplitude of the reflection from the initial 

air/asphalt interface, Er , the relative dielectric constant of the asphalt pavement layer can 

be cornputed as shown in Equation 3, if the energy incident to the interface and the 

relative dielectric constant of the air layer are kwwn. The voltage reflection coefficient 

is exactly the ratio describing the fraction of the incident energy that is reflected h m  the 

interface, or exactly E&. This ratio is equated to Equation 6 to yield Equation 14 below. 



The propagation the  thugh the asphalt is the time required for the 

electromagnetic wavefiont to pass by the air/asphalt interfke, reflect off the 

asphait/concrete interface and meet the airlasphalt interface again. This occurs in the data 

as the time separation between pealrr h m  interfaces bounding a given layer. For the 

asphalt concrete layer in the simplistic bridge deck mode1 king considend, this is the 

time difference between the airlasphah interface peak and the asphalt/collctete interface 

peak. Kwwing that thiclmess is the product of the phase velacity and the tirne travelled 

through a layer, we me8SUte the propagation time, 7, between the (n-l)& and am 

interfâces, the incident and refiected voltages on the (n-l)& interfiace, and the relative 

dielecûic constant of the (ml)& material, to calculate the thickness of the nth layer by 

combining Equation 4 and Equation 14 as follows: 

This is m e r  simplifieci to Equaîion 16 for pmticai purposes by applying the 

known value for the speed of light in k space and substituthg in the value for the 

relative dielectric constant of the layer, q,,. This becomes usefiil if the relative dieiectric 

constant of the material is alreaây known. 

The propagation t h e  and reflected voltages are both eady masureable 

quantities h m  the GPR data. The initiai laya enauntered by the electromagnctic 

wavefiont is air for an aircoupleci antema systern. The relative dielectric constant of air 



is generally assumed to be uaity, simpliQing the problem of calculating the top material 

layer relative dielecîric constant, which is asphalt in the simplistic bridge deck moâel 

under consideration. The incident voltage is not obtained h m  the radar wavefonn, but 

fiom one of two calibration files that are aormally recorded during data collection. The 

first is called theflar metal plate file and is recorded to detennine the incident voltage at 

the interface between air and the top matenal layer. A sampie of a flat metd plate 

cal ibration file is shown in Figure 12. 

Figure 12 - Sample of a flat metal plate calibration file 

Data is recorded with the antema positioned at operating height over a 36'X4S9' 

flat metal plate. The transmitted energy is reflected wholly fiom the flat metal plate back 

to the receiver and is recorded. The magnitude of the reflection h m  the flat metal plate 

represents the incident voltage transmitteâ to the interface of the first air layer and the 

following layer. Figure 13 shows the antenna positioned over the flat metal plate for 

recording this file. 



Figure 13 - A n t e ~ a  positioned over the flat metal plate 

Figure 14 - Sampie of a free space calibration file 



Figure 1 5 - Antenna assembly duected into fiee space 

Underlying layer thicknesses are computed using Equation 16, using known 

values of the relative dielectric constant of the layer. Equation 15 could be used to 

calculate the relative dielectric constant of the underlying layer, except that the 

magnitude of the incident energy to that layer is not exactly known since losses in the 

overlying layer are unknown. Incident energy to an underlying layer is the energy that is 

transmitted through the overlying layer less the incurred losses. This becomes difficult to 

determine when using actual data since the losses due to beam dispersion, intemal 

scattenng and interfixe reflections, are not measureable quantities h m  the data, making 

the incident energy on underlying layers an estirnate with error increasing with depth. 

Maser (1989) presents the following equation for calculating the relative dielectric 

constant of the concrete layer beneath an asphait overlay, assurning no losses in the 

asphalt layer. 



where F is as follows, in order to simplify Equation 17: 

R2 is the ratio of the peak amplitudes h m  the asphalt/concrete interface (C) to 

the aidasphalt interface (A) as shown below in Equation 19. 

The thickness is computed using Equaîion 16 with the relative dielectric constant 

of the concrete layer and two-way travel tirne. 

For concrete layers beneath the asphalt surf ixe layer, it can be more practid to 

use assurned values for the relative dielectric constant and rely on the two-way travel 

t h e  of the energy through the layer to measme the thickness. This is because the 

computation o f  the concrete layer relative dielectric constant is dependant upon the value 

calculated for the asphalt layer and the errors in measurement accumulate produchg 

increasing emr with depth. Errors will also be incurred by using a fixed relative 

dielectric constant for wmputing layer thicknesses since variability in material 

properties, usuaily due to changes in moisture content, dong tbe data pas  wiil not be 

considerd 



3 3  Evahition of Pavements Using GPR 

Pavement suweys rcprrscnt the most basic application of GPR in highway 

infr;istnicture siaveys The relatively d o m  horimntal layers within a pavement 

system provide an ideal geometry for using GPR to deîect the various layen. Changes in 

electrical properties of the asphalt wncrete, base and subbase layers are detected using 

GPR to estimate layer thicknesses and detect deterioration of the pavement system which 

traditionally have been unobserveable to the hqector. GPR bas been iised to evaluaîe 

highway pavements in both pmject level deterioration detection and in network level 

inventories of thicknesses and section types. ùifoxma!ion gathered h m  the siirveys is 

important in many aspects of pavement management includiiig quaüty assurance of 

construction, more accurate determination of laycr moduli, prrdiction of nmainiag We, 

and design of rehabilitaîion measiirts. 

Historically, pavement thicknesses have ôeen determined using bistoncal records, 

core samples d o r  test pi& at various locations dong the pavement section. OftnS the 
extraction of wre samples and excavation of test pits is t h e  consuming and expensive, 

usually requiring closwe of traffic in order to conduct the measurements. These discreîe 

thicknesses and section properties are assumed to be representative of the pavement 

section, resuiting in mcedabty regadhg variabüity between locations and quiring 

assumptions regarding variations between ams. In some applications, such as in the 

caiculation of layer moduii using data h m  the fslling weight deflectometer (FWD), 

accurate thicknesses are critical since backcalculation methods are most sensitive to d l  

changes in layer thickness. Attoh-Okine (1994) states th a continuous thickness profile, 

available h m  GPR surveys, combined with the deflection data h m  FWD testing, 

improves the interpretation and chauacîerhîion of the stnictural integrity of an entire 

section of pavement. Failure to account for thickness variabiity o v a  the section and 

even within the defieaion basin that develops fbm thc impact Id of the FWD can 



induce errors in the backcalculation of the layer moduii that d u c e  the effectiveness of 

the rehabilitation design. 

GPR enables engin- to obtain continuous measurements of layer thicknesses 

such that the variability dong the section cm be measured instead of assumeci to be zro. 

Reliable detemiinetion of layer interfaces is dependant upon sisnificance of the contrast 

between electrical properties of the individual layers. Since the scirvey is non-intnisive 

and can be conducteci at speds up to 80 ImJbr, the requihnients for traffic wntrol are 

removed m a b g  GPR a very appeahg  m*bod for oollecthg pavement thickness data 

There has been a significant amount of research that has focused on the use of 

GPR for detecting and measuring pavement laycr thickneses. Maser et al. (1994) and 

Maser (1995) used a 1 GHz air-coupled hom-type antcnna and reporteci accuracies of f 

7.5 percent for asphalt concretes and I 12 percent for unbound base layers. These resuits 

were based on six major studies on over 46 different pavement sections of varyhg deptb 

comparing GPR predicted thickness measurements to drilled core and test pit thickness. 

In some cases, cores were used to calibrate the GPR thickness results to d u c e  the errors 

involved. Core calibiation becornes impomiat where sur$a treatments such as chip 

sealing or slurry sealhg wiil result in relative dielectric constants that are not 

representative of the entire asphalt concrete layer. Cores may also provide insight into 

different layers that may have been impmperly interpreted in the data Previously 

unobserved variations in pavement îhickaess that could affect predictions of layer mduli 

over the section were observed in the radar data The Pmetradar Corporation reports thet 

accuracy off 5 percent is obtainable for the primary pavement layer if it is homogenous 

and of sufficient thickness that the next intcrfhce is not i n t e r f i  with by the SUIface 

reflection. For asphalt pavements, this is typidly Limited to a minimum of about 50 mm. 

Mesher et al. (1995) reported excellent correlation between GPR pdictcd d t s  and 

thicknesses as obtaiaed by drilled cores and augers. It was dso wamed that the use of 



cores for calibration may induce e m  if a constant propagation velocity is assumeci 

through the calibratiom 

Clearly, the accuracy in thickness meamrement must be a h c t i o n  of the depth 

and the thickness of the layer being m e d  if changes in electxical properties occur 

with depth in the fonn of moistiac content or wmpaction ancl due to losses in overiying 

matenals. 

There is some debate regardhg the reiiability of detecting al1 of the interface 

reflections in a pavement system. Overlays of asphalt cormcte aod the m o u s  

underlying pavement will be detectable if th- is suflïcieat dielectric wntrast between 

the layers. The effect of weathering and age on the eleetncal pmperties of asphalt 

concrete and the resulting GPR response has not been studied to date. If the intett&ce is 

detectable, the overlay thiclmess can be calcullited_ If the interfke is not dacctablt, the 

entire asphalt conmete layer thickness may be measuraôle, but may k subject to eiroa 

because the relative dieiectnc constant of the overlay may k slightly different than the 

underlying pavement. Slurry a d  chip seal treatments may induce slight mrs in this 

manner due to scatterhg losses h m  the mugh sudke texture. 

Detection of interfaces between the base and subbase and between the subbase 

and subgrade are more difficult for a varïety of reasons. Energy losses increase with 

depth due to attenuaîion and scattering efkts h m  noahomogeneities within the layer 

and irregular shaped ~~~~~~~. The presence of more coiiduaive materials overlybg the 

less conductive base and abbase layers d t s  in iess energy k ing  availabk to penetrate 

to those depths, producing weaker reflections in the data Compounding the pmblem is 

the compaction of successive lifts of granulas matcrials causing intermingling at the 

interface between layers such îhat tk deeper interkes becorne more wnvoluted in sbripe 

than the assumed plane and paralle1 layers. Furthennom, the granuiar maferials used for 

base and subbase layers are often h m  the same aggregate source, which may be similar 



to the subgrade itseK Without sufncient dielectric contrast betwee~l the maîerials, the 

reflection fiom the interfa becomes dficult to detect fiom the other lesser reflections 

within the data A h ,  the ability to detect deeper interfiaces depends on the type of GPR 

antenna king used. An aircoupleci hom antenna is normaily used for chta collection at 

traffic speeds. This type of antenna tends to have more limiteci -th penetration than a 

ground-coupled antenna does because a larger proportion of the transmitted energy is 

reflected h m  the top of the s u r f i  layer d kss energy Û available to penetrate to 

deeper layers. 

I f  the reflections between interfaces are detectable, there exists the problem of 

accurately measuring the dielectric constant from the data Energy losses occur through 

layers due to attenuation and Jcattering effects are an unimown variable when accounting 

for energy transmissions and reflections in the dielectric systcm of Iayers. The incident 

energy to the siirface layer of the pavement system is not measutable h m  the data, but 

can be obtained by fecording the reflection h m  a flat metai plate paralid to and et the 

same distance h m  the antenna as the top of the d h c e  layer. The proportion of this 

incident en- reflected h m  the top of the suface layer is measured h m  the &a The 

remaining energy is transmitted past the interface with a portion king lost through 

attenuation and scaîtering and a portion arriving incident to the next interfiace. There are 

no means by *ch the energy losses in the Sltff'e layer can be meam&, other than by 

placing a nflective metal plate unda the layer. In typical field applications, this is 

possible without digging up the highway. It is possible to cons!ruct preùictions of energy 

losses per unit thichiess for various materials in a laboratory setting in this xnanner, but 

their application in field surveys is again impractical due to the wide range of properties 

which can occur for any given construction material. The variability of ma!crial 

properties varies widely between highway projects and even within highway sections, 

making a high degree of error in a s s u d  losses that wouid undermirie their usefiilness. 

Without a measurement or accurate estimation of the losses involved in a given layer, it 

becomes difIicult to accumtely aecount for the amount of eaagy incident to the next 



underlying layer. Emrs are introduced into the measurement that accumulate with depth 

and with successive underlyhg laym in calculating the relative dielectric constant, and 

hence the layer thickness. Another approach h a  ken to assume values for the relative 

dielectric constants of materials and measure only the travel tirne between reflections in 

order to compute the thickness. Errors arise in this method sirice it does not account for 

variability in îhe a c î d  dative dielecâxic constant of the in-situ mriterial due to 

compaction and moisture content, causing increased or decreased travel t h e  through the 

layer. Calibrstion ushg o sample wre thiclmcss or a test pit will d u c e  the mors 

involved in the constant dielectnc assumption. 

Maser et al. (1988) briefly describes the use of GPR to detemhc the moishur 

content of base materiah, but notes that this is possible if one knows the thickness, 

relative dielectric constant, and the c~nductivity of ?he base material. Unfortunately, al1 

of these quantities can not be independently obtaiacd h m  GPR daîa and pnor 

knowledge of these properties of in-situ and in-service materials is vimully impossible to 

obtain, relegating this exercise sîrictly to laboratory conditions. 

One great advantage of using GPR for surveying pavements sections is the 

potentiai for identifjhg changes in pavement system stnrtiirr that may be unobservable 

h m  the surface. Identifying unkwwn changes in pavement constmction enables better 

pavement rehabilitation designs and ov@ management. W ' i  (1998) reported on 

the use of GPR by the Texas Department of Transportation as an aid for pavement 

management decision making. Both air-wupled and ground coupled antennae were used 

providing n o m h l  penetration depths of 0.6 meters aad 9.1 meters, rrspcctively. AIong 

with thickness information, tbe relative dielectnc constants of the laycrs werc found to bc 

of value in predictiag an excess of air-voids, or less than optimum deasity, or conditions 

in which moisture content was exceedingly high. Exoessivc air-voids were comlatrA to 

Iower than normal values of the relative dielectcic constant, while excess moistue 

resuited in higher t h  normal values. S e v d  case shdies wcre reportcd in which the 



use of GPR provided evidence of fail- mechanisms in pavement distress and pennitteû 

changes to rehabiütation projects which addressed these problerns M y ,  incurring 

significant swings. Significantly 10- than n o r d  relative dielectric values of a base 

layer under an asphalt concrete indicated tbat the base mmaid was less &an the optimum 

density. Investigation showed that the base was coarse graded, lacked fines for cohesion, 

and allowed excessive =ter to remab imda the pavement leadhg to disûess b m  truck 

loadings. Ground wupled GPR was uscd to investigaie the arcal extent of a perched 

water spring under an existiag portland amcnt ~cmcrece pavement. Ideatifidon of the 

lirnits of the spring aliowed for an effective drainage design to be p l d  under the slabs. 

Another asphalt concrete pavement was surveyed using aircoupled GPR to determine 

where underdrains would k instailed and base rrpairs d e  in regions of excessive 

moisture in the pavement. Higher than n o d  relative dielectric constants were u d  to 

indicate water intrusion m u g h  the asphait concrete as well as sanirated base conditions. 

GPR can be uscd to provide mamgers of highway innrastructurr with layer 

thicknesses and subsiirf' conditions that are important inpdJ in the danminstion of 

structural capacity and quality assurance of new consûuction. This information has not 

k e n  available previously without relying on constrwtion records or resorting to 

destructive investigations of the roadbed. 

3.4 Detecting Deterioration in Bridge Dech 

Researchers have identifiai s e v d  characteristics in GPR data as indiators of 

bridge deck deterioration. Sevaal of these chacteristics and the identifying rrscvch 
are discussed in the foiiowing subsections. 



3.4.1 Air Gap Detcction 

Early models of delminations in cotLCrefe decks coasisted of the typical four 

dielectric layer mode1 with an extra air layer positioncd at the level of the top 

reinforcement to simulate a crack opening. 

Investigations were conducteci by Cantor and Knecter (1982) to study how the 

radar signal was a f f i  by cwcrctt dabs of various thickmsses, rebar, watcr and 

boundary effefts among other variables. The effêct of gap width on the ndsr signal was 

d e d  by positionhg two macrete slabs on rollas so that the air gap between them 

codd be varieû h m  am> to thirty centimeterS. W e  the air g p  was found to 

be measunable over the larger gap distanus, the effêct is for the negatively pointing 

bottom echo of the top slab end the positively pointing surnice tçho of the bottom slab to 

becorne superimposcd a d  ciacel each otha out as the gap dhtmce is decnased It 

follows then, that there is a minimum theoreticai crack width opening bat is completely 

measurable using GPR tbt is quai to one balf of the pulse width, or 75 mm in air. 

However, it is possible to rrsolve distanas down to crack widths by taking advantage of 

algebraically summed overlapped and tirne-displaced signal 8ccording to Alongi et ai. 

(1982). It was reporteci that this technique may be employeù to measme layer 

thicknesses mdt in two-way txavel tirnes thai are l e s  then the one haif of the pulse 

width of the transrnitted signai and occur as supctimposed refleztions in the data 

Manning and Holt (1983) reportcd 26 percent accuracy in predicting 

delaminations in bridge decks by identifjing strong positively orienteci reflcctions a! the 

top reinforcement level. In this study, a singic bridge deck was sweyed with 5 1 perant 

of the deck king identifid as dclamiii.ted giving a high dcgree of Mse indications of 

sound concrete. It uns hypothesizod that the strong and positively orienteci reflection 

observed in the data oould possibly be due to a luge wacr-filleci crack width of the 



delamination, instead of the reverse in phase tbaî might be expected if the crack was 

filled with air. 

Detecting and mtasuring small crack width openings is feasible if materiai 

properties are known and remain constant such as in a labotatory environment, but in 

field conditions, this does not often hold tnw. Delaminations cm produce cracks widths 

mging h m  microns, at their onset, to several milîimeters in s k .  Since the changes in 

signal chacteristics becorne less meanmeable as the crack gap deCrrases, smaîl opniogs 

become diîXcdt to resolve in the daîa. In the field, crack gaps m not ofken horizontal 

and plana, air-filied gaps, but are irregular in sbape and contain sand, organic materials, 

moisture and chloride. Variations in matmal ppert ies .  coupled with UIICelt8UIty as to 

the contents of the crack void, mnte measamment, and detection of delaminations based 

on signal changes due to the presence of crack gaps even more difficult. 

Maser (1989) analyzed the Lücelihood of detecting changes in the radar waveform 

due to air, water, or other maîerhi-filled crack widths in delamination and found that thin 

delamination cracks have no e f f i  on the radar signal at either the reflection h m  the top 

reinforcement layer or at the deck bottom. The theoretical analysis of the magnitude of 

the net reflected pulse b r n  an air-gap is presented bere to demonstrate the futility in 

using GPR to detect the actuai delamination crack. The Net Reflected Pulse (NRP) is the 
waveform magnitude at a given instance in time and may be computed by accounthg for 

the effects of al1 reflections h m  and transmissions through an interface. 

Following the approach of Maser (1989) the foliowing consideration of two 

possible effects of the "gap model" of delaminatioos on the ra&u signal is presented 'Ibe 

fmt effect is a reflection h m  the concretdgap d gap/concrete interfaces and the 

second is a change in tbe reflection h m  the bottom of the deck slab. Considering the net 

reflected pulse h m  an incident ray to the gap system, it is shown that it is composai of 

the reflected portion of the incident ray plus the sum of the foliowing refleaed 



transmissions pst the wncrete/gap interface. The incident my, assumeci to have a unit 

magnitude, is reflected acarding to the refledon coefficient for the concrete/gap 

interface, & = R, wbich is also quai but opposite in phase to the reflection coefficient 

h m  the gap/concrete interface, & = =R. The îmnsmkion coefncient are therefore T* 

= 1-R = -Tb. The incident ray is therefore spüt into a reflecteâ portion, having 

magnitude R and a traasnitted portion, having magnitude T*. Tbe transmitted portion is 

reflected by the gap/concrete interface accoidiag to the reflection coefficient, %. = -R, 

now with the magnitude RTa, with the temaining cne%y bchg traasmitted to the bottom 

of the slab with magnitude TdTh = T. The energy reflected h m  the bottom of the gap 

is again reflected by the top of the gap, produchg a ray with magnitude R ~ T ~  whüe the 

remaining energy is transmitted into the top concrcte layer with magnitude -RT& = - 
RT, delayed by the two-way travel timc in t&e gap, r. This reflection again encounters 

the bottom of the gap and is reflected with magnitude -R?& d transmitted to the de& 

bottom with magnitude R~T. This refiection encouuters the top of the gap .gain, 

resulting in another mflection and a ûansmission to the top wncrete layer with magnitude 

-R~T, delayed by twice the two-way travel time through the gap, h. The original 

incident pulse can be qresented as s in(2d . )  where . is the peciod of the pulse and t is 

time, allowiag the constNction of the following relation for the net reflected pulse from 

the gap: 

The net retlected pulse is maximized . - when time is taken to be one haif of the 

radar period, or one-quarter of the assurneci sine iùnction. 'Ibe above quation Mas 

from the work of Maser (1989) in that the trsnsmission effects through the gap are 

included in the second pulse refïection tmn a d  fiather reflection terms are coxtsidd in 

the equation. 



Maser (1989) found that delaminations tbat are 3 mm or greater in gap widtb or 

those that are water filleci are detectaôle in the radar waveform. The above analysis 

shows that net reflected pulses at the level of the concrete cover are small for both air and 

damp fine filied gaps, whüe water filied gaps are highly reflective and should be easily 

detected, considering that for typical asphalt with a relative dielectric constant of 5, 

reflection coefficients of 0.382 and 0.124 b r n  the &/asphah and asphalt/concrete 

interfaces would dt, respectively. For a typical emitted signal streqth of 10 volts, 

neglecting layer attendon, the incident voltage to the c o d a i r  interf i  of the crack 

gap would be reduced by the layer transmission coefficients to 5.42 volts. On its retum 

to the antenna receiver, the net reflected pulse would be futther reduced by these 

transmission coefficients. Neglecting layer aîtenuation and peak teduction due to intemal 

reflections between the interfaces, the magnitude of the peak in the wavefonn for each 

gap material and gap openhg height is shown in Table 2. These vaiues are caicuLated 

using a nominal one nanosecond radar period, correspodg to the centet fkequency of 

one gigah- and relative dielcîtric constants of 8.22 for normal wncrete and 5 for 

normal asphalt pavement. 

Table 2 - Predicted peak magnitude of gap of different thicknesses conîaining different 

Table 2 indicates that for smail delamination gaps that are filled with air or damp 

fines, the effmt is negligible on the radar waveform. Water filled gaps have a pater  

effect on the waveform and should be more detectable. 

Gap Material 

Air 
Damp Fines 

Water 

G 

1 
25 
81 

R 

0.483 
-0.271 
-0.517 

v ( m m )  

300.0 
60.0 
33.3 

Gap Heght (mm) 
1 

1 1 3  8.33 

L 

15 
0.048 
-0.148 
-0.241 

75 
0.231 ' 
-0.148 
-0.241 

0.017 
-0.097 
-0.241 

0.002 
-0.002 
-0.023 

r 0.004 
-0.018 
-0.131 



The secund proposed effkct on the radar waveform due to delaminaiion gap 

openings was a change in the magnitude of the reflection h m  the deck bottom. Given 

the negligible effects shown on the wavefonn h m  the gap itself and the uicreased 

reductions in the magnitude of the effêct as it propagated h m  the gap to the deck bottom 

and back to the receiving antenna, it staads to te8sotl that there would be imufficient 

redistribution of energy h m  the gap to have an appreciable effeci on the magnitude of 

the deck bottom echo- 

Delaminations with such small crack gap opcnings can be representative of most 

field conditions, with opening typically 1 mm or les width, but many delaminations tend 

to be filled with corrosion products consisting primarily of h n  oxide. Water entering 

crack gaps is likely to be absorbeci into the concrete slab by capillray action rot&r 

quickly, unless the slab is in a saturateci condition. The above findiags lead to the 

conclusion that direct detection of delaminations &g GPR is not practicai. 

Instead of attempting to detect the actual del aminaiion crack, research has been 

directed towards detecting 0th- indicetors of wncrete deterioration. Changes in normal 

GPR reflected signal shape have been observeci and used by mearchers to predict 

concrete deterioration in bridge decks. Wavefom w m  compared by superposition of 

each waveform over a baseline waveform shap h m  the data, representing arcas of 

sound deck. 

Clemeh (1983) teported limited success in detecthg delamination crack 

openings by observing depressions and blurred regions about the top reinfolcement iayer 

reflection in black and white B-scan or voltage intensity plots. 



Research showed that waveforms that were coUected h m  areas of deteriorated 

deçk did vary noticeably h m  those co11ected in s o d  areas of the de&. Superposition 

of waveforms enabled a qualitative cluster analysis of the data to yield three prediction 

groups: sound COLLC~C~~, distressd wncrete, and intetmediaîe concrete (in which 

wavefoms were not clearly classifieci). A wearing test of the deck was conducteci by 

drilling holes at a fixed sped and appiied force for 2 minutes, using the m o n  depth 

as a masure of the formete quality. Of these tests, 90 percent of the distrrssed wncrete 

predictions provcd tme, while 91 percent of the swad concrete prediciions proved ûue. 

Cantor and Kneeter (1982) remark: 

"In theory, it is possible to daermine tbc condition of the concretc 
at any location by exsmining the raâar trace. In practice, this is diBcuit, 
because of both the wmplexity of the trace and the tirnt mquired to 
dissect the trace and its component parts." 

These comments support the basic premise that sound concrete will resdt in weU 

de- and strong reflections h m  the components within the deck system, *le 

damageci wncrete d l  d t  in signal losses and distortions in the reflected waveform. 

Analysis of inâividd components of the wavefom can be difncult due to supiposition 

of the reflections and their close proximity, and also due to damage in the deck slab and 

the overlying asphait pavemnt. 

Chung et al. (1984) shidied the test data used by Manning and Holt (1983) and 

developed signal processing techniques which could automate the calcdation of the 

reflection ratios within each wavefonn. These ratios w a t  d to attempt to ptedict 

asphaltlconcrete deboadiag d deck surface d i n g  and mre b d  on an inkqmtation 

of how the radar signal should respond to thest conditions. Sound concretc was observecl 

to exhibit a characteristic "W-shape" respoase in the mgion of the top reinforcement 

while delaminations were expected to produce a distortion of the reficction h m  the top 

level of reinforcement and were detecW by counting the niimber of dope changes in the 

wavefom in this vicinity. 



Fmm the previous discussions, it is noted that detection of acîual delaminations 

has been difficult a d  inconsisteut. Research bas instead shiAed focus to detecting 

conditions in which deiaminations are likely to occur. 

The use of changes in the radar waveform for preâïcting deck deterioration was 

refined by analyzbg the effkts of dinef~~~t  variables aflîécting the rcflcabd eac%y that 

were also associated with corrosion of the reinfoccement. There must be a supply of 

oxygen and a potential difference to cause the oxidrttion. Moisture and chloride play an 

imporiant role in reinforcement corrosion and theù p-ce in a bridge deck in high 

quantities can be used as an indicator of probable deterioration. The effects of moisture 

and chloride on the radar response of a sand bed were studïed by Alongi a al. (1993) to 

establish their use as indicators of bridge deck condition. It was found that signai 

attenuation i n d  with increasing chlonde concentration and with increasing percent 

solution content by weight in the sand bed. Al-Qadi et al. (1996) also studied the effets 

of chloride on the radar waveform and found that increasing chloride content resulted in a 

t h e  delay shift and a reduction in peak amplitudes. Given the role of excess moisture 

and chlonde in corrosion of the deck reinforcement, this now fonns the b i s  of d*cctirig 

delaminations for bridge decks in a relatively humid state in areas in which salt is applied 

for de-king purposes. Areas of sound concrete in decks are generally l e s  permeable 

with lower water content and chloride ion wncentrations than more pexmeable or porous 

areas of concrete that have been âamaged by comsion associated with moishirie and salt 

ingress. Over time with repeated f b z b g  and thawing action, load applicaîions, a d  

cracking, the connte develops cracking on a microseopic level and will becorne more 

porous. Water and chioride ions will migrate into the àeck siab and comsion wili initiate 

as the passive alkaline enviroment of the concrete! surrounding the reinforcement 

degrades. The effkct on the reflectcd GPR waveform is signal attenuation, an increase in 

the concrete reflection coefficienf a decrcast in the RF propagation velocity through the 



deck slab, and fllrther scattering of the signai due to cracking and granulation of the 

concrete. The increase in the concrete reflection coefficient and decrease in W 

propagation velocity are due solely to an increased water content and the resultant 

increase in the relative dielecîric constant. Attenuation is due to the interactive effects of 

moisture and chloride ion wntent in the siab. Attenuation is the preferred signal 

characteristic to wmlate to delaminations because of its relationship to the combination 

of moi- and chloride, the two prime factors leading to comsion i n d d  deck 

delamination. An increase in tbe reflecîion coefficient can k indicative of an baease in 

water content at the asphaltlwncrete interfâce and declpashg RF propagation velocity 

can be indicative of increased water content throughout the slab depth. 

Equations 7 and 8, dernonstrate how attenuation can be simplified to a fiuiction of 

the relative dielectric constant and the ohmic wnductivity of the medium. While the 

relative dielectric constant is a measureable quantity fiom the GPR Qta, the ohmic 

conductivity is not. In order to know this, it must be measured d i d y  using a sample of 

the material. This technique is not practical for field applications since the conductivity 

may vary widely at any point within the bridge deck due to ion concentrations and 

various degrees of deterioration of the slab. GPR wavefonns recorded at a location in the 

deck where the concrete is known to be swnd exhibit clear and strong reflectiom h m  

the various interfaces. There is a baseline level of signal atfenuation due to trace amounts 

of chloride and moistute and the normal conductivity of the deck slab. In a deteriorated 

area of the deck, the signal exhibits some higher degree of attenuation due to the excess 

levels of moisture and chloride in the deck slab. Ushg a ratio of the amplihides of the 

deck bottom reflection, it may ûe assumed that the change in attcnU8tion due îo the 

excess moisture and chloride in the deteriorated region of the deck can be measutedeasuted 

Another method is to compare the mean square voltage of the wavefom data points 

between the top and bottom of the concrete slab. Alongi et al. (1993) found through 

experimental verification that when the loss in signal strength was 38.5 percent, the radar 

would make del aminrrtion predictioa within . I l 1  percent of the gioimd tnith quantities. 



Maser (1 989) discusses the simplification of signal aîîenuaiion that results h m  increased 

conductivity through chloride content as a h c t i o n  of wncrete cover thickness and the 

ratio of the reflection h m  the top reinforcement layer and the reflection h m  the 

aidasphalt interf&ce to predict delaminati 
. . 

ons. However, since the wntent of 

reinforcement may vary over the length of a bridge deck, according to its design, this 

may not represent an accurate prediction since varying reinforcement content will affect 

the magnitude of the reflection h m  the reinforcement mats. Even if the reinforcement 

content is constant dong the deck Icngth, the relative traomerse position of the antenna 

over the reinforcement grid does have a small effeft on the reflected signal. Given the 

low probability of exact alignment of the data pass over the longitudinal reinforcement, 

this reflection would tend to vary almg each data p a s  and potentiaîly yield false 

predictions using this iidicator. Attenuation that is computed bssed on the signal losses 

through the entire deck slab can still k afkcted by reinfornent content variations due 

to increased energy reflections h m  increased reinforcement content. However, since the 

magnitude of the de& bottom reflection is genedly much larger than the reinforcement 

reflection, the effat of the change in reinforcement refîecâion ampiitude is d e r  on the 

bottom echo m d  amplitude, while attenuation of the bottom echo peak due to 

excess moistue and chloride wntent is increased given the larger distance between the 

in terfaces. 

3.4.4 High AsphdtlCoacrett Interface Rtdectivity 

Maser (1990) prrsented an analysis of GPR and infrared thermography for 

quantimg the removal areas for bridge deck deterioration. A sample size of twenty 

eight decks were evaluated using GPR, hfhed, and visuai oôservation of the bridge 

deck underside for direct observation of distress, for a mgression analysis ûascâ upon the 

areas found by chah drag and removed h m  the decks during maintenance. The GPR 

data was not processed to detect signal attenution as in the rescarch of Alongi a al. 

(1993), but a characteristic iacreaPe in signal reflcctivity h m  the asphalt/conctcte 



interface, indicaihg localized high moisture contents in the near-surface concrete of the 

deck. This high refldvity was quantined and normatized as the variable R2 by dividing 

the magnitude of the asphalt/concrete reflection by the reflection h m  the air/asphalt 

interface. Maser cornputes the dielectric constant of the wncrete using Equaîion 18 

assuming no losses in the asphalt layer and a constant vaiw of the relative dielectric 

constant of the asphait layer of 5.5 for this calcdation. In each data p a s  the mean value 

for the relative dielectric constant of the concrete was caiculated. Individual values in 

each pass that exceeded a certain threshold were flagged as indictors of d e l ~ o n s .  

Maser found that using a thteshold value equal to 1.3 times the mean yielded the best-fit 

mode1 for predicting delamination quantities. Used inâependently, d e r s i d e  visual 

inspection provided the best correlation to =tuai removal quantities, followed by radar, 

then inhred techniques. However, the best prediction mode1 yielded a g d  comlation 

(RZ = 0.83) between a c t d  removai quantity and predicted area using a combination of 

GPR and visual detection methods, with a stanûard error of 4.1 percent of the deck area. 

An irnporîant d . . a n c e  between the work of Maser (1990) and Alongi et al. 

(1993) was in the interpretation of tbis high- reflectivity h m  the asphalt/coacrete 

interface. Alongi et al. (1993) claim that the increase in reflectivity h m  the deck is due 

solely to the effect of moistwe, while Maser (1990) states that the increase in reflectivity 

is related to the combined increase in both moisture and chloride ion concentration 

combineci. Corrosion of the reinforcement rnay be less likely should excess moishue 

with very low levels of chlorides be present. Although only excess moi- is reqwred 

to produce the higher reflectivity h m  the concrete surface, over the Waiw of a bridge 

deck in an environment where salt is d for deicing purposes, it is unlikely thaî 

locaiized high moistme contents in the de& would not wntain high concentration of 

chloride ions. 

Maser (1990) made some important conclusions in that the high reflectivity h m  

the deck rnay not only indicaie deterioration of the c o m t e  cover, but dso f ~ l u r e  of a 



deck membrane without deterioration of the concrete cover. These two different failures 

are indistinguishable using the bigh concrete reflectivity alone, but with underside 

staining maps h m  visual observations, the cause of the high reflectivity can be inférred. 

GPR techniques have been applied only to detecting delaminations ai the top layer 

of reinforcement. Since the signal is directed through the slab from the top downwarâs, it 

must be assumed that attenuation as measured by the bottom echo amplitude must be the 

resuh of conditions rbow that in-. This &es sense h m  a practical standpoint 

sincc most water and chloride ingress start h m  the top of the slab. Detecting 

delaminations at the level of the bottom layer of reinforcement becornes diflticult since it 

is likely that should they exist, then the deck is delamiirnted at tbe top reinforcement layer 

as well, since the top wodd be aSected ht by the water and chloride. Signal 

attenuation assoçiated with the top bar delamination affects the complete waveform 

pertaining to the fidl deck thickness. This effectively rnasks any further signal 

degradation that may arise due to delaminations at the bottom reinforcement level. The 

depth to which moistue and chloride inbnision occurs cannot be determined h m  the 

data, but it is idencd thai if significant signal attenuation exists, corrosion must affect the 

top layer of reinforcement fkt. 

A similar argument exists for using the high reflectivity h m  the asphalt/comxete 

interface as an indicator of deck deterioration. The iDdicator is a measure of high 

moisture conditions at the interfâce and the adjacent coacrrie. This condition rnay be due 

to moimire intrusion into the slab or simply by crackeâ and deboded asphalt overlay or 

even a failed membrane. Assuming that the high reflectivity is d u  to moishm and 

chloride intrusion into the slab, the depth of intrusion cannot be measured into the slab, 

but full depth penetration can be codhned by visual observation on î& de& derside. 

It must be inferred that the top reinforcement is affected by this condition first and 

realized that there is a potential for deterioration of the ôottom layer reinforcement. 



Quantification of the degree of attenuation may lead to a relationship between bottom 

reinforcement delamination and the most severely attenuated signais. 

Figure 16 - GPR deck data indicating areas of deterioration 

Figure 16 shows a color intensity plot, or B-scan, of a section of a GPR data p a s  

recorded fiom a typical bridge deck that contains both high reflectivity fiom the concrete 

deck and signal attenuation. There is a high probability that delaminations would be 

found in the deck at these locations. Note that there are three joints shown at the 22.7, 

40.8, and 58.8 meter locations dong the distance axis as can be seen by increased 

reflectivity at the level of the asphaltkoncrete interface, as well as a distinguishing 

quadratic-shaped structure that develops in the B-scan at the joint location. 

The strong and uniform white line at the 4 ns location is the aligned reflection 

fiom the surface of the asphalt pavement. The asphaltkoncrete interface and top rebar 

are located at the 4.9 ns and 5.5 ns locations, on average. This translates to 

appmximately 60 mm of asphalt pavement and 3 1mm of concrete cover on the deck, 

assuming relative dielectric constants of 5 and 8.22 for asphalt and concrete, respectively. 



The deck bottom is represented by the dark lk, an inverted peak due to the change in 

phase fiom bigh to low relative dielectric constantts, locaîeù approximately at 7.7 ns to 

8.2 ns. The variability in the bottom location is due to asphalt thickness and material 

property variations in the entire deck thickness. The areas above the highlighted lines, 

located at 9.6 ns, drawn on Figure 16 are interpreted to represent deteriomieci areas in the 

deck. The deteriorations are revealed by the occurrence of excess signal attendon via 

the smearïng of the reinforcernent and deck bottom reflections, and by the occurrence of 

unusuaily high pedc magnitudes h m  the aspMt/co~lcrett intcrfke, which can be seen 

especialiy well in the areas near the joints. 



The research program for this pmject was developed by Dalhousie University 

DaiTech and the Nova Scotia Department of Transportation and Public Works. A 

number of objectives were established to provide a basis for assessing the appropriateness 

of using GPR for a s p h a l t c o v d  reinforcd conmete bridge deck evaluation for bridge 

management. 

4.1 Objectives 

The main objective of the research described withia this thesis is to ident* and 

assess grouad penetrating as a pre-tender estimation tool for bridge management 

This main objective will k reached by deteminhg the accuracy and vanaion between 

the deterioration estimates predicted using this technology and surveys of the actual 

deterioration for aine asphalt-covered reinforced concrete bridge decks. The following 

objectives will be reached to support the main objective of this riesearch: 

1 Determine the most appropriate method of GPR data ptocessing to 

optimize the accuracy of the tesuîts. 

2 )  Mermine the network level accuracy and variation of the predicted 

deterioration quantity with respect to weil-established ground-truth 

measurements of the actual deterioration condition. 

3) Detenaine the network level accuracy and variation of the GPR 
predicted deterioration qumtity with respect to the level of accuracy and 

variation associated with the cumnt deterioration estimation practice. 

4) Determine the network level spatial wrrelation bctweeu predicted 
deterioration location aad acnial deterioration location with respect (O 

well-established ground-truth Jurveys. 



5 )  DaCrmine limitations of the qstem with respect to deck design and 

wostniction. 

This research program was designed to evaluate the accuracy and reliabiiity of 

GPR to predict the location and extent of deterioration in asphalt mvered reinforceci 

concrete bridge decks. Whereas the exact bridges to be studied were not known prior to 

theù seleaion for repair, al1 -air candidate bridges for an upcoming coiistnrtion season 

would be sweyed using GPR pnor to th tenâer prrpntion for the rrpir w o k  The 

data would be p d  and an estimate of the deterioration quantity wouid be made 

based on the results of the data proocssing. Also, the GPR predicted deterioration 

locations would be drawn to scale on a plan map of the de& slab siafacc anza The GPR 

quantity estimate and predicted deterioration locations would be compareci to 

deterioration groundtruthiog results using the conventional chah drag and balfsell 

potential survey test methods after the asphalt would be removed h m  the deck surfike. 

The groundtruthing resuits would be ovedaid on the GPR deterioration prediction maps 

to assess the level of agreement between predicted and actual deterioration locations. 

Prediction quantitics would thus be compared statisticaiiy to estaôlish the percent 

difference between the methods and associateci confidence intervals for individual decks 

and also for network level performance. 

This ~search  pmgmn entails an innovative approach to using GPR deta for 

detecting deterioration in asphalt-covered reinforceci concrete bridge decks because a 

comparative study has not been done before where data was collected r trafnc s p e d s  for 

which commercially availabk pn>cessing sofbuare has becn compared with manual 

processing methods. Furthetmore, previous research bas focuseâ on the use of a single 

deterioration characteristic in the data as the basis of tbe estimation, whereas the rnauual 

processing incorporates the use of hi& reflectivity h m  the esphalt/concrete i n t h  

and signa1 attenuation thughout the deph of the deck as the basis of the estimation. 

The inclusion of these two effeîts in the data within manual processing was developed to 



provide a more robust correlation to the actual deterioration by accomting for multiple 

phenornona that ocçur within the professes of deterioration. 

4.2 Field C o l i d o n  of GPR Data 

Once the bridges have bcen identified as potential repair candidates, they were 

grouped according to geography to m h h k  travel time d expnse duhg  the data 

collection field trip. M e r  factors affiecting trip scheduling were weather and anticipated 

trafic flows on each bridge. If heavy w f n c  was anticipated on a given smrturr, the 

survey would be conducted at night wben l e s  trafnc would be present. Prior to 

collecting the data, each deck was measured and prepared by placing paint marks over 

the desired pars location centeriines and the equipment was set up. After collecting the 

data, each data p a s  was reviewed for wmpleteness and clarity before the equipment was 

taken d o m  and stored. 

42.1 Deck Memurement, Visaal Ispcction rad Markiag 

On Qta collection field trips, each bridge was carehilly measured to daermine 

the as-built length, width and skew angle of the joints. Other important characteristics 

were noted such as the direction of magnetic nortb, the âirection of traffic flow, structure 

type, number of spans, location and type of joints, and l d o n  of drains. Before 

collecting the data, each structure was inspecteci visually for signs of distress on the deck 

bottom surfice, asphalt pavement surface, and curb, crash wail, support, and abutment 

conditions. Estimates of the thickness of the deck slab and asphalt pavement were also 

made by ob&g the edge of the deck and drainholes, or if they were present, potholes 

in the pavement. The location and size of efflorescence, moisture and rust staining on thc 

deck underside were record& on a rough sketch to aid in imderstaading tht 

characteristics observed in the âata 



Fluorescent orange strips of paht were placed at the centerline locations of the 

data passes amss  the width of the de& The paht marLings were used by the driver of 

the van to align the antenne ova the desireci pas  Location durhg the -y. Each group 

of paint marks was u s d y  spaced at approximateIy thirty to forty meters apart dong the 

length of the deck, or according to the deck cmatwe and other factors affecting the 

visibility of the driver. Fluorescent orange pabt was chosen because of b excellent 

visibility in daylight and good visibility at night. A convention was established that 

successive passes are aiigned h m  right to left in each t d i c  direction. The first p a s  in 

each direction is placed at a distance of 0.5 meters b m  the curb edge, with following 

passes spaced at the desired interval. Early in the pmject, a one meter wide spacing was 

employed, but was laîer duced to 0.75 meters to hcrease the spatial resolution of the 

results. 

4.2.2 Equipment SctPp 

After each bridge was prepared for data collection, the equipment was set up. The 

first item that was set up was the h n t  and rear roof safkty lights. Each set of lights is 

attached to the roof of the van using large magnetized supports. 

A standard procedure was developed to prevent equipment damage when setting 

up and taking dom the exterior hardware. The "'am'' portion of the support stnrture is 

positioned and bolted into place on the "pst". Once this is wmpleted, the antcmia is 

secured to the ami using the two large plastic bolts. 'Ihe bolts are tightewd enough so 

that the antenna will not move h m  the wind gust on it when the van is in motion. The 

main radar cabIe is c o ~ e ~ t e d  to the port on the outside of the van, then to the 

transrnitter/receiver unit. This provides a grounded comection linking the antenna 

assembly to the van. At this point, tbe pason assembiing the antexma systcm fht -und 

thernselves by placing a hand on the alirminum bachg of the transmitter/receiver unit, 



then inserts a length of solder into the comector at the top of the antenna for the antema 

feed cable. Again, the person pmds themsclves to discharge any excess charge that 

may have existeci on the antema to the van. The antema fad cable is then connected to 

the top of the antema This procedut is very important as it will lessen the likelihood of 

a transfer of static charge to the transmittedreceiver tbat may lead to diode failure. 

Similar care is takm when taking dom the antnina assembly. Tbe entire antema system 

is positioned in place on the support beam for the initial ccirbside deta passes. After the 

antenna assembly has ken  set up, the sysicm is powcrcd up and left on for a short pcriod 

to stabilize. 

To power up the system, the power inverter is nrst hnmed on, then the cornputer 

system. AAer the radar data acquisition software is nmning, ttie radar MCU and distance 

measuring instrument control are turned on, completing the hardware preparations for 

data collection. 

4.23 Recodiag Data .ad Caübntion Fiks 

With the antenna hardware setup and the signal checks confinning proper 

transmission, the systern is reaây to coilect data Each data pass is usually set up one at a 

time on the cornputer, using an even-odd sign convention for tratfc flow direction. 

When each file has been prepared, data collection is initiatecl a f k  the distance cornter 

button is held in to zero the count With the counter held in the zero position, no 

wavefonns are collected eveu tbough data acquisition has commenceci. The van is driven 

up to the deck at M c  specd with the anteana aligned o v a  the appmpriaîe p a s  location 

paint mark on the deck surfhce. About ten meters before tbe initial abutment joint, tht 

distance caunter is releaseci to begiï collectiag waveforms. Daîa coUection is temiinatcd 

by pressing the FI kcy when the antenna is located approximately ten metcrs past the 

final abutment joint. AU data passes art wUected in this mamer by driving the van over 

the deck in each direction. Periodicaily, the antema support pst is moved dong the 



steel support beam sirh th it is centercd over the next p a s  location with the van 

remaining in the -ter of the proper f l c  lane. LIAutborized vehicle only" turnabouts 

comecting opposite lanes of divided highways, and side roads or driveways arr used to 

tum the van mund whcn each pass is c o r n p l d  The driver uses extrieme caution when 

choosing appmpriaîe times to rnerge with traffic flow, giving preference to occasions 

with no oncoming trafnc. 

After~uWdatapasses~rrcoidcd.tbevariispcirLedoffofthetOâdwllyd 

each data fle reviewed for clarity, cornpletenes and an initial assesment of layer 

boundaries, deterioration and other features tbat wuid ôe seen in the data If d l  files are 

found to be satisf8ctory. the flat metal plaie and ûcc space caübnition files are then 

recorded prior to t W g  down the anteMa hardware. 'Zbe talrcdown procedure for the 

antema hardware is simply the reverse of the set up procedure, with simila- care to 

discomect the antenna before the grounded link to the van is interruptcd. The antema 

and a m  are stored in the rem cornpartment of the van. The support pst is centcred on 

the steel support beam to avoid wvering the van headlights and the cap is screwed back 

on the main radar cable port to prevent soiling the connections. 

Data is transferred h m  the cornputer in the van to an office deslrtop cornputer 

using an Iomega Jaz &ive that can be CO- e x t e d y  to each system and uses 

individual disks having a one gigabyte capacity. A typical bridge with a nirfke ares of 

400 m2 produces approximitely 15 Mb of data 

AAer the acçuracy of GPR as a repak ~uantity prective tool has ken 

demonstrated, it is at üUs point in the data collection that suflicient information has ban 

recorded to produce a quantity estimation report of the deck deterioration. The total t h e  

quired onsite to obscrvt the deck a d  ooliect this data is minimal. typicaiiy one bur for 

an average 400 m2 bridge àeck surface. In thU Jhdy. the additional chriin drag and 



ce11 potential survey data serves only to provide the ground-tmth data by which the 

accuracy and effectiveness of the GPR estimates may be judged. 

4 3  Cbain Dmg Survy Data CoUection 

The chain drag survey was wnducted a f k  the asphalt pavement and 

waterproofing have been stripped h m  the wncrete desk slab. Due to î d E c  restrictions, 

one lane was closed to traffic for repairs at one t h e .  This means that the data collecteci 

on each lane is taken at a different the, but basicaiiy d e r  similar conditions. The deck 

is usually swept clean of excess dirt a d  debris thst may interfii with the test procedure. 

Another effmt that interferes with the test procedute U nearby trattic. Oacoming t d X c  

in remaining lanes that are not closed for repaîr p d u c e  sutocient background noise that 

a small deteriorated area can k missed while wnducting the test. Hence, each area was 

usually chained severai times before moving on to 0 t h  locations. The chah drag survey 

is used to locate and determine the extent of the cracked and debonded areas of concrete 

cover over the top layer of reinforcement by dragging the chab over the exposed 

concrete surface and üstening to the tone produced, as may be seen in Figure 17. 

The test is simple, but relies on the operator's interpretation of the sound 

resulting f?om the cbain king dragged over the exposed wncrete surface. On 

undamaged concrete, the chah d t s  in a sharp, ringhg sound wbemas on deteriorated 

concrete, the sound is duil and hollow. Various degrces of cracking severity and gap 

opening will affect the sound produced. The entire sUnace of the de& is sounded using 

the chah in this mannet. The bomdary of each detected deteriorated area found with the 

chai. are delineated using spray paint. These amas are simplified into rectangular sbepes 

for ease of saw-cutting, removal and W. A h .  gioups of small designated repairs are 

ofien grouped together to form a larger rrctengular area or interconnected gmup of 

rectangular shapes to sixnplfy the repair work, including sound areas of wncrete with 

deteriorated areas in the repair. 



Figure 1 7 - Conducting the chah drag survey 

Accornpanying the chain drag testing is visual observation of surface deterioration 

due to scding and fkezing and thawing. While these areas may not produce a noticeable 

effect in the sound of the chah on the deck, they are also encompassed by painted 

rectangles for removal if they are found to be severe enough. 

Prior to each chain drag survey, a plan map of the deck was drawn to scale with a 

0.25 meter by 0.25 meter grid superimposed on the deck surface for sketching the chain 

drag results. Each vertex of the rectangular shapes describing the deteriorated areas is 

drawn on the deck map to the nearest 0.05 meter and rectanguiar areas are shaded in to 

denote the deteriorated regions of the deck surface. 

4.4 Half-CeU Potential Survey Daia Coi idon  

The h a l f e l l  potential survey was also conducted after the pavement and 

waterprootug membrane had been stripped h m  the deck surface. Due to t ~ i c  



restrictions, one lane is closed to tdfic for repairs at one tirne. This means that the data 

was coiiected nom each lane at different times and rnay be iduenced slightiy due to 

different moisture contents in the deck. A grid system was established on each deck span 

to identify the point measurement locations for the survey. Data points w m  spaced at 

half meter intervals across the width of the deck, with the first set of points king placed 

at 0.1 meters h m  the curb edge. A surveying tape was stretched h m  one joint to the 

next to measure point location spacing. The initiai and final point in each longitudinal 

series of points in each span was located at approximately 10 centimcters from the 

abutment joint, just alongside of the steel section, and the 0th- were placeù at each 

meter mark on the tape. Each longitudinal strip of data points would be placed a f k  the 

data had been collected on the previous strip. Using this arrangement, the density of daîa 

collection points was greater than the minimum requirement of 4 f a t  spacing as speciiïed 

in ASTM C 876-91. 

Since the half-ce11 potential survey was conducted during rehabilitation work on 

each structure, the contractor was able to jackharnmer away an area of concrete cover on 

each deck span, exposing &cient reinforcement to provide a suitable connection. A 

large copper clamp was aîtached to the exposed reinforcement a€ker it has been cieaned 

with a wire bru& and coarse emery cloth to remove any remaining concrete and dirt, 

The clamp was co~ected to a voltmeter, set to read mea~utemeats to one thousandth of a 

volt, by approximately one hundred and eighty feet of 18 gauge wire. The voltmeter was 

connected to a copper-copper sulfate halfcell electrode by approximately six feet of the 

same wire. A damp spnge was placed over the ceramic plug on the electrode, after 

removing the plastic cap, to provide a good moist contact between the electrode and the 

dec k surface. 

As each longitudinal strip of data points was placed on the deck SUCfact, each 

point was pre-wetted using a solution of water and dishwashing detergent. The soapy 

solution ensures that there is a good electnd contact between the k k  s u c f i  and the 



electmde via the dampened sponge. The potential was measured at each point on the grid 

network and recordeci h g  with the its location Daîa were aIso recorded in each 

longitudinal strip of points at 0.05 meters on either side of a steel joint. 

M e r  both the chain drag and half'11 potential survey, several locations on the 

deck were chosen, a f k  referring to the GPR s w e y  map, to extract core sample to 

corroborate with the GPR predicted deterioration locations. Co= sampln were 

inspected, then tested for water soluble chloride content to provide evidena in agreement 

or disagreement with the GPR SuNey. 

Figure 18 - Conducting the halfceli potentiai s w e y  



5. Presentation and Discussion of Data Analysis and Results 

Al1 of the data gathered mquired piocessing to produce an estimate of the 

deterioration quatltity and to present the data in a graphical format. This allowed for 

comparison of GPR predicted deterioration locations to actual deterioration locations 

found using the chah drag and half-ce11 potential survey data to establish spatial 

correlation. Halfkell and radar data were cornparcd to a thhshold value to diffixentiate 

between detenorateci and sound areas of deck. The chah drag data was a l d y  

processed or differentiateà as per the audible test procedure of the survey, but required 

sansfer to AutoCAD to measme the deteriorated areas. 

The following sections wiil examine how these data are pmcessed and converted 

into a graphical format for comparison and will also examine the issues relateci to their 

int erpretation. 

5.1 Automatic P m h g  of GPR Data 

Penetradar Corporation produces in-house designed software to analyze the GPR 

data recorded using their hardware. The scope of this research is based solely on bridge 

deck data analysis. Bridge data analysis is divided into two steps ushg two dinmat 

analysis programs that were included with the IRIS package: bridge processing and 

bridge pst-processing. 

Bridge ptocessing involves the obsewation and identification of layer interfaces 

using other Penetradar-designed graphitai display software, the creation of a p~ocessing 

setup file, and the production of processing output files containhg basic measurements 

fiom the raw data The setup file identifies *ch data files were recordeci on the deck 

and requires the user to spec@ the time location of the SUtf~ce reflection, 



asphalt/concrete interfâce, top rebar pcaL, and deck bottom pcaL. The user should first 

examine the data before creating the setup file to study and determine the interfacial 

reflections to ensure that the proper peaks are identifid in the setup file. The user then 

inputs the location of these peaks by observing the data e i k  in A-scan or in waterfd 

plot format and by placing lines over the appropriate pealrs during this observation. The 

exception to this is the surface echo, for which the tirne location (las one nanosecond) is 

inputted numecally in the initial stages of cfeating the sdup file. This allows the 

software to align the data accordhg to the surke =ho to simptify viewing the data The 

selection of the other peak locations establishes a fixed-position gate or window amund 

each peak that the software uses to track the peak location as it fluctuates in its t h e  

position. Once these gate locations are established for ali the data passes, the sofhivare 

processes the setup me, recording such measurcments as peak amplitude anà tirne 

location. Processecl file information is storeci in a new file used as the input for pst- 

processing of the data 

Bridge pst-proccssing uses the new processecl data information files to prcdicî 

the location and extent of deterioration b a d  on one of four optional cbaracterjstics to 

look for in the data These four characteristics are signal attendon, changes in the 

signal shape and consistency, changes in the asphaltlconcrete interface echo amplitude, 

and changes in the bottom echo amplitude. Of îhese characteristics, signal attenuation is 

the most recommended and applicable characteristic that is associated with deck 

deterioration, due to the effect of excess of moisture and chloride in the de& slab on the 

signal. The user is required to input the bridge name, skew angle, pass width, and the 

length of the unit deck ana in eacb data pas. Each plss in tbis rescarch was suMivideci 

into sections of 0.25 meter length. Finally, the user selects the âesired deterioration 

characteristic to identify in the data and the results are pmented graphïcaily on the 

cornputer monitor and can be printed on paper. The degree of signai attmuation is 

determined by cornputhg the sum of the mean square voltages in each wavefoim 

between the user-denncd top and bottom of the deck siab. The mean square voltage is 



the power reflectcd h m  within the deck slab. Regions of deck that are high in moisme 

and chlonde content will exhibit reduced peak amplitudes and therefore smaller mean 

square voltages, or power. The adysis sofhvare was designed using a sign convention 

of a measurement exceaihg a threshold vaiuc comsponding to a deterioration 

prediction. A change in polarity of the power was rrquired by multiplying it by negative 

one to suit this sign convention. The reversed polarity power of each waveform is 

compareci to a threshold value that is quai to the median plus some portion of the 

median. This coefficient for the additional portion of tbe mem is set by d e W t  in the 

automatic processing software accordhg to the hdings of SHRP Sa25 to 0.385. This 

portion of the median value was founci to baiance the number of false deterioration 

predictions to the number of falr sound deck prodictions such tôat an accurate overall 

deterioration quantity d t e d .  'Ibe bridge post-processing software does d o w  the user 

to change the t h b a l d  value, adjusting the results to seem more appropriate. AAer the 

calculations have been made using the bridge ptoctssing daîa results, the calculateci 

deterioration characteristic puantities are shown for each wavefomis in each data jmss. 

Post-processing results consist of a bridge deterioration map showing the location of the 

mit deck areas that were found to exceed the threshold power and thetefore exhibit 

detenoration characteristics in the daîa. These deterioration maps can be printed for 

reporting purposes. 

The processing soffwarP was designed to allow techniciaas or laypersons to 

process the GPR data requiring only minimal experience in lacating the interfaciai pakP 

in the data. The software applications were specificaily designed for use on typical slab 

on girder deck designs where the data exhibits reflectiom h m  the s*, 

asphaltkoncrete in ter f i ,  top and bottom layers of reinforcement, and the deck bottom. 

More complex de& swh as prestmsd and voided slab designs may not be interpreted 

properly by the software. 



The time requïred to automaîicdly procc~s and pst-process the âaîa is dependant 

on the amplitude and clairity of the intedkid peaks. After inspecting all the data passes, 

ùie user may be able to produce the processing setup file within ten or fifteen minutes. 

Processing rnay take mother tco or fWen minutes &pendhg on the numbet of 

waveforms collecteci per p a s  and the processiag speed of the cornputer king used. Post- 

processing results can be achieved after just a fnn minutes of prrparation and observation 

of the results. Repair estimates can be produced using the quantities produced h m  the 

pst-procffsing ou- but for this rescarch the d t s  were tabukd aad te-drawn on a 

pian scaled map of the deck SUTface using AutoCAD and a bnef rrpon was written. This 

report production generally required two days of resuits tabuiation and drawing. 

Unfommately, the software presents a "black-box" approach tbat daes m t  permit 

the user to observe and control the tracking and measurement of every waveform. The 

power measured in each wavefonn in each p a s  can be observed a h  post-pmcesshg of 

the data, but can not be directly compared visually to each waveform. The pwer is 

graphed dong the length of the data pas, and shows the position of the deterioration 

threshold. Values haî appear significantly different h m  the normal range and tbaî are 

close to the threshold can be included in the predicted deterioration resuits by adjusting 

the threshold. However, the user must trust the muiting output without ennving the 

proper peaks were identifid and tracked in the analysis. 

5.2 Manual Processing of GPR Data 

As this research project progresmi, a need for an altemative technique of 

processing the GPR data was r4M. Initial resdts obtained using the automatic 

processing s o f h m  indicated that there was a poor correlation between the acnial and the 

predicted deterioration quantity and locations and are discussed in Section 5.6.1. The 

alternative to automaîic processing using the Penetradar sofhuare was to observe and 

evaluate the deteriodon characteristics in the GPR data mandy.  An in-buse manual 



processing software program, d e d  pushbufmexe, was obtained h m  Penetradar that 

allows the user to identifj. in the data the start and end of the bridge, input the p a s  width, 

spacing and deck skew, measure thicknesses, and flag regions of the data that are found 

to exhibit deterioration characteristics. A similar peak tracking algorithm is used in the 

manual processing software for calculating thicknesses that is used in the automatic 

processing software, except that the manuai processing software d o w s  the user to see the 

peak being tracked within the gate as the data is king processed The user also has the 

benefit of adjusting tbe tracking gate position to follow ttie desireci pcalr should it migrate 

out of range of the gate. The user can browse through a series of data f i la  and maLe a 

qualitative judgernent on the condition of the deck based on the oôserved waveform 

qualities such as pedc amplitude or signal attenuatioa Whik totally subjective, this 

technique gives the user wntrol over the d y s i s .  The sofhuarc d o w s  the user to flag 

more than one characteristic, aithough ody one ckacteristic may be examined 

individually per pas.  Output consisu of a bridge map drawn using simple ASCII 

characters in a MS-DOS me. 

For this research, an innovative combination of signal attendon and high 

reflectivity h m  the surfâce of the concrete slab (high relative dielectric constant) were 

used as deterioration characteristics in the data Attenuation is apparent in the data 

through a signincant reduction in al1 of the pe& containeci within the waveform 

corresponding to the thickness of the slab. Most af%cted is the deck bottom echo, which 

makes an excellent indication of signal attenuation. Also socompuiying a reduction in 

the slab peak amplitudes c m  be a slight increase in time position of the paL as the 

propagation velocity of the energy through the slab is in- due to the higher relative 

dielectric constant of the slab in deteriorated areas. Further attenuative cbaracterîstics in 

the data include a reùuction in the clarity. or smootbness, of the individuai peaks within 

the waveform resuiting h m  scattering losses. Changes in the relative dielechic constaut 

of the concrete near the surface of tbe slab are detectable by a significant bcrease in the 

asphalt/concrete peak amplitude. Both signal attenuation anci changes in wncrete relative 



dielectric are detected through manual piocessing by relative cornparison of a waveform 

to those near it in the data p a s  and to al1 waveforms observeci in a given file. Changes in 

a particular waveforxn associated with deterioration csn range h m  subtle to very 

pronounced contrast to wavef- rep~eseatign s o d  concriete. 

In both automatic and manuai processing methods for the GPR data, the software 

will calculate the percent of the deck area that is prediaed to be deteriorated aad both 

provide simple deteriodon maps of the deck- These deterioration locaîions found on 

these maps were t a b u i d  for reporthg purposes and also as an aid in drawing the 

deterioration locations on plan maps of the dech using AutoCAD. The dcteriorated area 

was calculateci based on the sum of these predicted deterioration areas in each p a s  and 

was divided by the surveyed deck sudace area to obtain an estimate of the percent of the 

total deck area deterioration. Where passes overapped, the resulting deterioration 

prediction quantities were wrtected by su- the superimposed deterioration 

prediction areas to avoid doubîe-counting these areas. 

Each &ta p a s  was mbdivided into unit areas of 0.25 meter length by the pas 

width. These passes and unit areas werc drawn onto scaled plan maps of the deck srirface 

areas on AutoCAD to denote the prrdicted deteriorateci and s o d  regions of the slab. 

The tirne requirrd to inspect and analm the radar data was depend~t  on the 

amplitude and clarity of the interfaciai peaks with each data pas, but took appmximatefy 

one full &y for a typical data set of good clarity h m  a 400 m2 deck surfàce aica Vague 

data required considerably more inspection time in order to decide where the various 

interfacial reflections e x i d  and to make juâgements regadhg the data c ~ s t i c s  

associated with the ptedicted sound and deteriorated regions of the deck surfàce. 

Subsequent tabulation and production of plan d e d  meps of the deck surfàce are8 

showing the predicted deteriorations generaily requited an additional two days. 

Compared to automatic processing, the manual proccssing is much more labour intasive 



and time consuming, but gives the user more confidence in the d t s  a d  aliows the user 

to influence the results according to intuition and consideration of other factors. 

5.3 Cbain D n g  Data Proeessiag 

The chain drag field data wss sketched to the nearest 0.05 meter on scaied plan 

drawings of the deck sinface. The vertices of each area f o d  to be d e t e r i 0 4  on the 

deck using the chai. drag rnethod was drawn onto the plan map of the deck surface to 

form polygons using AuloCAD. The deterioration locations found using the chah drag 

method were then compared to those predicted by both GPR processing metbods. The 

total deteriorated area found usîng the chah drag method was easily m d  h m  the 

plan map of each deck using AidoCAD. 

5.4 HaIfXeil Potenth1 Suwey Data Procearing 

The half-cell potential w e y  data were tabulated using their longitudinal and 

transverse location on the deck and the meanacd voltage. Isopotential contour maps 

were produced to demonstrate the distribution of voltage across the deck surface. 

According to ASTM C 876-91, a voltage that is more negaîive than 4.35 volts indicates 

that there is at least a ninety percent probability that active corrosion exists on the top 

iayer of reinforcement at that location. Since contours were p r o d d  in 0.02 volt 

incrernents, the -0.36 volt contour lines provided a boundary by which the area predicted 

to have active corrosion could be measund ?bese lines were imported into tbe 

AutoCAD drawings of the deck surfaces for measurcment and cornparisan ta the GPR 

predicted deterioration locations. 



5.5 Issues Regarding Data Interpreîation 

It is important to understand that each of the test rnethods used in this research is 

an estimate of a deterioration symptom of the entire deterioration process. These 

symptoms can correspond to t i m e h e s  of the entire deterioration process ranging fkom 

initial moisture and chlonde ingress bto the slab to cornplete corrosion and delamination 

of the slab. Figure 19 describes how these methods approximate the actual deterioration 

regime by considering different symptoms. The predicted areas of these methods based 

on these symptoms will tend to have areas of confluence and divergence depending on 

the age of the deterioration process for each localized area of the bridge deck under study. 

GPR is used to locate areas of excess moisture and chlonde, the half-ceIl potential survey 

is used to locate areas of active corrosion, and the chain drag survey is used to locate 

areas of concrete that have cracked or debonded h m  the top mat of reinforcement due to 

corrosion. Using these methods to assess the accuracy of GPR irnplies that al1 methods 

are expected to p d u c e  similar results. However, given the range of time -es that 

different symptorns represent, it follows that a significant level of divergence among the 

results m u t  be expected. 

GPR 

Half-Ce11 

Chain Drag 

Entire Deterioration Regime 

Figure 19 - Diagram showing convergence and divergence of test methods 



There exia assumptions, experimentd errors, and simplifications in each test 

method that need to be comprehdd w k n  a cornparison between these methods is 

made. These effects must be included in the justification of differences between the 

resuits of each test method. 

5.5.1 GPR Data 

Deterioration in bridge decks is correlateci to the presence of excess moisture and 

chlonde in the deck. Exceses of moishm and chloride are found to generaiiy exist 

under usual conditions in the Atlantic Canaùian climate at most of the deck deterioration 

phases. The exception to this is at the omet of moisture and chlonde ingress into the 

concrete cover and also perïods of extremely dry westher that tend to remove the interior 

excesses of moisture h m  the deck slab. It is the combined interactive effect of moisture 

and chloride that leads to noticeable attenuation of the radar wavefonn. Without 

sufficient amounts of chlonde, the effect of excess moisture is small on signal attenuation 

and vice versa accordhg to Alongi et al. (1993). Except in very dry periods of weather, 

sufficient excesses of moisture and chloride can be found within deteriorated areas in 

reinforcd concrete decks whm chloride is applied in wintertime as a deicing agent. 

Attenuative effats on the radar wavefomi may not be due exclusively to the 

combined interaction of moi- and chloride in the concrete deck slab. The effects of 

other phenomena on the GPR wavefom such as aikali-aggregate reactivity and its 

associated chemicd products and cracking have not been snidied to date. Certaialy, 

energy losses in the data wiîî occur b m  o k  forms of deck deterioration that resdt in 

local changes in relative d i e l d c  constant and in bmeased signai scatkrhg h m  layer 

non-homogeneity or cracks. Not al1 energy losses that are due ta moisture and chloride 

can be cornelateci to o W e d  phenornena h m  the helfcell and chain drag nirveys. A 



portion of these attenuative effects will represent pheses of the deterioration proces that 

are not detectable using these survey methods. 

Detection of deck deterioration is basal on a relative cornpaison of wavefomis 

within a data pass or series of passes on a single deck. If thm is good wntrast kt~en 

the areas of sound concrete and deteriorated conmete, then tbe difference is easily 

noticeable and l e s  m r  can be expected in the results. Deck that have very low and 

very high quantities of daaioration -y prcsent diîEcuities in rrurCting a correct 

deterioration prediction. On de& that exhibit high levels of deterioration, the areas of 

sound concrete may exhibit signs of moishire and chioride ingrrss, alkali-aggregate 

reactivity, poor asphalt concrete quaiity, and mictolcraclring that may cause signal 

attenuation, leaving little contrast between delaminaterl and non-delaminated regions of 

the deck. These problems lead to a higher level of beckground attendon levels in the 

data, making detection of locaiized, conosion relateci, signal attenuation more difficult 

The probability of detecting deteriorated and sound areas of con- is reduced, M e  

the probability of false predictions is increased. Identification of the bottom echo can be 

difficult in data h m  such decks because the bottom echo amplitude c m  be r e d d  to 

the level of the background clutter or pseudo-peaks created by superposition of near 

interfaces. Decks in very good condition can also be misleadhg as slight changes in the 

signal characteristics can be misinterpreted as signal attenuafion, leadiag to increaseâ 

potential for false pdictions of deterioration. Establishing a b w n  location of 

deterioration on the deck allows the procesor to establish a threshold level of attenuation 

by which the remainder of the data c m  be assessed. 

Signai proccssing of severai decks that were analytcd in this research rwealcd 

that some physical contraints can resuit in difficuities in data interpmtation. Since the 

data processing is based on a relative cornparison of the waveforms, changes in the 

waveforrn due to different nmbers of prestressing tendons, that may also Vary in depth 

on the deck cross-section, can create substantial intenial scattcring that may d e r  a 



relative cornparison useless. Tendons that Vary in position at different locations dong the 

length of the deck will resuit in p& that are locaud at different time psitions, and 

hence slightly dinerent amplitudes due to ùackgmrmd signai attenuation as a function of 

depth, making the relative cornparison of wavefoms v y  difncult. Another type of 

de&, such as a monolithic deck, devoid of supporting gVdm of varying thickness 

provides similar difficulties with the added effeçt of aonorthongonal mflection h m  the 

deck bottom. Depth penetration is motber issue on extmely thick decks and also those 

which contain high chioride contents. Steel fiber reiafMCCd ooacrrteJ may pnscnt a 

signal penetration and signal scattering problems because of the more homogemus 

distribution of steel thughout the deck thickness and the =dom orientation of each 

fiber causing reflections h m  unkIlown depths and ~~)n-orthogoaal reflections to the 

direction of transmission. Synthetic fik reinforcecl concrete dedm may bebave similady 

to a nonnal concrete de&, depending on the dielectric propeities of tbe metcrial and its 

addition rate to the concrete. 

Other decks that were exmained in this research containeci epoxy coatcd steel 

reinforcement. This epoxy coating is used as a bamer to jweveot moi- and chloride 

fkom contacthg the steel and therefore protecthg the steel h m  corrosion. 

Unfortunately, this epoxy barrier ais0 undermines the assumption that deterioration will 

be found where excessive moisture and chloride are detectd in the deck using GPR It is 

dso unfortunate that the presence of epoxy mathg on the reinforcement cannot be 

detected in the GPR signal. Hence, unless there is pnor lmowledge of the use of cpoxy 

coated reinforcement in a given deck, the GPR swvey may severely ovenshmte the 

level of deterioration. 

The nature aad condition and even existence of sspbalt pavement overlay on a 

deck will affect the ability to intaprrt deterioration chamck&ics in the radar data The 

lack of an asphalt overlay on a deck will allow moistwe wt just to petrate more easily 

into cracks and highly permeable regions of the concrete, but will also allow them to dry 



out more quickly. This means that the interactive effect between moistute and chloride 

on signal attenuation can be Rduced on exposed concrete decks, maLing the contrast 

between probable deterioration and sound concrete less obvious. A porous asphalt 

pavement layer, designeci using primady mase aggregates and containhg substantial 

voids for drainage, can mtrap water in the short term, but also facilitate m g .  

Furthemore, these pavements will tend to accumulate chloride and tend to cause signal 

scattering due to the voids, reducing the signal penetration into the deck. 

The automatic pn>cessing software ailows the user to Vary a threshold level to 

affect the processing d t s .  Raising or lowering the threshold afZects the severity of the 

detenoration condition that is desired in the result. 'i'he lwation of clusters of 

problematic areas are d e c t e d  by changhg the thceshold but theu extent and density 

on the deck and the predicted quantity are affêcted. In manual pnicessing of the data, 

there is no such numerical threshold by which the user compares calculateci coefficients 

to determine the condition of each unit area on the deck. With experience, the user 

becomes accustomeâ to observe sufncient relative change in the signal that deterioration 

is likely in a particular area. Each d s k ,  and the a~sociated level of signal change, is 

different depending on background attenuation levels and the contrast baween obviously 

sound and deterïoraîed areas of the deck slab. It may be hypothesized that a higher 

degree of attenuation may be associateci with a higher degree of deterioration severity, 

but it becomes difficult to use an absolute threshold level of as a decision twl 

considering the other potential factors affecthg the signal, tbat are unknown to the 

inspecter. Insted, a variable threshold is used depending on the clarity and conûast 

observed in the data in particular regions of a given deck slab. Again, this is a highly 

subjective process thaî is operatordependant. 

There are interpretative errors that can be made in both automaîic and manual 

modes of processing GPR data Multiple rsphalt pavement leyea often exhibit 

reflections of varying intensity that can make idcntifyirg and tracking the 



asphdt~concrete interfke dificuit, especially if those layers are thin a d o r  deteriorateci. 

Thin layers provide an additional challenge when masining thickness because of 

interference between the surfacc and interfhcial Mettions. The tw amplitude of the 

interfacial reflection can ôe observai and wasiirrd by subûactbg a ceplica of the flat 

metal plate file that is scaled to the same amplitude of the surface reflection h m  the 

waveform. Top reinforcement layers can be difficult to distinguish and track in the 

waveform if the concrete cover is thin for this same regson. 'Ibe depth to reinforcement 

can vary substantially h m  deck to deck as wtU as within thc same dcck. 

ûther interpretative enors arise due to the bridge design. Structures that have 

multiple interior supports and contlliuous girders oupporting the deck are subject to 

negative moments at these supports. The decks are thercfore designed to contain more 

steel at the top layer of reinforcement at these locaîions. The effêct on the signai is to 

increase the amplitude of the top reinforcement layer reflection. in some cases, the thel 

content is so hi& that the reinforcement grid reflects most of the transmitted energy and 

information cannot be obtained h m  deeper within the slab. Whcrc de& expericnce 

positive moments, the steel content is hcmsed at the bottom layer of reinforcement, 

causing a similar increase in the bottom reinforcement layer reflection. In these 

conditions, the entire data pass may contain regions of varying reinforcement reflection 

intensities. Other de& designs such as flll-àeptô slabs and pre-strrssed voided slsbs 

present differeut wawfomis than the typical slabon-girder design. These types of 

bridges have a slab depth that tends to exceed the pcaetmtion depth capabiüty of the 

radar system. Data h m  these structures t e d  to exhibit no de& bottom echo and varying 

reinforcement reflection intensities. Furthemore, on thick slabs, the deeper reflections 

tend to be weaker due to increased backgrod attcnuaîion which is a fimaion of the 

depth of the slab. This may pose a problem with automated processing of the data if the 

algorithm is based on EiSSUrned constancy of ali the reflected peaks. MaauaJ processing 

of these structures is also difficult because of the discontinuous nature of the data dong 



the entire p a s  length. Relative comparison must be made within similrv regions o f  the 

dam 

Deck conditions are assumed to be constant over the entire Wkce area, but this is 

not so. Regions of pavement nearest the curbs are more likely to be deteriorateci with age 

and are more likely to contain moisture as surfisce nmoff is directed to drains locatcd in 

these areas. M d i c  trash and soi1 and debris that tend to bold moi- tend to 

accumulaie in the curbs of the bridger. 'Ibcsc conditions have an e f f i  on the d a c e  

dielectric rneasurement and tbe amount of energy that can be dkected into the de& 

Diaphragms that are placed tranmersely across the d a k  width between the 

girders and diaphragms at joint locations can cause ''apparent attenuation" in the signal. 

in steel members, the positively oriented icflection h m  the sttinger or diaphragm 

comtetacts the negatively oriented reflection h m  the concretelair interfàce at the deck 

slab bottom. The net effect is a reduction in the de& bottom echo thaî may appear as 

though it was caused by moishue/chloride effects in the slab. However, signal 

attenuation caused by excesses of moisture and chloride norrnally affect the entire 

wavefonn, inducing distortion in the shape and a reduction in reflected peak amplitudes. 

Increased asphaltlconcrete refiection amplitudes can be an indicator of excess 

moisture in the concrete slab aûjacent to the interfce, asphalt pavement that has becorne 

debonded h m  the wncrete slab and contaias moisture at the sepration, or may indicaîe 

moisture intrusion thtough a waterptoofing membrane a d o r  surfàce scaüng. Dcbonâed 

asphalt and failed membranes are not 8ccounted for by the chab drag or the half-il 

potential s w e y s  and wili increase the quantitative différence betweetl these two wthodo 

and the GPR predictions. 

The position of the antcnna relative to the location of the deterioration will af1E;ect 

the attenuative effêct in the radar waveform, as d l  the s k  of tbt defect. At the 



operating height of the antema, the beam produces a Ymtprint" or coverage area on the 

deck surfàce that is oval in sbape and is approxhately one meter wide by sixty 

centimeters wide, and increases in size with depth. Detenoration effects in the data are 
. . 

maxmmà when they are located directly under the antenaa since the transmitted beam is 

more concenûated neasest the center. Deterioration effects that are located farther h m  

the center of the beam are weaker in the data Deteriorateci areas that are srnall relative to 

the size of the beam coverage area will have a lesser effect than large areas of 

deterioration. 

The condition of the deck slab surroundhg joints is more difficult to ascertain 

than deck slab condition fiom interior areas of the structure. The geometry is much more 

cornplex, depending on the joint design, and can not be modeled without prior laiowledge 

of the compoaents. This is very impracticai for field testing as the joint can be covered 

by asphalt pavement and the design may be h o w n .  Certainiy, joints produce a 

difEerent waveform than the deck slab d a s .  Steel content and positions et joints are 

usualiy higher and diffmnf rrspectively, than in slabs and tend to create multiple higher 

intensity reflections in the wavtfomi when the joint is in good condition. This may pose 

a problem for automated processing of the data that compares waveform peak amplitudes 

and construction h g  an entire section of a data pas. Joints in poor condition can be 

detected manually by observing the adjacent data on either side of the joint and by 

observing the reflections at the joint. The transition h m  typid deck wavefoorms to joint 

wavefom tends to gradually decrease with the bottom echo decreasing in ampiitude and 

becoming more distorted in shape as the data changes h m  sound deck to deteriorated 

joint material. Joints that are in good condition tend to exhibit more abrupt changes in 

deck bottom reflection as the data changes h m  slab to joint. 

GPR data is organkd for processing by dividing each pass into unit areas of 

length and pass-width. These unit areas are drawn onto the deck surfàce to represent 

zones of predicted deterioration. It is important to iwleistnnd tbat a unit area may not be 



entirely deteriorated, but contains Jufncient deteriorateci area that it is detectable in the 

data Quantitative dissimilari@ due to size différences between the unit area prediction 

and the actuai extent of deterioration area must be expected. 

Longitudinal position of the radar on the deck is detenniried fmm the data by 

observing the number of pulses recorded h m  the distance meaPuring b e n t  of the 

ABS braLing system on the van. The number of pulses is multiplieci by a constant to 

obtain distaace. S d  errors in calibnrtion of this constant can cause slight misposition 

of the predicted area with the a d  test location. This error k m w e s  with iacreasing 

deck length. Carefbi falibration of the distance measuring instrument constant is 

therefore very important. 



5.5.2 Chain Dmg Data 

Conducting the chah drag s w e y  is simple, using a subjective test criteria where 

the sound of the chah impacting the deck surface is interpreted as hollow somding or not 

by the operator. Interpretative enors can mise due to a number of conditions such as the 

chah size used, trafnc, operator fatigue, presence of debris or watexp~oofing membrane 

on some areas of the deck d k e ,  non-comsion i n d d  cracking, and the pmximity 

and size of delarninations. 

Typically, a six foot length of one-haif to three-eigbths inch diameter chah is 

used for the survey. Other configurations include a series of shorter, srnalier diameter 

chains attacheci to an a m  on the end of a long hancile, in similar faPhon to a rake. Chain 

weight and size a&ct the amount of en- dirrcted into the deck and the fkquency of 

that energy. This affects the depth h m  which the energy will be nflected with aifncient 

amplitude that a significant difference between sound an unsound concrete c m  be 

detected by the opentor. Heavier c h a h  direct more energy deeper into the slab than 

lighter chains. The pitch and tone of the reflected sound from the delamination also 

differs according to the weight of chah used. 

A major contributhg k t o r  to misinterpretation of chain drag soimding is tratnc 

noise. Suiveys are m d l y  conducted on a single closed lane of a stnrtiüc, while the 

other lane or lanes remain open to aafnc. Often, the tranic is passing within four to ten 

feet of the opemtor wbile the deck is being surveyed. Noise h m  large trucks c m  make 

it very difficult to detect a change in the sound produceci that identifies a delamination. 

Operator fatigue can play a role in misinterpretation of chain drag somding. On 

bridge decks that are in good condition, the operator can kgin to "detect" suspicious 

areas of deck that sound somewhat differc~lt than other areas, but do not produce obvious 

sounds indicative of delamïnations. 



lighter chains. The pitch and tone of the reflected sound h m  the delamination also 

differs according to the weight of chah used. 

A major contributing factor to misinterpretation of chab drag soundhg is traffic 

noise. Surveys are normally conducted on a single closed lane of a structure, while the 

other lane or lanes remab open to traffic. OAw, the t d f i c  is passing within four to ten 

feet of the operator while the deck is king meyed .  Noise h m  large trucks can make 

it very dificult to detect a change in the sound producd that identifies a delamination. 

Operator fatigue can play a role in misinterpretation of chah drag sounding. On 

bridge decks that are in good condition, the operator cen begin to "detect" suspicious 

areas of deck that sound somewhat different than other arcas, but do not produce obvious 

sounds indicative of delaminations. 

Rehabilitation construction of decks is a dirty and dusty procedure that requins 

the deck surfaces to be swept clean of dirt and debris a h  the asphalt pavement and 

waterproofmg membranes have been stripped h m  the deck. Sometimes not al1 of the 

debris is swept h m  the deck or al1 of the membrane stripped h m  the deck surface. 

Both debris and partially bonded membranes can produce hollow sounds thai are similar 

to delaminated concrete. 

In some cases, îhe asphalt pavement has been so well bonded to the deck suface 

that work crews needed to use Iight jackharnrners to remove the pavement h m  the deck 

surface. The impact of the hammer on the deck d a c e  tends to spall small pieces of the 

cover concrete h m  the remahder of the deck, inducing small surficial "del aminations" 

that will be detected by the chah drag m e y .  

Lastly, it is important to rernember that results h m  the chah drag survey are a 

combination of visual assessment of the deck surf', areas that proâuced a hollow 



delaminated sound fiom the chain drag test, and also areas of deck that is not 

deteriorated. These non-deteriorateci areas of the deck becorne included into the chah 

drag survey results by grouping clustas of delaminations into simple paraüelograms for 

removal and rrpair. In some cases, small areas of sound deck are f o d  within large 

areas of detenorated deck and are removeci intentionaily to simplify the rrpair operation 

as a whole. 

While GPR is used to detcct moi- and chloride ingrrss into the deck. a d  the 

half-ceil potential survey is used to detect active corrosion, both of which may be 

precursory to the formation of a delamination, the chah drag survey will not detect areas 

of excess moisture and chloride or active corrosion thai bas induccd insufficient stress in 

the deck to form a d e l d o n .  

5.5.3 HaLC-CeU PotenW Data 

The wcell potential SuNey is a more objective test tban the manual processing 

technique of radar data interpretation or chah drag survey methads because it uses a 

fixed standard threshold iastead of relyhg on subjective test criteria The test procedure 

and density of data collection points are standardized in ASTM C 876-91 as are means of 

data interpretation. In this research, the data collection points were assi@ coordinates 

representing the longitudinal and transverse distance h r n  a fixed point on the dcck 

surface. Mer  tabulating the data, contour plots were proàuced using a software package 

called Suder. Contours were generatcd for every step of 0.02 volts using a Krighg 

interplative cwe-fining mode1 with smoothing effkcts. It must be re-emphasized tbat 

the -0.35 volt threshold only gïves an indication tbpt there is a ninety percent probability 

of active corrosion, Certain effects rnay occur that tend to shift the =niai threshold that 

may best represent the active wrrosion on a given deck. 



Since the balfail electrode is ustd to measure the electrical potentid field 

surroundhg the corrosion induced cumnt in the reinforcement, the moistwe content and 

e1ecIrica.l comectivity of the concrete wver over the reinforcement play an important d e  

in the value of the measured jmtential. Concrete cover that is very dry will be more 

insulated and cause values that are less negative to be obscrveed in areas overlying active 

corrosion. In regions of deck deterioration where the wncrete cover has wmpletely 

debonded h m  the reiaforcement and mderlying concrete, potentials can result tbat may 

not indicate deteriomion at all due to the insulating effcct of the air gap between the 

cover and the remainder of the slab. Furthemore, the interpolation tends to falsely 

include areas of sound concrete into the reportcd active corrosion areas, and vice versa, 

due to the cuve fitting approximation. 

Aside h m  moisture and electrical connectivity effects caushg misinterpretation 

in the results, the smmthing effect of the Kriging interpolation mode1 used to create the 

contour Lines fiom the raw data may also tend to obscure some areas of deterioration 

within areas of sound concrete, and vice versa, if the respective potentials are close to the 

4.35 volt threshold. As a resdt, some d areas of deterioration tbat may be observed 

in the other detection methods results may not be observeci in the halfkeU method results. 

5.6 Cornparison of Bridge Deck Survcy Raults 

Results h m  the GPR, chah drag and half-ce11 potential m e y  methods were 

compared bth graphically and statistically to describe the correlation and diffkrence~ 

among them. The resulting quantities and spatial distribution of deterioration was 

analyzed statistically to establish the accuracy and level of dinmnce to be expected of 

the GPR survey relative to the chah drag and half-ce11 potential m e y  methods. 

Numencal accuracy of both GPR processing techniques relative to the ground-buthhg 

survey methods was wmputed based on the basic estimate and total measured 

detenorated sur f"  ares, respectively. Spatial correlation was describeci statistically by 



obsening the prediction and outcorne of each unit radar preâiction area of 0.25-meter 

length by pass width. Agreement, or convergence, between the predicted and o b e d  

deterioration was considered to be codhned if at least one-third of the unit prediction 

area contained observed deterioration. There are four scenarios tbat can resdt h m  each 

unit area prediction: 

1 ) A true detection of deterioration, (A); 

2) A false detecîion of deterioration, (B); 

3) A true detection of sound concrete, (C); and 

4) A false detection of soud concrete, (D). 

Of these scenarios, the actual deterioration area will be described by the sum of 

the true deterioration and fdse sound predictions (A+D), whüe the actual area of sound 

concrete will be described by the sum of the false deterioration and true saund concrete 

predictions, (B+C). Obviously, to maximize spatial correlation the best method wouid 

maximize the mie predictions and minimin the false pmiictions. Statistics were 

constnicted to describe the accuracy, false alann rates, and probability of correct 

detections for manual and automatic ptocessing techniques relative to the chain drag and 

Mf-cell potential surveys by counting the various outcornes of al1 of the unit prediction 

areas, as follows: 

Percent Correct Deterioration Prediction = A/(A+B) 

Percent Conect Sound Concrete Rediction = C/(C+D) 

Percent Total Correct Predictions = (A+CY(A+B+C+D) 

Percent Total Incorrect Predictions = (B+D)/(A+B+C+D) 

Pmbability of C o d y  Detecting Deterioration = A/(A+D) 

Probability of C o d y  Daecting Sound Concrete = C/(B+C) 

False Aiann Rate of  Detecting Deterioration in Sound Concrete = B/(B+C) 

False Aiarm Rate of Detecting Sound Concrete in Deterioration = D/(A+D) 



These statistics w m  used w t  just to d d b e  how the prodictecl quantity 

compares to the quantity found by the ground-tnithing methods, but also how the 

locations of predicted deterioration compare to the deterioration locations as found by the 

ground-truthing methods. However, it must be remembered that the actual deterioration 

quantities must be compared to the predicted quantity, wt just the percent of correct 

deterioration predictions, since the false deterimation predictions are countemcted by the 

false s o d  concrete pdctions. 

5.6.1 Prelimina y GPR Automatic Pmceming Resuh 

The earliest GPR surveys in this research project were processed using version 

1.10 of the Penetradar automatic proceshg software. Cornparison between these results 

and the observed deterioraiion made the accuracy of tbese m e y s  questionable. R d t s  

f?om seven of these early structures are listed in 

The Robie Street Overpass, McClures Overpass. and Lower tniro R d  Overpass 

were constmcted using epoxy coated reinforcement. It cm be oôserved that the GPR 

predictions did not cornlate weli with the actuaî quantity of deterioration obsmed for 

these three decks. It is hypothesized that although the automatic processing did not 

perform well for the other decks listed in Table 3, the differences for these three decks is 

more attributable to the epoxy coaîhg preventing the chioride depassivation, and hence 

the ensuing corrosion, of the rridorcement. Even if the automatic processing had 

perfectiy identified the amas of excessive moi- and chloride ingress into the decl<, the 

usual correlation between excess moi- and chloride m o t  be assumai because of 

this barrier effect of the epoxy. 

Table 3 showing the GPR predicted deterioration esthates and the achial 

deterioration quantity found using the chah dreg method. Unfortunately. no records 



were retained of the location and spatial extmt of the observeci deterioration to compare 

to the GPR predicted deterioration. These earIy resuits were found to have poor 

correlation between the GPR predicted and ectual deterioration quantities. Poor spatial 

correlation between the GPR predicted and a d  deterioration locations was observai 

on the decks. 

The Robie Street Ovexpass, McCliaes Overpass, and Lower truro R d  Overpass 

were constructeâ using epoxy coated reinforcement. It can be observed that the GPR 

predictions did not comlaîe well with the actual quantity of deterioration observeci for 

these three decks. It is hypothesized ihat although the automaîic processing did not 

perfonn well for the other decks listed in Table 3, the différences for these three decks is 

more attributable to the epoxy coating preventing the chloride depassivation, and hence 

the ensuing corrosion, of the reinforcement Even if the automatic processing had 

perfectly identified the areas of excessive moistue and chloride ingress into the de&, the 

usual correlation between excess moistwe a d  chloride cannot be assumed because of 

this barrier effect of the epoxy. 

Table 3 - GPR predictions and actual deteriordon quamities on initial structures 

Stmcture ID 

1 1 1 1 

Joseph Howe OP 1 171.5 -3 16.0 1 -1843% 1 487.5 I 

Robie Street OP 

Lower T w o  Rd 

1 1 1 1 

Dutch Village OP 1 13.1 -60.1 1 -458.8% I 732 1 

Chain Drag 

Deterioration Quantity 

(m2) 

65.0 

1483 

1 1 1 1 

Middle R. Bridge 1 286.7 1 39.8 I 246.9 I 86.1% 

1 1 I I 

Differeace 

(%) 

GPR Rtdicted 

Deterioration Quantitity 

(m2) 

129.3 

164.9 

CNR OP 

Différence 

(m2) 

15.9 I 31.4 I -15.5 I -97.5Yo 

-64.3 

-16.6 

-98.W 

-1 1.2% 



From these early results, it became apparent that the automatic processing did not 

appear to perform as well as demibed in SHRP S-325 where accuracy of 11 1.2 percent 

of the ground tmth quantities was reported. It was unbiown if the poor correlation 

between actual deterioration quantities and those predicted using the automatic 

processing software was due to a lack of experience in interprrtiag the radar wavefomis, 

improper use of the sofhue, or perhaps a problem with the softwan itselt Mer 

supervision was provided by the Penetradar Corporation, it was determineci that improper 

usage of the software was mt likely to be the cause of the poor results- At this point, 

manuai processing of the radar data was introduced into the research program to address 

these correlation problems. Future structures thai were surveyed using GPR were 

processeci both ushg the newer version 3.10 of the automatic processing software and 

using the manual processing technique for this researich. The inclusion of proceesing the 

GPR data manually resulted in a significant increase in the amount of time and effort 

required to process the data At the same tirne, manual processing i n t r o d d  a 

significantly higher degree of subjectivity into the data analysis. Minimal operator 

influence was one of the selection criteria for the most appropriate method in identifjing 

deterioration in asphalt paved reinfiord concrete bridge decks, but as the d t s  h m  

the following nine structures will show, the manual processing technique offers the user 

better opportunity to apply quality coritrol on the a d y s i s  that results in a more accurate 

estimate that better represents the actuai deterioration that exists in each deck. 

5.6.2 Glendde Bridge 

The Glendale Bridge is located on Highway 105 appmximately 22 km north of 

Port Hastings, Inverness County. It is a slab on steel &der design with a lmgth of 37.5 

meters and a width of 8.4 meters. The deck was surveyed using GPR on Maich 19,1997 

and rehabilitated during the Sumner of 1997. The GPR data appeared to be of good to 

very good clarity in which the reflections h m  interfaces and reinforcement were weîi 

formed and easily distinguishable. 



Appendix Al. 1 shows a plan view map of the deck surfaEe using red hatching to 

designate where signal attenuation wap detectcd in the GPR data whg manual 

processing. Green hatcbing is used to designate w h e  debonded conmete; delaminations 

and surface scaling were detected using the chah drag method. G d  correlation 

between the manual GPR resuits and the chah drag d t s  are apparent in the region of 

the abutment joints and interior joints. However, poor correlation can ôe seen in radar 

&ta p a s  " B  and Wi" wbere a signifiaint mount of deterioration was foiiad using the 

chah drag method, but mt fomd using GPR in the centrai and northem spans. Appendix 

A1.2 shows a similar plan map of the deck surhce ushg red hatching to designate where 

signal attenuation was detected in the GPR data using manuai processing and a solid 

black line representing the 4.36 volt contour line estabfished using the half-cell potcatial 

survey. The area bunded by this contour represents mnes of active corrosion in the 

deck as stipuiated by ASTM C 876-91. The data shows good correlation between active 

corrosion detected about the joints of the deck and the GPR detcctions similarly located. 

GPR resulted in no detections in the centrai span dong radar pass "Bw whm scveral 

major areas of active corrosion were detected. One group of manuaiiy pmcessed GPR 

detections on the northem span does occupy a sidlar region as a large area of active 

corrosion. Overall, the half-ce11 potential survey did not detect similar quantities or al1 of 

the locations as the chain drag survey method, but there exists good correlation between 

these two groud-trutbg methods at s e v d  of the deteriorated areas on the mrthem 

intenor joint, and on the eastem edge of the central and northem spans. 

Appendu A1.3 shows a similar plan map of the deck surfâce using black hatching 

to designate where signal attenuation was detectcd in the GPR data using automatic 

processing and green hatching to designate where debonded concretc, delaminations and 

surface scaling were detected ushg the chain drag method. The automatic processing 

results correlate more favorably with the actuai deterioration found on the deck using the 

chab drag metbod, particularly with the deteriorateci areas found dong pass "Bw of the 



radar survey, but d t e d  in numerous false detections in the central span. Two major 

zones of detenoration were not detected in th mrthern ppan ushg the automatic 

processing method for the GPR data Appaidix A1 -4 shows a similar plan map of the 

deck surface using black hatching to designate whm signal attenuation was detected in 

the GPR data using automatic processing and a solid black b e  boimding the zones of 

active corrosion detecteù in the de& Again, Little active corrosion was detected 

throughout the central span where the majofity of GPR detections were located. G d  

correlation between the autonintic processing results d the areas of active corrosion can 

be observed in radar pass "B" on the eastem edge of the central and wrthem sp- and 

dong the joints of the deck 

Appendix A1 -5 shows a oimiler plan map of the deck surface using black batchhg 

to designate where signai attcnuation was detcctcd in the GPR data using automatic 

processing and red hatching to designate where signal attenuation was detected in the 

GPR data using manual processing. It is evident th both methods detect attenuation 

near the joints of the deck, wbile the automatic processhg detccted more at tendon 

throughout the central span than could be obsemed using manuai processing. Both 

manual and automatic processing detected attendon in the southern span that aeither 

the half-cell or chain drag methods detected deterioration. While the automaîic 

processing detected more of the deterioration found using tbe ground-însthing methods, it 

also resulted in more false detections of deterioration, leadhg one to the conclusion thai, 

based on graphical observation alone, the manual and automatic pcocessing techniques 

performed at similar levels of accuracy on this particuiar deck 

Considering the grapbicai spatial wmlation of d t s ,  the automatic processing 

seems to identify the areas of deterioration detected by the haüali potential and chiin 

drag surveys better than the maaual processing of the GPR data for the Glendale bridge. 

The quantitative and spatial estimate statistics are Lsted in Table 4 for the G l d e  

Bridge. 



Table 4 - Quantitative and spatial estimate sbtistics - Glendale Bridge 

GPR Predicted Quantity (Manual) 
Actual Quantity Removed 

-I)ragQuantity 

T m  Deteridon Redictions 
False Deterioration Redictions 

True Sound Predictioiis 
False Sound Predictions 

% Correct Deterioratiori Redictions 
%Co~SoundA.edictioris 
% Total Conect Redictioris 
% Total Imctect nedictions 

Probability of c d y  deteding deter idon 
Probability of cmectly detecting sound concretr 

False alarm rate of detecting deterioration 
False alarm rate of detecîing sound conmete 

29.1% 
16.24 
22.6% 
20.1% 
93% 

rotai GPR Unit Ategs ori Deck = 1350 

The half-cell potential nirvey quantity resulted in significantly l e s  deterioration 

detection than the chah drag rnethod due to a lack of electricd activity detected dong the 

abutrnent joints and in the area of surface scaiing found on the northem edge of the 

easternrnost span. These areas did not pmduce a hollow sound using the chah drag test, 

that would indicate del amination, but were outlined for removal because of the economy 

in replacing al1 joints at one time and because of the high probability of fùture 

reinforcement corrosion below the scaled concrete. 

Glendale Bridge 
1 

Predicteû versus Acîd and Gmnbtruth Qiuntities 
(Expressd as r Pci#ntage of Dack SU- Amal 

GPR Redicted Quantity (Automatic) 
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The quantities obtained using the manual processing were closer to the chain drag 

and the haif'ell quantities than the those obtained using the auiomaîic processing of the 

GPR data The percent of conect deterioration predïctions using manual processing 

exceeded thaî obtained using the automatic pmcessing relative to both groumi-truthhg 

rnethods. However, the correct prediction rate of sound wncrete was apgmximately the 

same for each method, giving a higher percent correct prcdiction rate for the manual 

technique than the automatic processing software due to the increased correct 

deterioraiion prediction Rte of the manual pcesshg technique on tbis particular deck. 

The fair correlation observeci in the figures wntained in Appendix A l  between the 

manual processing resuits and the chain drag and half-celi potential surveys is described 

weil by the low 37.1 % probability of c o d y  detecting deterioration and the moderately 

high 62.9% false aiarm rate of detecting s o d  wncrete ushg manuai processing on this 

paiticuiar bridge deck 'Ihe rnajority of deterioration that was unidentified by the manuai 

GPR pn>cessing results o c c d  in Pass "B". Extensive deterioration thet is found dong 

one strip of data that is bounded by two other strips of sound concrete data can sometimes 

be difficult to detect because the user may believe that the deck geometcy is idiuencing 

ùlat particular pas, rathet than deck deterioration. Deck deterioration does not usually 

remain confïned longihrdinally dong one strip of data, but can be identifieci at the same 

general distance in adjacent passes. The automatic pcocessing also exhibiteci a 

moderately high fais alarm rate of 58.8% in detecting sound concrete due to the lack of 

deterioration detections in the western edge of the northern span. 

5.63 Rougb Bmok Bridge 

The Rough Brod< Bridge is located on Highway 105, approximately 15 lan mrth 

of Port Hastings, Inverness County. It is a slab on steel girder design with a length of 

34.2 meters and a width of 8.6 meten. The deck was sweyed using GPR on ~ e r c h  19, 

1997 and rehabiiitated during the summer of 1997. The data in gcneral was of poor to 

fair clarïty, exhibithg much distortion and a lack of well dehed refiections h m  the 



interfaces and reinforcemnt. These poor quality data may be due to general excesses of 

moisture and chloride a.d/or deteriorated asphalt pavement on the deck that may cause 

signai scattering and losses at ail points on the de& &r than just excess losses at the 

deteriorated areas. 

Appendix A î . 1  shows a plan view map of tbe deck surfiace ushg red hatching to 

designate where signal attenuation was detected and blue hatching to designate where 

high concrete reflectivity, or high concrete relative dielectric constant was found in the 

GPR data using manual processing. Green hatching is used to designate where debonded 

concrete; delaminations and surface scaliag were detected using the chin drag method. 

G d  correlation between the menual GPR d t s  and the chah drag d t s  are apparent 

in the region of the abutment and interior joints as weii as in nuwrous small 

delaminations in aU çpans. However, there are also numerous smaii areas of deterioration 

that were found using the chain dmg method, but not found using GPR The balfcell 

potential survey was not coducted on this k k .  

Appendix A2.2 shows a similar plan map of the deck surfiace ushg black haîchhg 

to designate where signal attenuation was detected in the GPR data using automatic 

processing and green hatching to designate where debonded cormete, delamkations and 

surface scaling were ddected using the chah drag methai. The automatic processing 

results seem to correlate as well with the actual deterioration found on the deck almg the 

joints, but appears not to detect detenoration in many of the delaminated areas f o d  in 

on the deck spans. Rather, the automatic pmcessing results appear to identify miall 

groups of detections in areas tbat were found to be in good condition by the chain drag 

survey. 

Appendix A 2 3  shows a similar plan map of the deck nirface using black hatching 

to designate where signai attenuation was detected in the GPR data using automatic 

professing and reù a d  blue haîchhg to designate wfmc signai attenuation and high 



concrete reflectivity, respectively, were detected in the GPR data using manual 

processing. It is evident that both rnethods detect attenuation in s o w  simiiar regions of 

the deck, but a large number of non-similar areas w m  detected as deteriorated by each 

processing method. Considerhg the graphicai spatial correlation of resuits, both GPR 

processing methods appeareà to perform equaily well for this bridge. Table 5 lists the 

quantitative and spîial estunate staîistics for the Rough Brook Bndge. 

Table 5 - Quantitative and spatial estimate statistics - Rough Brook Bndge 

Rough Brook Bridge 
Predictcd venus Acturl and Ground-tmtb Qurntitia 

GPR Redictcd Quantity (Manual) 
Actuai Quantity Rernoved 

Chab Drag Quantity 
Hdf-Cell Ouantitv - 

SPR Spatial Correlatioa Ststistia 

Tme Deterioration Predictions 
False Deterioration Prodictions 

True Sound Redictions 
Faise Sound Mictions 

% Correct Deterioration Predictions . 
% Correct Sound Redictions 
% Total Correct Predictions 

% Total Incorrect Redictions 
Probability of conectly detecting deterioration 

Probability of correctly detecting sound concretc 
False alarm rate of detecting deterioration 

False alarm rate of detecting sound concrete 

21.7% 
2 1 2% 
29.4% 
27.2?! 
NIA 

rotal GPR Unit Arcas on Deck = 1233 
Relative to Chain Drag Relative to Half-Cell 

Manual 1 Automatic Manual 1 Automatii 
NIA 
N/A 
NIA 
NIA 
NIA 
NIA 
NIA 
NIA 
NIA 
NIA 
NIA 
NIA 

NIA 
NIA 
N/ A 
N/A 
NIA 
NIA 
N/A 
NIA 
N/A 
NIA 
NIA 
NIA 

Both GPR processing methods resulted in similar quantity estimates, but the 

manual processing technique exhibited a higher percentage of correct deterioration 

predictions than the automatic processing software results. Both processing techniques 

exhibited similar comct preâiction rates for the existence of sound concrete. In spite of 



the higher percent correct sound concrete prediction rates for each method, the manual 

processing technique wmctly predicted less s o d  concrete areas than the automatic 

processing. Both GPR processing methods exhibited simila. probabilities of cottectly 

detectiag deteriorated and sound coIlcrete. As obsrved in tbe figures of Appeiidix A.2, 

both methods peiformeâ simüarly in predictmg the quantity and extent of  detetioration 

on this particula. de& however, the low probabilities of the manuai and automatic GPR 

processing methods of correctly predicting deterioration locations may be attributed the 

poor clarity of the data and the d t i n g  lack of signifjcant con- of the signai sbape 

and amplitude between the deteriorated and sound regions of the de&. 

5.6.4 Victoria Bridge 

The Victoria Bridge is located on Highway 105, approximately 19 bn north of 

Port Hastings over the River Inhabitants, Inverness Comty. It is a slab on steel &der 

design with a length of 28.0 meters and a width of 8.5 meters. The deck was sinveyed 

using GPR on March 19. 1997 and rehabüitated durhg the summer of 1997. The data in 

general was of good clarity, exhibiting some distortion and generally well dehed 

reflections h m  the interfaces and reinforcement. This level of clarity indicates that the 

deck materials are generally in sound condition and fke of Jcanering losses due to cracks 

and non-homogeneities. 

Appendix A3.1 shows a plan view ma. of the deck sudace usbg red hatching to 

designate where signal attenuation and high conmete reflectivity were detected in the 

GPR data using manual processing. Green haîching is used to designate whm debondeci 

concrete; delaminations and s & i  scaling were de- using the chah drag method. 

G d  correlation between the manual GPR resdts a d  the chah drag d t s  are apparent 

in the region of the abutment and interior joints Many apparrntly d o m  detections c m  

be seeo that were detected using the manuai processhg technique, of which two of the 

larger areas occur in pmximity to the two areas of deterioration detcacd within the 



northern spm. The manual GPR processing appeais to have a fair correlation to the 

detenoration quantity and locations fomd using the chah drag method. 

Appendix A 3 9  shows a similar plan map of the deck S\ltfbce ushg red hatching 

to designate where signal attenuation was detected in the GPR data using manual 

processing and a solid black line representing the 4.36 volt contour üIse established 

using the half-ce11 potential survey. The area bounded by this contour represents zones of 

active corrosion in the de& Viaually no 8Ctivt corrosion mis dctecttd on the entk  

slab, except for a small area located on the northern span that Lies in close proximity to a 

group of detections found using the manual GPR processing technique. The half-cell 

potential survey resuits do w t  seem to represent the deterioration levels detected using 

the chah drag survey method very weU. The manual GPR processing resuits seem to 

correlate poorly with the redts of the halfkeU potentiaf survey on this patticuîar deck. 

Appendix A3.3 shows a similar plan map of  the deck surfke using black hatching 

to designate where signal attenuation was detected in the GPR data using automatic 

processing and green hatching to desigaate wbere debondeci concrete, delaminations and 

surface scaling were detected using the chain drag method. The automatic processing 

results correlate more favorably with the actual deterioration found on the deck, but show 

many more detections than what was found using the chah drag metbod. 

Appendix A3.4 shows a similar plan map of the deck d a c e  using black hatching 

to designate where signal a t t e n d o n  was detectd in the GPR data using automatic 

proçessing and a solid black line bounding the zones of active comsion detected in the 

deck. Again, little active corrosion was detected throughout the deck where the majority 

of GPR detections were located. The major ares of active corrosion detected on the 

northern span comlaîes v c y  well to a group of automatîc processing detections in the 

Same area. 



AppendU< A3.S shows a similar plan map of the deck surface using black haîching 

to designate where signal attendon was detected in the GPR data using automatic 

processing and red hatching to designate whert signal attenuation and high concrete 

reflectivity were detected in the GPR data ushg 1118~1ual processing. It is eMdent that 

both meth& detect aîtenuation near the joints of the de&, while the automatic 

processing deîected more aîtenuation throughouî the deck spans tbaa could be observed 

using manuai proces~ing. 

Table 6 - Quantitative end spatial esthme -CS - Victoria Bridge 

(Predicted venus Actud and Grouiid-trutb Qumtitks 
- 1 

I@xprraed 8 S  i PtrCetBt8ge of kCk SWf8CC A m )  

GPR Mic tcd  Quantity (Automaîic) 1 40.7% 
GPR Radicted Quantity (Manual) 1 1 3 -6% 1 

A d  Quantity Removed 1 11.1% 1 
Chain Drag Quantity 
Half-CeU Quantity 

GPR Smtial C0rfd8îi00 Statistics 

True Deterioration Redictions 
False Deterioration nedictions 

True Sound Redictions 
False Sound Redictions 

% Correct Deterioration Predictions 
% Correct Sound Redictions 
% Total Correct Rcdidions 

% Total Incorrect Redictions 
Probability of correctly detecting detenoration 

Probability of correctly detectuig sound coricrctc 
False alarm rate of detecting deterioration 

False alarm rate of detccting sound conmte 

5 
O 

Total GPR Unit Areas ~ Relative t; Haif-Ce11 
Manual Automatic 

The manual processing seems to describe the areas of deterioration detected by 

the half-cell potential and chah drag surveys better than the auto1118t.i~ processing of the 

GPR data for the Victoria Bridge because of the much higher number of false 



deterioration predictions observed with the automatic processing results. Table 6 lists the 

quantitative and spatial estimate statistics for the Victoria Bridge. 

The half-ce11 potential s w e y  resulted in significantly less deterioration detected 

than the chah drag m e y .  It is likely th the deck was in a very dry condition at the 

time of the test causing the wncrete cover to act as an insuiaïor, decreasing the negativity 

of the corrosion field potential. The quanttity cJtimaie obtained using the manual GPR 

pmcessing method was much closer to the deterioration quantity measured using the 

chah drag survey than the estimate obtained using the automatic GPR pmcessing 

software. The manually procesJcd GPR estimate was acbiPlly very close to the final 

deterioration removal quantity thet was measurrd a h  the repairs have ken wmpleted. 

This value is based on the chain drag areas thn were dekcted, but is iacnased as repair 

work follows the existence of corrosion visible on the exposecl reinforcement, Although 

the maoual pmcessing method d t e d  in a bigher percent correct deterioration 

prediction, the pmbability of correct deterioration detection is less than the automatic 

processing results because of the relatively higher percentage of false predictions of 

sound concrete. The automatic processing results, however, exhibiteci a substantiaily 

lower probability of detecting sound concrete than the manual proceshg because of the 

high number of false deterioration pndictions which also contributcd to 3 high false 

alam rate of detecting deterioration. 

The manual GPR processing peiformed much kaer than the automatic GPR 

processing on the Victoria Bridge. This was evident by the higher total correct prediction 

rate for the manual processing wmpared to the percent correct and incorrect prediction 

rates for the automatic processing, which were similar. The automatic proceshg results 

detected a higher percentage of the actual deterioration than the manuai processing resuits 

but also resulted in a much higher Mr deterioration prrdiction. 



5.6.5 Deep Hollow Overpws 

The Decp Hollow Overpass is locatcd on Highway 101 over the Deep Hollow 

road near New Minas, Kings County. It is a slab on steel &der design with a length of 

54.5 meters and a width of 12.3 meters. The deck was sweyed  usiag GPR on July 17, 

1998 and rehabilitaicd during the autimin of 1998. The daia was of fair to good clarity, 

exhibiting some distortion and well defïneâ reflections h m  the interfaces and 

reinforcement whm deck in good condition could be f o d  The majority of data h m  

the interna1 areas of the deck exhibited poor clarity and a high degree of distortion. 

These effects can be atîributed to the relatively sounù areas of concrete that were found 

near the curbs, and the heaviiy delarninated interior regions of the spans. 

Appendix A4.1 shows a plan view map of the deck surfke using red hatching to 

designate where signal aîtenuation and blue hatching to designate where high concrete 

reflectivity, or high c o m t e  relative dielectric, were d d  in the GPR data using 

manual processing. Green hatching was used to designate where debonded CoLLCtefe; 

delaminations and surfàce scaling were detected using the chah drag methd. Excellent 

correlation between the manuai GPR results and the chah dnig results arc apparent on the 

entire deck dace, with the exception of radar passes "Aw, "B" and "Cn on the northern 

curb edge. Manual processing detected many instances of signal attenuation in these 

areas, but no indication of detenoration was found using t&e chain drag m*hod The 

shape of the deterîorated areas found using the chain dtag match up very well with the 

manual pmssing resuits on al1 three spans, but is more mîably similar in the centrai 

span at the 34m southbound distance location. The manual pocessing appears to have an 

excellent correlation to the deterioration quantity and locations found using the chah 

drag method. 

Appendix A 4 1  shows a similar plan map of the deck surfsce using mi hatching 

to designate where signal attenuation was dettcted in the GPR data using manual 



proceshg and a solid black h e  representing the 4.36 volt contour line established 

using the halfkeli potential survey. The area bouaded by this contour represents zones of 

active corrosion in the deck. Only the northbound lane of the deck was testeci using the 

half-cell potential survey. As with the chah drag d t s ,  the manual processing 

technique compares very favorably with the half-cell survey Wts. The halfcell survey 

did not locate any active conosion in much of the GPR predicted deterioration areas in 

the muthem span, in spite of obvious signs of distress obsexved during the half-cell 

survey. The deck was so severely &laminntrA that thcric was sufficient air gap betwem 

the delaminated concrete cover and the remainder of the slab to act as an insulator, 

reducing the negativity of the corrosion potential measurements in this area The haW 

ce11 potentiai survey results do not seem to represent the deterioration levels detected 

using the chah drag survey method very weli. The manual processing technique seems 

to correlate reasonably well to the d t s  of the balf-ceii potential suwey on this 

particular deck, except for the exccss deterioration detections found u s i .  the manual 

processing of the GPR data where it is known that the haif-cell potential m e y  

incorrectly detected no deterioration. Some fucther excess GPR detections were evident 

in the centrai and northern spans, but these seem within muonable proximity to the haK 

ce11 potential detected deterioraîion that they may be justifid as highly-probable futiire 

active corrosion areas. 

Appendix A4.3 shows a similar plan msp of the deck d h c e  using black haîching 

to designate where signal attenuation was detected in the GPR data using automatic 

proçessing and green hatching to designate where debonded conc.rete, deismirilltions and 

surface scalïng were detected using the chain drag method. The automatic processing 

results comlate well with the actual deterioration found on the deck with respect to 

location of those detections found, but the nimrber of detections is fat l e s  tban the actual 

quantity of deterioration found using the chah drag method. The automatic pmoessiiig 

resulu appear sparse and mostly lie within deterioration found using the chah drag, 



except for some scatterd detections dong the curbs and a groupi.  of detections in the 

northern span. 

Appendu A4.4 shows a similar plan map of the deck surfhce using black hatchhg 

to designate where signal atîenuation was deteckd in îhe GPR data using automatic 

processing and a d i d  black line bounding the zones of active corrosion detected in the 

deck. Again, the automatic processing detected atienuafion in the GPR data in the areas 

incomtly defincd as king a>ncrrte in good condition by the halfeii potmtial survy. 

The other automatic pmcessing detedons Lie within the active corrosion areas denoteci 

by the half-cell potential survey except for some scatkd, and typically singuiar, 

predictions. 

Appendix A4.5 shows a simüar plan map of the deck siirf.a using black hrtchhg 

to designate where signal attendon was dctected in the GPR data ushg aut~rmtic 

processing and red hatchhg to designaîe where signai attendon and high concrctc 

reflectivity were detected in the GPR data using manuai processing. It is evident that 

both methods detected attenuation in similar areas of the deck d k e ,  but the automatic 

processing detected fat less attenuaîion throughout the deck than w h t  the manual 

processing achieved. 

The manual processing seems to describe the arieas of deterioration detected by 

the half-ce11 potential and chah drag surveys much better than the automatic processing 

of the GPR &ta for the k p  Hollow Overpass because of the much higher number of 

correct deterioration predictioos obsened with the manwl pmcessing method. TaHe 7 

lists the quantitative and spatial estimate stiriistics for the Deep Hollow ûverpass. 



Table 7 - Quantitative and spatid esthate statistics - Deep Hoilow Overpass 

k p  Hollow 0veni.u 

F x p d  as a Perceotage 01 h k  Surfacc A m )  
GPR Raücteâ Quantity (Automatic) 

GPR Redicted Quantity (Manual) 
Actual Quantity Removed 

Cbain Drag Quantity 
Hal f-CelI Quantity 

:PR S~at ial  Cornhtioo Statistics 

True Deterioration Prodictions 
False Deterioration Predictions 

True Sound Predictions 
False Souad Redictions 

% Co- Deterioration Rcdictions 
% Correct Sound Mictions 
% Total Conect Rcdictions 

% Total incorrect Rtdictions 
Probability of conectly detecting deterioration 

Robability of correctly detecting sound concrete 
False aiam rate of  detecting detenoration 

Faise alarm m e  of detcctïnn sound concmt 

\nit Areas - 
h i n  Drq - 
Automatic 

543 
185 

1304 
1456 
74.6% 
472% 
53.m 
47.m 
272% 
87.60/0 
12-4% 
72.m - 

on Deck = 3488 

The manual metbod of GPR data p~ocessing resulted in a much more accurate 

quanti. estimate of the deterioration found by the chah drag m e y .  It is known that the 

halfsell potential survey resulted in rnisleading data over a portion of the deck due to 

severe delaminations causing electrical discontinuity. The percent of correct 

detenoration predictions for the automatic GPR data processing w m  slightiy improved 

over the manual GPR processing due to the smaller total nurnber of deterioration 

predictions made by the automatic processing. This sevm shomaU of deterioration 

predictions using the automatic processing method caused the probability of correct 

detection of deterioration to be much smaller than thaî observed for the manual 

processing with respect to both the chah drag and haifkeil potential results. Tk 

observed probability of correct detection of sound concrete is lower for the manual 



processing technique than the automatic processing technique because of the relatively 

low number of occurrences of sound concrete on the deck and a higher faise deterioration 

detection rate observeci with the manuai pmcessing on this de& 

ûveratl, with a more accurate estimate of the chah drag and actual deterioration 

quantity estunates and with a much higher probability of correctly detecting deterioration 

than the automatic processing results, the rnanual processing method apperas to be give 

more accurate results on this particular de& 

5.6.6 Gmnd Pre Overprus 

The Grand Pre Overpass is located on Highway 101 over the Grand Re Road, 

near Grand Re, Kings County. It is a concrete slab on -1 girder design with a length of 

53.9 meters and a width of 14.2 meters. The deck was m e y e d  using GPR on July 17, 

1998 and rehabilitated during the autumn of 1998. The data in general was of fair to 

good clarity, exhibiting good reflections h m  the top and bottom mats of reinforcement, 

but a very weak to non4stent deck bottom =ho. The good clarity ia the data is 

indicative of sound asphalt and concrete thaî does not exhibit signifiant scattering losses. 

The weak bottom echo amplitude in the data may be due to a slightly thicker deck than 

muai and slightly higher background losses in the asphalt pavement andor conmete of 

the deck. 

Appendix AS. 1 shows a plan view map of the deck surface using red hatching to 

designate where signai aitenuation and blue hatchhg to designate where high wncrete 

reflectivity, or high concrete relative dielectric, were detccted in the GPR data using 

manual processing. Green hatching was uscâ to designate where debonded concrete; 

delaminations and surfixe scaling were detected using the chah drag method. Excellent 

correlation between the manual GPR results and the chah drag iesults are apparent on the 

entire deck sdace, with the exception of radar paps "A" in the the western span where 



aiteauaiion was detected along the curb edge, but the cbain drag survey found no 

evidence of deterioration. Also, several small delaminsirions were located along a crack 

that was found aiong the centerline of the deck, but no evidence of these were found 

using the matlual GPR pmcesing. Small and scaîtered fàise deterioration detectioos 

fiom the manual processirtg of the GPR data can k observeci in al1 spans. The shape of 

the deteriorated areas found using the chah drag match up very well with the manuai 

processing resuits arounà the abumient a d  interior joints and aiong the southern curb in 

the cenaal span w k e  an area of surf&e suüiig was outliacd during the cbain drag 

survey. The manual pocessing appears to have an excelient correlation to the 

deterioration quantity and locations found using the chah ârag method. 

Appendix AS2 shows a sixniiar plan map of the deck d a c e  using rsd hatching 

to designate where signal sttmuatïoa was daoacd in the GPR data using manual 

processing and a solid black üm repmeating the 4.36 volt contour iine established 

using the half-ccil jmtential w e y .  The area bounded by this contour represents mne~ of 

active corrosion in the deck. As with the chah drag resuiîs, the manual processing 

technique compares very favorably with the half-cell siirvey resufts with the major 

detections king located about the joints. The manuel pmcessing results and halfkell 

potential survey resuits do fhd signal attenuation and active corrosion, te~pectively, in 

radar p a s  "A" in the western span where there was disagreewnt between the miuiual 

processing and chah drag results. Tbe halfceil potential siavey did identify two areas of 

active corrosion that were fomd along the centerline crack in the de& but only 

identified one similar area as the chah drag method in this region. The m811ual 

pmcessing technique xems to comlate reasonably well îo the results of the halfcell 

potential survey on this particular deck, except for tbe small and scanncd deterioration 

detections found using the manuel processing of the GPR data through the deck spras. 

Appendix AS.3 shows a similar plan map of the deck d a c e  ushg black hatching 

to designate where signal attenuaîion was detected in the GPR data ushg the automatic 



processing and green hatching to designate whac debondcd wncrete, del aminations and 

surface scaling were detecîed using the chain drag mcthd. The automatic procffsing 

results correlate well witb the actual deterioration f o d  on &e deck with respect to 

location of those detections found, but the number of detections is much higher than îhe 

acnial quantity of deterioration found using the chah drag mahoci. The automatic 

processing results appear to contain more scaüercd a d  m d o m  detections with some 

smail groupings in the decks and along the southern curb in the castem s p n  that appear 

as though they may rejxewmt actual phenomena nieSe apparent phenamena were 

undetected using the chain drag survey. 

Appendix A5.4 shows a similar plan map of the deck d a c e  ushg black hatching 

to designate where signal aîtenuation was detected in tbe GPR data ushg automstic 

processing and a solid black line bounding the mnes of active corrosion de- in the 

deck. The automatic p e s s i n g  detected attenuation in the GPR daîa in the areas defïned 

as king active corrosion by the half-ceIl potential survey, but with only sparse d e î d o n s  

along the southeni curb in the western span, and without any detections in the active 

corrosion identified dong the centeriine crack of the de& The other automatic 

processing detections lie outside the active cornsion areas detected using the half-cd 

potential survey. 

Appendk AS.5 shows a sirnilar plan map of the deck d a c e  using black hatching 

to designate where signal attenuation was detected in the GPR data using automatic 

processing and red hatching to designate where signal attenuation and high cotlcrefe 

reflectivity were detected in the GPR data using manuai processing. It is evident tbat 

both methods found deterioration detections in similar areas of the deck surfhcc, with 

sorne degree of scattering in each methoâ, but the automatic proceshg detected more 

attenuation about the area adjacent to the joints and throughout the deck than what was 

observed using the 1118nual processing. 



Table 8 - Quantitative and spatial estimate Statistics - Grand Pre Overpass 

Grand Pm Overpass 
Predictcd versus Acturl and Grouad-tmtb Quantitics 
(Expresseci as a Perceotage of k k  Surfice Anri) 
1 

GPR Predictcd Quaatity (Automatic) 
GPR Redicted Quantity (Manual) 

Actuai Quantity Rcmoved 
Chain Drag Quantity 
Half-CeU Ouaatitv 

GPR Spatial Cornhtioo Statistks 
t 

Tme Deterioration Prcdiaions 
False Deterionuion Predictions 

Tnie Sound Predictions 
False Sound Rcdictions 

% Correct Deterioration Rtdictions 
% Corncf Sound Mictions 
% Total Correct Predictions 

% Total Incorrect Predictions 
Probabil ity ofcocrectly detecting deterioration 

Probability of conectly detecting sound concrete 
False alam rate of detecting deterioration 

Total GPR Unit Arcas oa &k = 4lM 
Relative to Chain Daai Relative to Half-Ce11 

The manual processing seems to describe the areas of deterioration detected by 

the hdf-ce11 potential and chah drag surveys much better than the automatic processing 

of the GPR data for the Grand Pre Overpass. The deteriorated areas dehed  by the half- 

ce11 potential and chah drag surveys were filled in more densely by the manual 

processing results than by the automatic processïng results. Also, less false deterioration 

detections were observeâ in the regions of sound concnte in the manual processing 

results than in the automatic processing results. Table 8 lists the quantitative and spatial 

estirnate statistics for the Grand Pre Overpass. 

Manual 
302 

The deterioration quantity estimate obtained ushg the manuai pmcessing was 

closer than the qmti ty  obtained using the automatic processing to the quantity detected 

Automatic 
224 

Manual 
290 

Automatic 
227 



using both the chab drag and half-cell potential surveys and to the actual deterioration 

removai quantity. The automatic processing ovmstimatcd the deterioration quantity by 

approximately three hundred percent. 

While the rate of correct sound concrete predictious was very similar for the 

automatic and manual GPR data processing methods, the manual rate of comct 

deterioration prodictions was slightly l e s  than twicc as accurate as that provided by the 

automaîic processing. The false alam rates of éetcctiog deterioration in s o d  coocrcte 

and in detecting sound concrete in deterioration observed ushg the manual GPR data 

processing method were appmximately haif of the rates obsmred in the automatic 

processing results for this particular stnicture. 

Based on observed graphitai and on statistical cornparison, the tuanuai GPR data 

processing resuits best predicted the deterioration quantities and locations found on the 

Grand Pre Overpas due to accurate qmtity estimation, irnproved correct deterioration 

prediction rates, and reduced false d m  prediction rates. 

5.6.7 Shubenac.die CNR Ovtrpass 

The Shubenacadie CNR Overpass is on Higbway 104 near the Halifax-Hants 

county line. It is a wncrete slab on steel girder design with a length of 98.5 meters and a 

width of 9.3 meters. . deck was surveyed using GPR on November 5, 1997 and 

rehabilitaîed during the sumwr of 1998. The data in gened was of good clarity, 

exhibithg good reflections fium the layet intehces and good contrast bamcn the very 

good and very deteriorated areas of the deck This is probably because the background 

levels of rnoisture and chloride containecl in the sound concrete wcre much lower than 

excessive levels of moishm and chloride found in tk deteriorateci regions of the de& 



Appendix A6.1 shows a plan view rnap of the deck surfàce using rod hatching to 

designate where signal aîtenuaîion was dctectcd in the GPR data using manual 

processing. Although the data was ptbcesscd to seek areas of high concrete reflectivity, 

none were found in the data Green hatching was used to designaie wfme debondeci 

concrete; delaminations and surface scaling were detected using the chah drag method. 

Fair correlaîion between the manuai GPR pn>cessing d t s  and the cimin drag d t s  

can be obsewed on the entire deck d a c e .  The maaual GPR processing detected much 

l e s  deterioration tban whaî was f o d  using the chin dmg m e y .  in gcnerai, the 

detections that were made using the manual GPR ptocessing coincidecl weli with the 

chah drag survey mdts. Two areas of GPR predïcted deterioration, located on the 

eastem edge of the mrthem spn, did wt comlatc to m y  deterioration founci using the 

chah drag m e y .  The manuai processing qpears to ody have a poor correlation to the 

deterioration quantity using the chain drag method. This is probably due to the use of a 

threshold level of si@ attenuation during manuel processing tht was too amervative, 

resulting in reduced overail quantity estimate and a lack of detection density in the 

deteriorated areas tbat were f o u d  using the manual GPR processing methOd. Manuai 

GPR processing is subjective and can be liable to ove restimations or undemtimations of 

the appropriate threshold level to dinerentiate the sound h m  deteriorated concrete signal 

characteristics. By choosing a more consemative or liberal thresholâ, the user affects the 

o v e d  estimation quantity, while the general shape d location of detenoration changes 

little. The lack of high concrete reflectivity detections in the msnual processing rcsults 

indicate that the deck slab was probably in a dry condition at the tirne of the GPR data 

collection resulting in a decreased level of attcnuatjon due to the interactive effects of 

moisnire and chloride. 

Appendix A62 shows a similar plan map of the de& surfas ushg red haichhg 

to designate where signal attenuation was detected in the GPR data using manuai 

processing and a solid black line qtesenting the 4.36 volt contour line estabLished 

using the half-ceil potential survey. The area bouncied by this contour repriesents mnes of 



active corrosion in the deck Results were obtained using the half-ce11 survey for only the 

western lane of the overpass. As with the chain drag survey results, the manual 

processing results seem to underestimate the quantity of active corrosion that was found 

using the half-ce11 potential w e y .  However, the manuel pocessing detections do seem 

to fil1 out the active corrosion areas more densely and describe their sbape much better 

than in the case of the chah drag d t s .  The majority of manu81 pn>eessing detections 

fa11 within the bounds of the 4.36 volt contour line, indicating that very few false 

deterioration detedons should be observed. The manual pocessing technique secms to 

correlate reasonably well to the results of the half-cell potential survey on this particular 

deck. 

Appendix A6.3 shows a similar plan map of the deck surfâce using black hatching 

to designate where signal aîîenuatioa was detected in the GPR data using the automatic 

processing and green batching to designate where &bondeci wncrete, delamiiuitio~~~ and 

surface scaling were detected using the chab drag method. The automatic processing 

results correlate well witb the actual deterioration found on the deck with respect to 

location of those detections found, but the number of detections is much lower than the 

actual quantity of deterioration found usîng the chah drag method. The use of a l e s  

conservative threshold in p m i n g  the data may resdt in a more accurate quantity 

estimate by the automatic processing. 

Appendix A6.4 shows a similar plan map of the deck sitrface using black hatching 

to designate where signal aîtenuation was detected in the GPR data using autornatic 

processing and a solid black line bounding the wnes of active corrosion detected in the 

deck. The automatic processing detected attenuation in the GPR data in the areas denned 

using the Mf-ce11 survey as containhg active corrosion, but also predicted less 

detections than the area defïned by the balfaeil potential m e y .  The automehic 

processing detections correlate well with the shape of the areas found to be actively 

corroding by the half-ceil potential m e y ,  but w t  the overail quantity. Again, the use of 
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a less conservative threshold in processing the data may resuit in a more accurate quantity 

estimate by the automatic processing. 

Table 9 - Quantitative and spatial estimsrc statistics - ShubaLscodie CNR Overpass 

Sbubenicadie CNR Overpass 
Predictd versus Actoal and Grouad-tmtb Quantitics 
(Exprcsscd u a Perceauge of Deck Sarlice A m )  , 

GPR Redicted Quantity (Automatic) 

1 GPR Quantity (Manual) 
Actual Quantity Removed 

Chain Drag Quantity 
Half-Cell Ouantit~ - - 

GPR Spatial Corrciatioa Statistics 

True Deterioration Predictions 
False Deterioration Redictims 

Tme Sound Predictions 
False Sound Redictiow 

% C o m a  Deterioration M c t i o n s  
% Correct Sound Rcdictions 
% Total Correct Rcdictions 

% Total hcontct Rcdictions 
Probability of correctly detecthg deterioration 

Probability of conectly detecting sound conmete 
False alarm rate of detecting deterioration 

False alarm rate of detecting sound concrete 

15.5% 
28.5% 
35.3% 
35.1% 
39.5% 

rotal GPR Unit Arcas on Dcck = 5122 

Relative to Chais Dm 
Automatic 

470 
285 
2864 
1503 

62.3% 
65.6% 
65.1% 
34.9?/. 
23.m 
90.9% 
9.1% 
762% 

Relative to Half-Cell 
IAutamPii 

Appendix A6.5 shows a similar plan map of the deck surface using black hatching 

to designate where signai aîtenuation was detected in the GPR data using automatic 

processing and red hatching to designate where signal attenU8tion and high concretc 

reflectivity were detected in the GPR data using manuai pmcessing. Both m u a i  and 

automatic GPR processing methods describe similar attenuated areas of the deck Wace, 

but the automatic pracessing seemed to yield less detections than the manual processing 

of the GPR data. The automaîic processiag d t s  did not include detections on the 



eastem edge of the wrthern span where two areas of detedons were located ushg the 

manual processing. 

The manuai processing seems to describe the areas of deterioration detected by 

the halfcell potential and chah drag surveys as weil as the automatic processing of the 

GPR data for the Shubenacôdie CNR Overpass. While both GPR pmcessing techniques 

underestimated the overail deterioration qumtities, the deteriorated areas defined by the 

half-cell potential and chah drag m e y s  were fiiicd in more dcnsely by the menuai 

processing results than by the automatic processing resulîs. Table 9 lists the quantitative 

and spatial estimate sîatistics for the Shubenacadie CNR Overpass. 

Both GPR processing metbods uadmstimatcd the chsin drag and half-cell 

potentiai survey qumtities, but the manual proces@ technique yielded a much closer 

estimate than the automatic processing technique. With the und erestimation of 

deterioration, both processing methods exhibiteci low correct prediction rates of sound 

concrete and low total CO- prediction rates. Both GPR processing methods resuited in 

similarly poor estimates of the deterioration quantities, yet modelied the shape of the 

active corrosion found on the deck very weil with appmwimately eighty percent correct 

deterioration prediction rates with respect to the halfkeli potential survey results. The 

manual processing exbibitecl aimost half the probability of comctly detecting active 

corrosion as shown by the automatic pmessing in this particular bridge. 

5.6.8 Baddeck River Bridge 

The Baddeck River Bridge is on Highway 105 over the Baddeck River in Victoria 

County. It is a concrete slab on steel girder design with a length of 83.5 meters and a 

width of 8.0 meters. The deck was surveyed using GPR on Oaober 17, 1996 and 

rehabilitated during the summer of 1998. The data in geaeial wm of excellent clarity, 

exhibithg very strong and well-developed rcflections f h n  the layer interfaces and vay  



good contrast between the sound and deteriorated areas of the deck The clarity and good 

contrast in the data tend to indicaie that there is littie scaîkrhg losses due to cracking or 

non-homogeneities in the deck and that there significant difference in moisnue and 

chloride content between the sourd and deteriorateci regions of the deck. 

Appendix A7.1 shows a plan view map of the deck surface using Rd and blue 

hatching to designate where signai attenuation and hi@ concrete reflectivity were 

detected, respectively, in the GPR daîa using manual pmcessing. Green hatfhing was 

used to designaîe where debndeû concrete, del aminsitions and surface scaiing were 

detected using the chah drag method- Excellent correlation between tbe manuai GPR 

resuits and the chain drag results can be observed on the entire de& surfàce. The manual 

processing d t e d  in an area of deterioration detections dong the western abutment joint 

where considerab1y less deterioration was dekcted using the chah dreg survey. Two 

small areas tbat were observed in the manual GPR d t s  near the deck centerline at the 

8-meter and Il-meter westbound locations on the deck do not coiacide with any of the 

chah dtag results. However, the wrrelation between the m a n d  processing resuits and 

the chain drag results appear excellent on the mnahh of the deck sipfbce with the 

manual GPR describing the shape of the chain drag results very well. Notable examples 

of this can be observed at interna1 joints, at the triangular area of deterioration locaîeû at 

the 40-meter to 44-meter distance in the eastbound lane, and at the two areas of 

deterioration located at the 74-meter location in the westbound lane. Also of note is the 

apparently sound wncrete located at the intenial joint located near the 57-meter 

westbound location. This area was a prwiously repaid a m  of the deck that produced 

strong attenuation characteristics in the GPR data. The chain drag m t y  produced no 

evidence of deterioration at this location, but a wre sample was drilled because tbe GPR 

indication was so strong. The concrete observecl in the core was extremely pomus and 

lacking in cernent paste. Subsequent analysis revealed a wer-soluble chlonde content 

of 0.238%. very close to the 0.25% threshold used by the Ontario Ministry of 

Transportation as an indication for probable corrosion. With the high levels of 



attenuation observeci in the GPR &îa and the observation of the core sample, the site 

inspecter decided to replace this previously repaircd area In general, the manual 

processing estimation appeared to produce an accurate estimation of the quantity and 

location of îhe deterioration de- ushg the chah dmg survey, resuiting in an 

excellent correlation. 

Appendix A72 shows a similar plan map of the deck siirf8cc using red and blue 

hatching to designate wheh signal attenuation aad high ~0LlChtC refîcctivity, 

respectiveiy, were detected in the GPR data using manual processing and a solid black 

Iine representing the 4.36 volt contour line established using the half4~li potential 

nirvey. The area bounded by tbis contour rcptesents u>ms of active comsion in the 

deck. Results were obtained using the half-'îi m c y  for only the westbod iane of the 

bridge. As with the chain drag survey d t s ,  the manual pmcessing d t s  seem to 

overestimate the quantity of active corrosion that was found using the halfkell poteatial 

survey near the western abutwnt joint The manuai pn>cessing dso appeared to 

underestimate the deterioration qumtity in several locations on the dcck as weU. The 

manual processing detections do appear to fall within the boundary estabiished by the - 
0.36 volt contour line, indicating that very few fdse deterioration detections should be 

observed. It is interesthg to note that the two small ateas of GPR detections on the 

eastem span coincide with a ~ a s  of active conosion detected using the WkeU potential 

survey where no coincidence was observed with the chain drag survey results. The 

manual processing technique seems to correlate very well with the d î s  of the haifel1 

potentiai survey on this particular deck. 

Appendix A7.3 shows a similar plan map of the deck Slllface using bhck hatching 

to designate where signai attendon was detected in the GPR data wing the automatic 

processhg and green hatchhg to designate where debondeci concrete, delaminations and 

surface scaling were detected using the chah ârag method. The automatic pocessihg 

results correlate fairly weli with the actuaî &terioration f o d  on tk deck Mth respect to 



some of their locations, with the number of detections appemhg similar to the actual 

quantity of deterioration found using the chain drag method However, the automatic 

processing tended to produce excess detections surrounding some of the deterioration 

found using the cbain drag survey and few dctections in a d  near other similar areas. The 

automatic pmcessing ais0 detected signal attenuation in the region of the previously 

repaired joint and excess detections near the western abutment joint. 

Appendix A7.4 shows a similar plan map of the deck surfkc using black hatchiag 

to designate where signal attendon was detected in the GPR data using automatic 

processing and a solid black iine bounding tbe mms of active corrosion detected in the 

deck. The automatic processing detected most of the signai attenuaîion in the GPR data 

in the areas defined as bebg active corrosion, with an apparent similar quantity as tbat 

defined by the half-ail potential survey. 'Ibe autoamtic processing detectiom correlate 

well with the shape of the areas found to be actively conoding by the halfkell potentid 

survey except for one major group of detections located at the westbound 41-meter 

location that fall outside that boundary. 

Appendix A7.5 shows a sirnilar plan map of the deck surface US@ black hatchg 

to designate where signal attenuation was detected in the GPR data ushg automaîic 

processing and red hatching to designate where signal attenution and high wncrete 

reflectivity were detected in the GPR data using manual procasing. Both manuai and 

automatic GPR processing methods describe similar attenuated areas of the deck surfé;ce, 

with approximately the same quantity of nonaincident detections. 

The maouai pocessing seems to descrik the areas of deterioration detected by 

the half-ceIl potentid and chain drag siareys mnginilly betta than the automatic 

processing of the GPR data for the Baddeck Riva Bridge. Both mahodp appcrred to 

accurately preâict the location and extent of the deterioration detected by both the chah 
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drag and the half~cell potential surveys. The quantitative auci spaîial estimate statishics for 

the Baddeck River Bridge an listed in Table 10. 

Table 10 - Quantitative and spatial estimate statistics - Baddeck River Bridge 

IBaddeck River Bridge - 
1 ~ d i e t e d  venus Actuil and Grouid-tmtb Quantith 

1 GPR Rcdïcted Qua~tity ( M m d )  1 37.4Yo 
Acrual Quantity Rcmovcd 

Chain Drag Quantity 
Half-Cell Ouantitv 

1 - 
GPR Spatial C o r n h t h  Stmtbtia 

Tme Deterioraïion Predictions 
False Deterioration Predictions 

True Sound Redictioas 
Falsc Sound Redictioas 

% Correct Deterionition nedictions 
% Correct Sound Mict ions  
% Totai Correct Predictions 

% Total Incomct Redictions 
Probabil ity of concctly dctecting deterioration 

ProbabiIity of conectly detecting sound conctete 
False alann rate of detecting deterioration 

False alarm rate of detectina sound concrcte 

l 40.1% 
34.9% 
46.m 

Total GPR Unit Ateas on Deck = 2672 - 
Relative ta 

Manual 

- 
Chain Drag - 
Automatic 

523 
323 
1182 
644 

6 1 . m  
64.7Oh 
63.- 
36.2% 
44.m 
78.5% 
2 1 -5% 
5 5 2 !  

Relative to Hal f-Cell 
1 

Manual Automatic 
416 345 
1 0 4  108 
575 58 1 
24 1 302 

8 0 . W  7 6 2 h  
70.5% 65.8% 
7 4 2 %  69.3% 
25.m 30.7% 
63.3% 53.3Yo 
84.Ph 84.3% 
1 5 -3% 15.7% 
36-7% 46.7% 

The manual processing of the GPR data yielded a more accurate prediction of the 

chah drag and h . c e l 1  potential surveys and of the fioal removal quantity fkom the deck 

than the automatic processing. Both methods exhibited good percent comct prediction 

rates with the manual processing results giving generaliy better accuracy than the 

automatic processing resuits. This is evident as well by the slightly ktter pmbability 

show by manual processiog than automatic poccssing to correctly detect deterioration 

and its associated fdse dam rate of detecting sound concrete in deteriorateci areas. The 

probability of comctly detecting soimd concrete and false dam rate of daectiag 



detenoration in sound wncxte were almost identical for both GPR &ta processing 

methods. 

5.6.9 Skye River Bridge 

The Skye River Bridge is on Highway 105 over the Skye River at Whycocomagh 

in Inverness County. It is a concrete slab on steel gllder design with a length of 46.8 

meters and a width of 8.1 meters. The deck was surveyd using GPR on October 17, 

1996 and rehabiiitated during the sumxner of 1998. The data in general was of fair to 

good clarity, exhibiting sometimes weak reinforcement layers. This may indicate some 

degree of scattering losses, possibly due to deteriorateci asphalt pavement, and can also 

arise due to elevated background levels of signal attenuation in the wncrete. 

Appendix A8.1 shows a plan view map of the deck sudace ushg red and blue 

hatching to designate where signal attenuation and high concre!te reflectivity, 

respectively, were detected in the GPR data using m a n d  processing. Green hatching 

was used to designate where debonded cwcrete; delaminations and surfiace scaling were 

detected using the chah drag method Ground-truîhing data was only collecteci on the 

the eastbound lane of the bridge. Good correlation between the maaual GPR resuits and 

the chain drag results can be observed on the entire deck surtire. Notabie examples of 

this can be observed at the intemal joints, and at the two major areas of deterioration 

located the eastbound 25 to 28-meter and 35-meter locations. Nso, the manuai GPR 

results predicted the northern curbside detenoration very weii. f o d  using the chah drag 

survey. Two major areas of apparent fdse deterioration detedons can be observeed at the 

eastbound 10 to 13-meter and 37 to 43-meter locations. In general, the manuai 

processing estimation appeared to produce a slight over -estimation of the quantiîy and 

location of the deterioration detected using the chah drag survey. 



Appendix A8.2 shows a similar pian map of the deck d s c e  using red and blue 

hatching to designaîe where signal aîîenuaîion and high concrete reflectivity were 

detected in the GPR daîa, respectively, using manuai processing and a solid black line 

representing the 4.36 volt contour iine estabüshed using the haü-ceil potential survey. 

The area bounded by this contour tepresents wnes of active cornsion in the deck. 

Results were obtained usbg the halfnll survey for only the eastbound lanc of the bridge. 

The manual processing d i s  seem to accurate1y estimate the quantity of active 

comsion that was fotmd using the balfkeii potential siavcy, but with a portion of tbis 

predicted deterioration lying outside of the zones of active corrosion and some falsc 

sound concrete predictions lybg within the zones of active corrosion. The deterioration 

predictions that did not comiate to areas of deterioration found using the chah drag 

survey at the eastbound 37 to 43-meter locations does comlatc wcll with active corrosion 

as determineci using the half~cell potentiai m e y .  A @on of the deterioration 

detections located at the eastbound 10 to 13-meter locations correlates to active 

comsion. The deterioration detections appear to mostly Ml within the 4.36 volt 

contour lioe, but do m t  satisfirtorily fill in the ares, leaving meay falsc predictions of 

sound concrete within this area The manual processing technique seems to wrrelate 

reasonably well with the resuits of the haif-LI potential survey on this periicular de& It 

should be noted tbat there was poor comlation between the bslfcell and chain drag 

survey results, with the majority of chain drag de- deterioraiion not coincicihg with 

active corrosion dehed  by the halfsell potnitid survey. 

Appendix A8.3 shows a sirnilar plan rnap of the deck surfàce using black haîching 

to designate where signai attenuation was detected in the GPR âaîa using the automatic 

processing and green haîching to designate wfiete debonded concrete, delaminations and 

surface scaling were detected using the chain drag method. The automatic ptocessing 

results do not correlate ml1 with the actuai deterioration on the dcck found ushg the 

chah drag survey with =me rparx detections located w i t h  in spite of this poor spatial 



correlation, the predicted quantity h m  the automatic processhg appears to approximate 

deterioration quantity f o d  using the chah drag w e y .  

Appndix A8.4 shows a similar plan rnap of the deck surf' using black hatching 

to designate where signal attendon was detected in the GPR data using automatic 

processing and a solid black line bouoding the zones of active corrosion d e t d  iil the 

deck. The automatic processing detected most of  the signal attenuation in the GPR dam 

in the areas deaoed as king active c o m i o n  a d  i p p c i ~  to comlaîe much bette with 

the halfi:ell potmtial survey than the chah drag survey. The automatic processing 

detections cornlate well with the shape of the areas found to k actively corroding by the 

half-ce11 potential siirvey except for a numkr of falls deterioration predictions that fa11 

outside the -0.36 volt boundary. 

Appndix A8.5 shows a siniilar plan rnap of  the deck surfàce using black hatching 

to designate where signal attenuation was detected in the GPR chta using automatic 

processing and red hatching to designate where signal aîtenuafion and high cormete 

reflectivity were detected in the GPR daîa using manual processing. Both manual and 

automatic GPR processing methods describeci generally simiiar attenuated areas of the 

deck surface, but with different densities of detection in Merent l d o n s .  Automatic 

processing results tended to congregate within the boundary dehed by the half-11 

potential survey, whereas the muai  p m i n g  d t s  tended to occupy areas within the 

regions defined by both the chah drag and halfccll potential survey as areas of 

deterioration. 

The manuai pmfessing seems to describe the arcas of deterioration detected by 

the half-ce11 potential and chah drag surveys better than the automatic processing of the 

GPR data for the Slrye River Bridge. Table 1 1 List. the quantitative and spatial esthaîe 

statistics for the Skye River Bridge. 



Table 1 1 - Quantitative and spatial esthaîe statistics - Skye River Bridge 

Skye River Bridge 
Pndictcd vcrsus A m a l  and Ground-trutb Quantitics 
(Expresscd as a Perceotage of Ikck Surlice A m )  

GPR Predicted Quantity (Automatic) 1 30.4% 

1 GPR Predicttd Quantity (Manual) 1 42.3% 
A d  Quantity Rcmoved 

Chain Drag Quantity 
Half-Cell Ouantity 

FaIse Deterioration Predictions 
Tme Sound Redictions 

% Correct Sound Rcdictions 

Relative to Chain Drq 

% Total C o m a  Predictions 1 72.W 1 59.3% 
% Total incorrect Rcdictions 

Probability of comctly detecting deterioration 
Probabil ity of correctiy detecting sound concrctt 

False alarm rate of detecting deterioration 
False alarm rate o f  detcctina sound concrcte 

Relative to ~ a l f x e l l  
- 

Manual Automatic 
191 153 
12 1 76 
290 333 
142 1 82 

612% 66.8% 
67.1% 64.7% 
64.% 65.3% 
35.3% 3 4 . m  
57.4% 45.Ph 
70.6% 81.4% 
29.4% 18.6% 
42.6% 54.3% 

The manual pocessing of the GPR data yielded a more accurate prediction of the 

chah drag and haif=cell potential surveys and of the tirial removal qusntity h m  the deck 

than the automatic processing. The manuai processing resuits exhibited a better percent 

correct detenoration prediction rate witb respect to the chah drag s w e y ,  but the 

automatic proceshg results exhibited a better percent correct deterioration prediction 

rate with respect to the half-cell jmtential survey. However, m a n d  processing resuitcd 

in higher probabilities of correct deterioration prediction than the automatic proccssing 

for both the chah drag and haif-ce11 potential surveys. This was due to the better false 

alarm rate of detecting sound concrete in deteriorated areas for the manual method of 

GPR data processing. 



5-6.10 Stewiacke River Bridge 

The Stewiacke River Bridge is on the Trunk 2 highway over the Stewiacke River, 

approximately 1 alorneter wnh of Stewiacke, Colchester County. It is a concrete slab 

on steel &der design with a length of 84.0 meters and a width of 8.3 meters. The deck 

was surveyed using GPR on October 16, 1997 and rehabilitated duruig the summer of 

1998. The data in general was of very good clarity, exhibithg strong reflections h m  the 

interfacial and reinforcement layers indicating low levels of scattering losses due to 

cracks and Iayer nonhomogeneity. Good contrast between sound and deterioration 

concrete could be observd in the data indicating low background levels moistute and 

chloride, and hence signal attenuation, in the concrete. 

Appendix A9.1 shows a plan view map of the deck surface ushg red end blue 

hatching to designate where signai a t t endon  and hi& concrete reflectivity, 

respectively, were detected in the GPR data using manual processing. Green hstchiag 

was used to designate where debonded wncrete; del aminations and surface scaling were 

detected using the chain drag method. Exceiient correlation between tbe manual GPR 

results and the chain drag results can be observeci on the entire deck d a c e ,  except for 

two distinct areas of GPR detectioas at the southbound 4-meter and the interior joint 

located at the southbuad 56-meter location. The former area appeam to d d b e  

deterioration dong a transverse bar, while the latter describes deterioration surrounding a 

joint. This joint and the asphalt pavement overlyirig it were left in place as it was 

repaired a few yean just prior to the total deck repair. In spite of thio, strong evidence of 

signal attenuation was obscrved in the GPR data in this area in g@, the manual 

processing provides excellent conelation between the predicteù and actual deterioration 

quantities and the overall shape of the deteriorated areas found using the chah drag 

survey. Slight u n d m o n  of the small and scatted delaminations found in the 

northem span and about the edges of the major detaiomted areas in the southem span 

were observed in the manual processing d t s .  



Appendix A9.2 shows a similar plan map of the deck surfhce using red and blue 

haîching to designate where signal attendon and high concrete reflectivity, 

respectively, were detected in the GPR data using manual proceshg and a solid black 

line representing the -0.36 volt contour line established using the half-cell potential 

survey. The area bounded by this contour represents zmes of active corrosion in the 

deck. The manual processing d t s  apjmred to ~ccurately estimate the quantity of 

active corrosion that was found ushg the balf-ceIl potcntial siavey, but with some 

u n d e t i o n  of the deterioration quantity and therefore some false sound concrete 

predictions lying near the edges of the active corrosion areas. It is intercsting to note that 

the GPR detections locaîeâ at the southbound 4-meter location that did not cornlate with 

any chain drag resuits cornlate very well with the results of the half-celi potential survey. 

The overall shape of the half-ceil potentiai survey results is described very weii by the 

manual processing d t s ,  except for the eastem region of the southem abutment joint 

where the manual processing results detected signal attenuation but no evidence of active 

corrosion was found The manual processing technique a p p d  to exhibit excellent 

correlation with the resuits of the half-cell potential m e y  on thïs particdar deck 

Appendix A9.3 shows a sllnilar plan map of the deck SUIfâce ushg black hatching 

to designate where signal attenuation was detected in the GPR data using the automatic 

processing and green haîching to designate where debonded concrete, delaminations and 

sitrface scaling were detected using the chah drag metbod. The automatic processing 

results comlate fairly well with the location of deterioration on the deck found using the 

chab drag survey but severely undereshate the quantity of deterioration actually found. 

In spite of this poor quantitative comlation, the predicted detenoration locations h m  the 

automatic processing tend to appmximate the interior of the detenoration areas found 

using the chain drag survey. It is possible thet a l e s  conse~ative threshold may have 

resulted in a higher and more accurate deterioration eshaîe.  



Table 12 - Quantitative and spatial estimate statïstics - Stewiacke River Bridge 

Stewuekt River Bridge 
Predicted versus Actoal iad Ground-tmth Qurotitia 

1 Chain Drag Quabtity 1 53.9% 

(Expnssed as i Perceotage of Deck Surface A m )  
r 

Half-Ce11 Quantity 50.5% 
GPR Spatial Corniatioa Statistics 'iota1 GPR Unit Arcas on Dcck = 3586 

; Relative to Half-Cell 
: Manual Automatic 

131 1 78 1 

GPR Redictcd Quantity (Automatic) 
GPR Rcdicted Quanrity (Manual) 

Acnial Quantity Removed 

Tme Deterioration M i c t i o n s  
False Deterioration Rcdictioas 

True Sound Rtdictions 

22.8% 
44.5Y0 
59.7% 

Relative to Chain Drq 

False Sound Mictions 809 1588 
% Correct Deterioration Mict ions  85.1% 89.1% 

% Comct Somd Predictions 63.5% 43.1% 
% Total Correct Prediaions 1 7 1 53.1% 
% Total incomct Redictions 282% 46.7% 

Probability of c o m l y  detecting deterioration 59.W 30.m 

False alarrn rate of dctecting deterioration 1 12.7% 1 6.7% 
False alarm rate of dctecting sound concrcte 1 41.W 1 69.2% 

Appendix A9.4 shows a similar plan map of the deck d a c e  using black haîchhg 

to designate where signal attenuation was detected in the GPR data using automatic 

processing and a solid black line bounding the zones of active corrosion detected in the 

deck. While there is good spatial correlation with the half'll potential survey d i s ,  

the automatic processing detections are sparse and severely underestimate the o v d  

deterioration quantity. 

Appendix A8.5 shows a similar plan map of the deck d a c e  using black hatching 

to designate where signal attendon was detected in the GPR data using automatic 

processing and red batchhg to designate where signal aîtenuation and high 

refiectivity were detecteû in the GPR data using manual pmxssing. Both manuai and 



automatic GPR processing method d t s  coincided well, but the number of automaîic 

processing detections is much l e s  than the number of detections found using the m a a d  

GPR processing method. 

The manuai processing provides a more accurate prediction than the auîomatic 

GPR processing for the Stewiacke River Bridge because of b a r  quantitative correlation 

to the actual deterioration found using the ground-tnithing methods. Both metho& 

exhibited sidar spatial wrrelaîion to the chain drag and half-ceII potentiai survey 

method results. Table 12 lists the quantitative and spatial correlation statistics for the 

Stewiacke River bridge. 

The manual processing of the GPR data yielded a more accurate prediction of the 

chah drag and the nnal removal quantity h m  the de& than the automatic processing, 

while the automatic processing results predicted the W-cell potential deterioration 

quantity better than the manual processing resuits. The manual processing results 

exhibited a betîer percent correct deterioration prediction rate with respect to the chah 

drag survey, but the a u t o d c  pmessing d t s  exhibited a marginally better percent 

correct detenoration prediction rate with respect to the half-cell potentid survey. 

However, manual ptocessing resulted in higher probabiiities of correct deterioration 

prediction than the automatic pmcessing for both the chah drag and half-celi potential 

surveys. This was due to the bettet false alann rate of detecting sound concrete in 

deteriorated areas for the manual method of GPR data processing. The automatic GPR 

processing exhibited a better probability of detecting s o d  wncrete than the manual 

GPR professing method because of the sparsity of detcctions and the lack of false 

detenoration detections in the areas on sound concrete. 

The manuai processing of the GPR data yielded a more accuratc prediction of the 

chah drag and the finai removal quantity h m  the de& than the automatic pmcessing, 

while the automatic pn>cessing d t s  predicted the half-cell potential deterioration 



quantity better than the manuai processing d t s .  The manual processing resulu 

exhibited a better percent correct deterioration prediction rate with respect to the chah 

drag survey, but the automatic ptocessing results exhibited a marginally better percent 

correct deterioration prediction rate with respect to the haifceii potential survey. 

However, manual processing resulted in higher probabilities of correct deterioration 

prediction than the automatic pmcnsirig for both the chah drag and half~cell potential 

surveys. This was due to the better false a iam rate of detecting sound concrete in 

deteriorateci areas for the m a a d  mahod of GPR data W g .  The autometic GPR 

processing exhibited a better probability of detecting sound concrete than the manual 

GPR proçessing method because of the sparsity of detections and the lack of false 

deterioration detections in the areas on sound concrete. 

The manual pmcessing method provided a more accurate esha te  and better 

spatial correlation to the ground-truthing results than the automatic processing results for 

the Stewiacke River Bridge. 

In g e n d ,  the p d g  project level cornparisons of manuai and automatic GPR 

processing results to the actual and ground-truthing deterioration detections on each deck 

tended to indicate that the manual GPR p m s s i n g  ouîpedormed the automatic GPR 

proçessing by providing more accurate predictions of the location and extent of the actual 

deterioration. This is because of the higher degree of control the user bas in manual 

processing in that they cari apply their own intuition and judgement in the intexpretaîion 

of the signal characteristics. The automatic processing aliows the user judgcwnt ody on 

the general t h e  location of the interfacial peaks and =me infiuence on üle threshold 

level that may be appiied. With manuai GPR processing, the user can recognk and 

account for such p h m e n a  as potholes, joints, diapbrcigms. and the Muence on the 

data of girdea or stringers that support the deck, as well as rrcognize signal changes like 

distortion or reflectivity where excessive aîtenuation may wt be apparent as in îhe case 

of very dry concrete. 



5.7 Network Level Campvison of Rcsiiits 

Cornparisons of the manual a d  automatic processing of the GPR data to the 

chah drag and haifkeiî potential survey results on individual bridge decks showed that 

the manual processing generally outperforrned the automatic pn>cessing with higher 

qualitative accuracy and improved spatial correlation to acaial deterioration found on 

each deck. While ciifferences in accuracy have ban iecognized on a project level, it is 

important to study the accuracy of the pdc t ions  on a network level to de(amine if GPR 

provides satisfactory level of performance as a deterioration p d c t i o n  tool for bridge 

management. A network level analysis in which all of the data firom ail of the structures 

sweyed provides an o v d  cornparison of the GPR ptoccssing d t s  as well as 

establishes confidence h t s  thaî may be used as an aid in appiying fiitim GPR m e y s  

to bridge management decisions. These accuracies are presented in temis of the percent 

of the ground-tnithing detected or actual quantity detected or rrppired rrspectively, and 

also in terms of these quantities as percentages of the total deck d a c e  ama. Table 13 

lists îhe predicted, ground-tnith and repIiV quantities for the nine structures observed in 

this research project. 

The actual rem area Listed in is baseâ on the chah drag quantity, for it is the 

outlined areas h m  the chah drag that are npairrd. These quantities are increased whcn 

repairs exceed the boundaria of these outlines when corrosion is foUowcd dong the 

reinforcement until clean steel is encountered. The half-ceU ptential survey quantities 

listed for the Dcep Hollow Overpess and Shubenacadie CNR Ovcrpa~s rrprrscnt only a 

portion of the entire dcck surface and arc neglected b m  the quantitative cornparisons 

regarding haif-cell potential s w e y  values s h  the ocbct test method values rrprrscnt 

measurements h m  the entire deck surfâce area. The extrcmely small qmt i ty  found 

using the halfsell potentid siavey on the Victoria bridge resultcd in some exbcwly 

high ditFerence pcrcentages and was ais0 neglected h m  the quantitative cornparison. 



Table 13 - Redicted, giound-tnnh and actual bridge deck deterioration qmtities 

I Structure ID 

Stewiacke River Bridge 
Skye River Bridge 
Baddeck River Bridge 
Shubenacadie CNR Overpass 
Grand Pre Overpass 
Deep Hollow Overpass 
Victoria Bridge 
Rough Brook Bridge 
Glendale Bridge 

Actual - 
Repaired 

(m2) - 
4 16.2 
72.4 
267.5 
323.4 
85.9 
365.0 
23.3 
86.4 
71 .O 

The difference between the grouad-trutbing or the actual repair quantity a d  the 

predicted GPR quantity, by manual or automatic processing, was calculaîed for each 

bridge deck to d e t e m e  the average difference and standard deviation between these 

rneasurements. These statistics were then used to constmct 95% confidence intervals to 

describe the expected range of difference between hmue preâictions and what shouid be 

found using the chah drsig or half-ce11 potential survey. 

Table 14 lists the average, standard deviation, and 95% confidence limits for 

cornparisons of  the grornd-truthing and achial repair quantities and the GPR predicted 

quantities. 

With respect to the o v d  quantity the m a n d  GPR processing provides a more 

accurate prediction of the chah drag survey quantity resdts than the automatic GPR 

processing by an average reduction in the overestimated quentity by 46.4%. nie 

variability in the diffkrence betwan the chah drag survey quantity and the manuai GPR 



processiag was found to be approximately four times less than the difference between the 

chain drag survey quantity and the automatic GPR processing quantity, resulting in a 

much srnaller confidence interval. 

Table 14 - Statisticai cornparisons of actual ground-tmth and repair quantities to GPR 

preciicted quantities as a percent of the ground-tnith or achral quantity 

Upper %Y. 
CoiMeme Limit I Cornparisoi 

I 

Chain Drag - Manuaf GPR 
Chain Drag - Automatic GPR 
Half-ceIl - Manual GPR 
Half-ceIl - Automatic GPR 
Actual Repair - Manual GPR 
Actual Repair - Automatic GPR 
Manual GPR - Automatic GPR 

Alongi et al. (1993) reported that the GPR predicted deterioration area that is 

Average 

(%) 
- 19.4% 
-65.8% 
-25-6% 
-46.1 % 
1.5% 

- 1 8.8% 
-10.7% 

formulated using the default tbreshold of the automatic processing is expected to be 

within *11.2 percent of the ground tmth quantities. The resuits of this research indicated 

that with average overestimates of 65.8% * 162.6% and 46.1% * 142.W for the chain 

drag and halfcell potential survey quantities, respectively, the automatic processing 

results disagree with the accuracy reported by Alongi. Manual GPR processing was 

found to yield more accurate quanttity overestimates of 19.4% * 37.5% and 25.5% I 

47.3% of the chain drag and half-cell potential survey quantities, respectively. While the 

chain drag and balf-ce11 potential surveys provide estimates of the repairs that will be 

made on the deck surfàce, the most imporiant cornparison, in tenns of bridge 

management, is between the GPR predictiom and the actual repair quantity. This 

quantity is based on the chain drag s w e y  results, but is normally a larger quantity 

because repairs usually follow corrosion on the reinforcement until clean steel is 

observed. The autoniatic GPR processing d t e d  in an overestimate of 18.8% * 90.8%, 

while the manuai GPR processing resulted in an underestimate of 1.5% 1 9.m of the 



actual repair quantity. Clearly, the manual GPR ptocessing results provide, on average, a 

more accurate and precise estimate of the gmd-tmthing a d  actual repair quantities 

than do the automatic GPR processing results. The automatic GPR pracessing 

underesthateci the manuai GPR pmcesbg quantity by 10.7?/i 66.4%. 

Table 15 - Redictecî, grod-truth and actual bridge deck deterioration qwtities as 

pexentages of the bridge deck sinfhce area 

Structure m m 
Stewiacke River Bridge 
Skye River Bridge 
Baddeck River Bridge 
S huôenacadie CNR Overpass 
Grand Pre Overpass 
Deep Hollow Overpass 
Victoria Bridge 
Rough Brook Bridge 
Glendale Bridge 

Chain Dmgl Half-Ce11 

Altematively, the deterioration esthates and actual hdings c m  be expressed as a 

percentage of the deck surface area to normalize the statisticai results. For example, the 

quantitative error of a fiffy percent dinerence between pcedicted and a d  deterioraiion 

quantities is more signifiant on a 3 0  m2 deck surface than on a 2000 m2 deck Wke. 

Table 1 5 lists the average, standard deviation, and 95% confidence limits for cornparisons 

of the ground-truthing and actuai repair qmtities and the GPR predicteâ quantities as 

percentages of the deck surface areas. 

As with the quantitative cornparison, the Deep Hollow and Shubeaacadie CNR 

Overpasses were neglected from the computations regarding halfcell potential nvvey 



results since ody a portion of the entire deck surface was surveyed ushg that method. 

Furthemore. the d s t i c s  representing the difference between the GPR predictions and 

the actual repair quantities do not include the last seven structures listed in Table 15 

because they were processeci with an eariier version of the software than the other 

structures. 

Table 16 lists the average, standard deviaîion, and 95% confidence lirnits for 

cornparisons of the ground-tnithing and achial rqmir q ~ ~ ~ ~ ~ t i t i c s  and tbe GPR prrdicted 

quantities a3 percentages of the bridge deck surface area. 

Table 16 - Statistid cornparisons of ground-truth and repair quantities to GPR p d c t e d  

quantities as a percent of the bridge deck surface area 

The results of this research indicated that with an average unde restimate of 5.0% 

* 1 7.1 % of the deck surface area for the chah drag and an ovcrrstimate of 2.6% 16.6% 

for the half-cell potential survey quantities, respectively, the automstic GPR pocessing 

exhibits excessive variability in preâicting the ground-truthing survey quantities. Manuai 

GPR processing was found to yield more acciaate quantity overeshates of 1.7% 6.4% 

and 2.2% 6.3% of the chain drag and h a I f 4  potential survey quantities, respedvely. 

The automatic GPR processing resdted in an underestimate of 3.6% 14.5%, M e  the 

manual GPR pmcessing resulted in an undnrstimate of 1.5% 6.F? of the achial rrpair 

quantity. As with the quantitative comparisoas. the manual GPR processing d t s  

Corn parison 

Chain Drag - Manual GPR 
Chain Drag - Automatic GPR 
Haif-ce11 - Manual GPR 
Haif-ce11 - Automatic GPR 
Actual Repair - Manual GPR 
Actual Repair - Automatic GPR 
Manual GPR - Automatic GPR 

Average 

(%) 
- 1 .% 
S.û% 
-2.2% 
-2.60/0 
1 -5% 
3.6% 
6.7% 

h u e r  93.96 
C o i M e n a  b i t  

(%) 
-8.1% 
-12.1% 
-9.9?!% 
-2294 
-5.2'!! 
-7.3% 
-10.00/o 

Sbmdard Devuth  
(%) 
8.6% 

22.9% 
8.5% 

22.3% 
9.W 
19.5% 
22.3% 

- 

Upper 95.96 
CoiMciice L h i t  

(%) 
4.8% 
22.1% 
5.6'Yo 
1 7.8% 
8.3% 
14.5% 
23.3% 



provide, on average, a more accurate and precir estimate of the grounà-tnithiag and 

actual repair quantities thau the automatic GPR processing results. The automatic GPR 

procesçing u n d m  the manual GPR processing qmtity by 6.7% * 16.6%. 

Table 17 lists the spatial correlation statistks for the nine bridge decks that were 

studied in this tesearch. 

Table 1 7 - Network level statistics of GPR correlation with actuai and ground- 

truth deterioration 

Yetwork b v e l  Comp8rmi of  
SPR Pmccssiag Methds  

Total Predicted Locations 
Total DeteriorationiTmc 
Total DeteriorationEalse 

Total SounUïrue 
Total SoundFalse 

Overall % Correct Detcrioration Prtdictions 
Overall % Co- Sound Prcdictions 
Overail % Total Cor- Predictions 

Overall % Total Inconect Mictions 
herall Probability of correctly detccting detcrioratior 
verall Probability of comctly detecting sound concm 

Overall False alarm rate of detecting dcterioration 
Overall False alarm rate of detccting sound concrete 

From these statistics, it is obsrrved thai the manual GPR data processing d t e d  

in more accurate correct deterioration, correct sound concrete and therefore overail 

correct predictions, than the automatic GPR processing. The o v d  correct deterioration 

prediction rate with respect to the chah drag survey was 66.2%, which agrees weU with 

the sirnilar rate of 73.8% agreement as shown by core sampling of the âecks during theu 

repair. The core sampling data was analyzed in a similar fashion to the unit GPR 

prediction areas by coanmiing or disproving a deterioration or s o d  concrete prediction. 



Confirmation of the prediction was based on water soluble chlonde content that exceeded 

0.25%, as per Ontario Ministry of Traiisportation @ce, and aloo by identifyiog cracks 

or comsion in the core sample. 

The manual radar pmcessing results exbibited a higher probability of detecting 

deterioration than the automatic processing by 25.7% d 23.0 % for the deterioration 

locations as detemineci by the chah Qag and hdf=cell potential surveys, respectively. 

Similar probabilities of CO- detection of s o d  mncretc were observed for both GPR 

processing methods. 

5.8 Effectivencss of Minad CPR Proccssïng Dctcriontion Pi#Ue(ion 

It bas been show that the manuai GPR processing bas provided the most reiiaôle 

and accurate estimations of the quanttity and location of the chah drag and halfkcii 

potential survey d t s .  ThÛ mahod must be cornpanxi against the criteria established in 

Section 2.1. While the GPR data is collectecl nondestrwtively h m  the deck without 

interfering with normal ûafiïc flow, and can k pmcesd  manually to provide accurate 

and diable results, the rrmaiaing three criteria may not be well satisfied. The manual 

processing method is completely subjective, relying on the operator's understlindiag of 

the radar waveform structure a d  the test subjcct itself. The operator must rmke 

qualitative decisions regarding the ievel of attenuation or reflectivity observed in the data 

This affects the repoducibiiity of the resuits in that a given operator may fcel difîereatly 

about the threshold to use in deciding wbether the deck is sounâ or &terioratcd and 

certainiy will remît in different interpretations of the âata by diffetcnt operators. 'Tbe 

hardware and manual pmcessing software are simple to use, but tbe data interpmtation 

and processing can be cornplex. Regardess, the methd has been show to to be 

effective and still represents the most appropriate technology for deck assesment at 

trafic speeds. 



How good is good eaough with reqect to the accuracy of the manual GPR 

processing results? Table 18 lis& quantities of  deterioration that w m  found by prcvious 

investigators using the chah drag survey and qusntities that were predicted ushg 

traditional visuai estimation methods. The statistics u~crc selected h m  a list of estimatts 

reported by Maser (1990) tbat fell within the range of the deterioration lcvels observed in 

this research. 

Table 18 - Acnisl and estimateci deterioration - visual estimation 

Bridge ID 

Traditional visual estimation resulted in an average underestimation of  the 

deterioration of 3.0% . 13.6% of the deck d a c e  area. Manual GPR proceshg was 

observed in this research to result in an overestimate of 1.7% . 6.4% of the deck surface 

area, resulting in a slightly improved accuracy. but approximately balf of the veriability 

observed in the visual estimation results. The ciifference between 1.7% and 3.Vh is 

minimal with respect to the cost of rrpain, but with manual GPR proctssing yielding half 

of the variability that is observecl when using traditionai visual estimation, significant 

savings can be expected by decreasing unanticipateâ repak costs. 

V3.1 - 3.4 
Mi6 
R5 
Rd 
N2 

A m a l  Deterioration 
./. Deck Siii.f.ec Are8 

Engineer's Estimate 
Y. hck Surface A r u  

Average 
Standard Deviatioa 

Confidence 
Lower 95% confidence lirnii 
Upper 95% confidence limii 

10.9% 
14.7% 
34.4% 
40.W 
20.00? 

16.3% 
5 .O% 
13.W 
23 -3% 
3 1 .Wh 



in Sections 5.6, 5.7 and 5.8 it wa9 show11 that the manual GPR pmcessing 

technique can produce an relatively accurate estimate of the ground-truthing and actual 

repair quantities on a given bridge deck. However, the ability of the GPR results to 

clearly demonstrate the location and extent of dl deterioration on a given deck seems to 

be insufficient to allow bridge managers to order specific sections of a deck span to be 

repaired. This predictive capability is wt important with respect to saving time and 

materials since dech are usually stripped of all the asphalt in one lane at a tirne to allow 

for repairs. Identifjing particular azeas h m  a GPR survcy report on a d e  drawing of 

the deck, then tramferring those areas onto the a d  deck sucface would be just as time 

consuming as using the chain drag survey to outline the unknown deterioration on the 

deck surfhce. Spaîiai correlation is therefore important only d e m i d y ,  to ensure that 

the processing procedure is utilizing the propet characteristics in the data to correlate 

with the actual deterioration. Spatial correlation provides a means of cbecking that the 

inverse problem of nnding the flaw through a characteristic in the data, instead of the 

characteristic in the &ta by finding the flaw, is k ing  solveà effectively. 

The most important benefit of GPR as a bridge management tool is the ability to 

predict within a known range of Merence, the quantity of deterioration thaî is expected 

to be found on a given deck, within a suôgroup of decks. This will allow managers to 

effectively prioritue the subgmup of bridges for repaV, ensuring tbat the available budget 

is spent most eficiently. The degree of uncertainty that accompanied the traditionai 

visual estimation of deterioration can be substantiaily reduced as a pater number of 

bridges throughout ail districts can be assessed by a single operator with less variability 

in the results. A reduction in the variability of the Merence between estimated and 

actual deterioration puantities will reduce the occurrerrcs of gros undereshation, 

resulting in high unit prices and budget ovemins and wiil aiso tend to d u c e  long-tem 

unit prices as the variability of predictions is d e d .  As discussed in Section 5.8, 

traditionai visuai estimation was observed, on average, to underestimate the schral 

deterioration levels and tends to drive up the unit cost. Manual GPR p m i n g  results 



tend to slightiy ovensthate the deterioration quantities and hence, drive the irnrnediate 

cost up, but tend to d u c e  the unit price over time. 

Given the nondestmdive capabiity of GPR to collect data a! trafic speeds and 

given the improvements in accuracy and varisbüity of the estimatecl deterioration 

quantities with respect to traditional v i d  estimation, OPR appears to provide a very 

effective methoâ of condition assesment for asphalt-covered reidorced concrete bridge 

decks. 



6. Conclusions and Recommendations 

A collaborative tesearch program was designed by Dalhousie University DalTech 

and the Nova Scotia Depiutment of Transportation and Public Wo& to examine the 

accuracy and confidence with which GPR can be used to preâict the quantity and location 

of delaminations and concrete scaling on asphalt covered bridge decks. Seventy-two 

bridge decks were surveyed at aPfnc speds using GPR fa detetioration estimation. The 

GPR data was processed manualiy using a mvel combination of excess signal atteauation 

and areas of high concrete relative dielectric constant as detenoration iadicatots in the 

data Detenoration predictions made using GPR were also wmpared quantitatively and 

spatially to groumi-tnRhing data obtained h m  nhe bridge decks using the well- 

established chah drag and half-cell potential surveys a f k  tbe asphalt was removed h m  

each bridge deck just prior to repair. These cornparisons were used to collStNct statistics 

describing the accuracy and variation between the GPR predictions and the actual 

deterioration quantities for each deck and on a network level. 

The mults of this research indicated that the fomlation using the default 

threshold of the automatic processing using signal aitenuation with the chah drag d a  
did not agree with the accuracy reported by Alongi et al. (1993). Adjustment of the 

statistical accuracy of this threshold, or better uderstading of the relationship ôetween 

the threshold and the waveform characteristics of the deta representing the s o d  

concrete, and therefore improved application of a threshold value, may improve the 

accunicy of the automatic processing tesuits. 

The automatic pmcessing software tequires only minllnal user inputs including 

the location of stationary peak-tracking gates on the waveforms for a given data file. 

Since there are no visual means to monitor the tracking of the peaks, it must be 8ssumed 

that the peaks are properly and foosistently trecked duriag the automatic data pmcessing. 

The incorporation of a -hic display during proeessing ta ensure thaî the peaks are 



being properly identifid and tracked would be an asset, allowing the user to fel 

confident in the proper interprrtation of the data Furthemore, instead of using a fixed 

position for the peak-tracking @te, the software wouid be improved by allowing the user 

to use a variable-positioned gate to track the @ in the data Layer thicknesses and 

electrical properties cm k subject to a high degree of variab'ility on and between each 

deck such that the t h e  position of the peaks will fluctuate significantly and may fail 

outside of the bounds of its normal position. The most appropriate way to achieve the 

definition of the variable-position trecltirig gate w d d  be to view the data p a s  on the 

color intemity plot software and input a comected d e s  of line segments over the peak 

locations, such that the tracking window is always positioned over the peak location. The 

width of the gate can then be reduced to avoid tracking nearby peaks that may interfixe 

with the desired peak. 

The manual processing d t s  were based on a combination of signai attenuation 

and high concrete reflectivity, or high concrete relative dielectric constant. The 

automatic software dows  the user to ody produce output consishg of one deterioraiion 

characteristic at a the. Multi-characteristic processing d t s  may irnprove the accuracy 

of the automatic GPR processing. 

The manual processing relies on the user's capabiiity to distinguish changes in the 

signal characteristics to denote areas of deterioration. This method requins the operator 

to be highly skilied at GPR data interpretation and therefore may be UIISUitabie for 

general use by a laypersom This research has shown tbat this lus  yielded a more accurate 

and prrcise result than the automatic processing provideci with the GPR systcm. It 

follows that incorporation of manual processing into the automatic processing wiii 

improve the accuracy and precision of the resuits. This can be achieved by ptesenting a 

graphical depiction of a measund wavefonn characteristic for al1 waveforms on a scaied 

plan map of the deck scirthce, using a grey-sde intensity to represent the range of the 

value measureâ. For exmipie, on a given data file, the bottom echo peak amplitude can 



be automatically m e a d  by the software and Ptigwd in position of the deck surfàce. 

The most negative amplitudes can k repmeated by the darkest sbades and the most 

positive amplitudes repmented by the brightest shades. This will prcseat a spatial 

depiction of the deck botîorn echo on the deck surfàce by which the user can detect 

sufncient decrease in the peak magnitude to assign a deterioration detedion within that 

&ta file. AU data files can be represented in this M o n  on the deck d i t c e ,  using the 

full range of peak amplitudes to d e  the shadc intcnsity. Graphic displays of the 

waveform properties cm aUow the user to a h  detcct changes in the wavefonn due to 

such objects as drains or diaphragms under the deck that may k falsely interpreted as 

deterioration. Furthennom, other m d  phenornena in the daîa tan be represented in 

this way, such as j d c  amplitude at the asphalt/concrett intcrf'act or signal attendon. 

Combining the automatic measriranent and cornparison to a statiseical threshold with the 

intuitive gmphicai deterioration detedon of the manual pmccssing wiîi impmve the 

accuracy and variability of the deterioration prediction. 

The following conclusions were made on the b i s  of this research: 

1) Manuel processing of the GPR data b a d  on both signal attenuation d 

high reflectivity h m  the asphalt(c0ncrcte interface provided the most 

accurate and least variable estimate of the acnial deterioration q a h  

quantity and location. 

2) Manual ptocessing of the GPR data underdmatd the actual 

deterioration repaïr quantity by 1.5% 6.Ph of the total deck surfPoc 

area Manual processing of the GPR data also ov- the chain 

drag desigaated deterioratcd by 1.7 6.4% and ovehstimated the haK 

cell'potential designated demimation by 2.2% 6.3%. 



3) Manual processitg of the GPR data pmvided an iDcrrase in accuracy of 

1.3% of the deck d a c e  face and a reduction in variability of 7.2% of 

the deck sucface ana with respect to the performance of  ûaditional 

visual estimations of deck detcnoration. 

4) Manuai processing of the data exhibiteci tbe highest rates of correct 

spatial deterioration pndiction of 66.2% and 70.6% with respect to the 

chab drag and half-ccU potential surveys, ricspectively. Manual 

pmocssing of the data also exhibited the highest probability of comectly 

detecting deteriodon of 58.6% and 60.5% with respect to the chah 

drsg and halfceii potential sumeys, respectively. 

5 )  Certain types of deck coastnrtion surveyed during this rrseatch 

prognim presented difncuities in data i n w o n .  These deck 

include and continuous spans where signai scanering end 

variable reflections h m  increased reinforcement content and tendons 

can occur. Monolithic decks that are in excess of 200 to 250 mm in 

thickness make fulldeptb signai petration ciifficirit. Variable 

thickaess decks provide inconsistent locations of the deck battom and 

incur losses thiough non-orihogonal reflectioiu. Epoxy corted 

reinforcement in bridge decks prevents the depassivation of the 

reinforcement steel, thus âisaôling the correlation betwcen exaacs of 

moisturt and chloride and reinforcement corrosion and del amination of 

the concrete cover. 

It is refommended tbat a number of factors that may han d t e d  in the uifmor 

performance of the automatic GPR processing d t s ,  relative to the manual GPR 

processing results, be addressed. 



An improvement to the manual processing resuits can be made by removing 

obvious misinterpretations h m  the reported deterioration qu~t i ty  and locations, such as 

underlying diaphragms or drains on the deck. These can offen be observed on the scaled 

plan maps of the deterioration locations on îhe deck S\pI.bce afkr processing bas been 

completed. These misintexpretations are obvious as reguiarly s p d  thin lina across the 

deck width, in the case of diaphragms. 

This rrsecpch has led to the hypothcsis that the ammcy a d  variabiiity of the 

manual GPR processing estimate may iirrriue with inaeesiag levels of deterioration on 

a given deck. This phenornenon caunot be proven or disproven given the number of 

resdts presented in tbis research, but should be furîher investigatcd. If tbis phenornenon 

is found to exist, then new statistics must be computed to describe the quantitative 

relatiooship between the manual GPR processing prediciions a d  the g~~und-truth or 

actual repair quantities. The predicted quantities shodd then k transformeci by a 

mathematical fùncîion to establish a constant variance for al1 predicted levels of 

deterioration. 

improvements in efficiency in reporting the m e y  results can be achieved by 

changing the software or produchg 0 t h  software to tabulate the deterioration locations 

t&at form the output of both the manual and automatic proîessing sofbme. These 

locatioas uui then be used as inputs in a program to automaîicaily draw the deck surface 

and detenoration locations in AutoCAD, reducing the time and effort rquired to producc 

the plan maps of the deck deterioration. 

GPR provides a fpst and nondestnrtive mcthod of data collection through asphalt 

pavements, removing the neeû for t r a c  control during the actual inspection. This 

research has demoastrated that estimates of deck deterioration due to cornsion induceci 

delamination and surfâce s a h g  or damage due to k z i n g  anà thawing can k estimated 

with slight improvements in accuracy, but less than half of the variability of traditional 



visual eslimstion methods. The average diffcrcnce between the manuai GPR piocessing 

results and the actuel repair quantities was an d e r e s h a &  of 1.5% 6.796 of the deck 

surface area These improvements and this reseamh will aUow the Nova Scotia 

Department of Transporüdon to incorporate the detenoration srirveys into a bridge 

management system. Management defisions can k made for a network of bridge deeks 

before tendering repairs that wil l  resuit in more efficient spcadiag of tbe annual q a i r  

budget. L e s  variability between the predicted and a c t d  repair quantitics will lead to 

long term reductions in unit prie of the worlc as c o n m m  b m e  d o r t a b l e  4th the 

accuracy and variability of the GPR predictions. GPR has been shown to be an effective 

method for condition assasment of asphait-covered reinforcd wncrete bridge decks in 

Nova Scotia tbat shouid resuit in savings thtoYgh duceci variability on a network level 

between estimates and actuai quanttities of dcteridon. 

The 5-year collaborative research pmject betwem the Nova Scotia Department of 

Transportation and Public Works wiil be completed on January 1,2001. in the remaining 

two years of the project, fiyther refinements will be mde in the manuai data processing 

and more ground-truth data will be coilectcd to i m p v e  the sîatistical confidence of the 

relationships between the GPR estimates and the actual repair quantities. Furthemore, 

the application of GPR for pavement thickness measurement and evaluation will be 

investigated. 
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8. Appendices 



Glendale Bridge 
GPR Deck Survey 
March 19, 1997 

Chain Drag Area = 63.3 mz 
Percent Chain Drag Area = 20.1% 

Combined Radar Ind icdor  Am = 50.9 m2 
Percent Cornbined Radar lndicator Area = 16.Z 

Surface Area = 315.0 m' 
Suweyed Suiface Area = 315.0 m2 
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Grendale Bridge 
GPR Deck Survey 
March 19, 1997- 

Half Cell Potential Area = 29.1 m2 
Percent Half Cet1 Potential Area = 9.3% 
Combined Radar lndicatar Area = 50.9- m' 
Percent Combined Radar lndicator Area = 16.2% 

Surface Area = 315.0 rn' 
Surveyed Surface Area = 315.0 rn2 









Glendale Bridge 
GPR Deck Survey 
March - 19, 1997 

Chain Drag Area = 63.3 rn2 
- 

Percent Chain Drag Area = 20.1% 

Surface Area = 315.0 m2 Automatic Processing lndicator Atea = 44.4 rn2 
Suiveyed Surface Area = 315.0 rn2 Percent Automatic Processing lndicator Areo = 14.1% 
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Glendale Bridge 
GPR Deck Survey 
March 19, 1997 Half Cell Potential Area = 29.1 rn2 

Percent Half Cell Potential Area = 9.3% 

Surface Area = 315.0 mZ Automatic Processing lndicator Area = 44.4 m2 
Surveyed Surface Area = 31 5.0 m2 Percent Automatic Processing %dicator Area = 14.1 % 
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Glendale Bridge 
GPR Deck S w e y  
March -19, 1997 

Cornbined Rodor hdicdor kco = 50.9 m2 
Percent Cornbined Radar Indicutor kea = 16.2% 

Surface Are4 = 315.0 rn2 Automatic Processing Indicutor keo = 44.4 m2 
Surveyed Surface Area = 315.0 m2 Percent Automutic Proassing Indicutor Area = 14.1% 









Rough Brook Bridge 
GPR Deck Survey 
March 19, 1997 

Chain Drag Area = 80.0 rn2 
Percent Chain Dmg Area = 27.2X 

Combined Radar Indicator Area = 62.3 m2 
Percent Combined Radar lndicator Area = 2112% 

Surface Area = 31 5.0 m2 
Surveyed Surface Areeo = 315.0 rn2 
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Rouah Brook Bridae 

March 
GPR Deck Survey 

19, 1997 
Chain Drag Area = 80.0 m2 - 
Percent Chain Drag Area = 27.23; .-; 

Surface Area = 31 5.0 m2 Automatic Processing Indicofor keo = 63.9 m2 
Surveyed Surface Area = 315.0 m' Percent Automatic Pmcessing lndicator Area = 21.7% 









'Rou:gh Brook Bridae 
GPR Deck Suwey 
March 19, 1997 - 

Combined Radar lndicotor Area = 62.3 rn2 - 
Percent Combined Radar 1ndicator.Area = 21.X 
Automatic Processing lndicator Area = 63.9 m' 
Percent Automatic Processing lndicotor Area = 21.7% 

Surface Area = 315.0 m2 
Surveyed Surface Area = 315.0 m' 
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Victoria Bridge 
GPR Deck Survey 
March 19, 1997 

Chain Dmg Area = 12.5 rn2 - - 
Percent Chain Drag Area = 5.Z 

Combined Radar lndicator Area = 28.5 m2 
Percent Combined Radar lndicator Area = 13.6% 

Surface Area = 315.0 rn2 
Surveyed Surface Area = 31 5.0 m2 
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Victoria Bridae 
GPR Deck Suwey 
March 19, 1997 HaH Cell Potential Area = 0.1 m2 

Percent Half Cell'Potential Area = 0.01: 
Combined Radar Indicator Area = 28.5 m2 
Percent Combined Radar lndicotor Area - 13-61: 

Surface Area = 315.0 m2 
Surveyed Surface Area = 315.0 m2 
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Victoria Bridge 
Chain Dmg Area = 12.5 rnz 
Percent Chain Drag Area = 5.2% 

GPR Deck Survey 
March 19, 1997 

Surface Area = 31 5.0 m2 
Surveyed Surface Area = 315.0 m2 

Automatic Processing lndicotor Area = 85.4 m2 
Percent Automatic Processing lndicator Area = 40.7% 
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-Victoria Bridge 
GPR Deck Survey 
March 19, 1997 Half Cell Potential &eu = 0.1 m2 

Percent Half Cell Potential &ea = 0.09; 

Surface Areo = 315.0 m2 
S u ~ e y e d  Surface Areu = 315.0 m2 

Automatic Procesihg lndicator ho = 85.4 m' 
Percent Automatic Processing Indicutor Area = 40.77; 
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Victoria Bridge 
GPR Deck Survey 
March 19, 1997 

Surface Area = 315.0 m2 
Surveyed Surface Area = 315.0 m2 

Combined Radar lndicator Area = 28.5 m2 
Percent Cornbined Radar lndicator Area = 13.6% 
Automatic Prtcessing lndicatoi k e a  = 85.4 m2 
Percent Automatic Pmcessing lndicotor Area = 40.77: 
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Deep Hollow Overpass 
GPR Deck Survey 
October 17, 1996 

* 

Surface Area = 671.3 m2 
Suweyed Surface Area = 668.5 rn2 

Chain Drag Area = 361.2 rn2 - 
Percent Chain Drag Area = 54.0% 

Combined Radar lndicator Area = 468.6 rn2 
Percent Combined Radar Indicator Area = 70.1% 
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Deep HoIIow Overpass 
GPR Deck Survey 
October 17, 1996 

Surface Area = 671.3 m' 
Surveyed Surface Area = 668.5 rn' 

Half Cell Potential Area = 99.5 rn 
Percent Half CeIl Potential Area = 99.5131 6.9 = 31.4% 
Combined Radar lndicator Area = 468.6 m2 
Percent Combined Radar lndiçator Area = 70.19: 
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Deep Hollow Overpass 
GPR Deck Survey 
October 17, 1996 

Chain Drag Area = 361.2 m2 - 
Percent Chain Drag Area = 54.0% 

Surface Area = 671.3 rn2 Automatic Processing lndicator Area = 138.7 m2 
Surveyed Surface Area = 668.5 m2 Percent Automatic Processing lndicator Area = 20.2% 
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Deep Ho low Overpass 
GPR Deck Suwey 
October 17, 1996 

Half Cell Potential Area = 99.5 m ' 
Percent Half Ce11 Potential Area = 99.5131 6.9 = 3:.4:! 

Surface Area = 671.3 rnz Autamatic ~ r o c e s s i n ~  lndicotor k a  = 138.7 rn2 
Surveyed Surfoce k e a  = 668.5 m2 Percent Automatic Processing lndjcator Area = 20.2% 
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Deep Hollow Overpass ( ~ 1 ~ 0 9 5 )  
G f R  Deck Survey 
October 17, 1996 

- 

Combined Radar lndicator Area = 468.6 m2 
Percent Combined Radar lndicotor Area = 70.1); 

Surface Area = 671.3 m2 Automatic a roc es sin^ lndicator Area = 138.7 m2 
S u ~ e y e d  Surface Area = 668.5 mz Percent Automatic Processing jndicator Area = 20.2% 
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Grand Pre Overpass 
GPR Deck Survey 
July 17, 1998 

Chain Drag Area = 69.9 m 2  
Percent Chain Drag Area = 9.1 1o 

Combined Radar lndicator Area = 115.1 rn2 
Percent Combined Radar lndicator Area = 15.0% 

Surlace Area = 765.4 mf 
Surveyed Surface A r a  = 765.4 rn2 
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O Grand Pre Overpass 
GPR Deck Sunrey 
July 17, 1998 

Half Cell Potential Area = 63.8 m 2  
Percent Half Ceil Potential Area = 8.3% 
Cornbined Radar lndicator Area = 1 15.1 rn2 
Percent Combined Radar Indicqtor Area = 15.OX 

Surface Area = 765.4 m2 
Surveyed Surface Area = 765.4 m2 
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Grand Pre Overpass 
GPR Deck Survey 
July 17, 1998 

Chain Drag Areci = 69.9 m 2  - 
Percent Chain Drag Area = 9.1% 

Surface Area = 765.4 m2 
- 

Automatic Processing lndicotor Area = 249.4 rn2 
Surveyed Surface Areo = 765.4 m2 Percent Automatic Processing .Indicutor Area = 32-61! 
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Grana Pre Overpass 
GPR Eeck Survey 
July 17, 1998 

Half Cell Potential Area = 63.8 rn2 
Percent Half Cell Potential Area = 8.3% 

Surface Areo = 765.4 rn2 Automatic Processing lndicator kea = 249.4 m2  
Surveyed Surface Area = 765.4 m2 Percent Automatic Processing Indicutor Area = 32.6% 





Leqend 

- NQVA SCUM D e P m  OF 
tRANsp0RrArn WSD WouC mas 

ROUNDTRUTHING COMPAREON 
. OlUND PRE, WQVA- 

- 

GRAND PR€ OMRPASS - 

DlYllWO W. 

Appeadix AS.4 





Grand Pre Overpass 
GPR Deck Survey 
July 17, 1998 

.- 

Combined Roder lndicator Area = 115.1 m2 
Percent Combined Radar lndicator Area = 15.0% 

Surface Area = 765.4 m2 Automatic Processing indicotor Area = 249.4 rn2 
Surveyed Surface Area = 765.4 m2 Percent Automatic Pmcessing Jndicotor Area = 32.6% 
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Shubenacadie Canal CNR Over-pass 
GPR Deck Survey 
November 5, 1997 

Surface Area = 472.8 m2 
Surveyed Surface Areo = 460.5 rn2 

Chah Drog Area = 321.4 rn2 - - 
Percent Chain Drag Area = 35.1% 

Combined Radar lndicator Area = 261.0 m2 
Percent Cornbi~ed Radar lndicator Area = 28.55: 









Shubenacadie Canal CNR Ovet-pass 
GPR Deck Survey 
Novernber 5, 1997 

Holf Cell Potential Area = 187.0 mz 
Percent fiaif Cell' Potential Area = 39.5X 
Combined Radar lndicator Area = 261.0 m2 
Percent Combirled Radar lndicotor Area = 28.51: 

Surface Area = 472.8 m2 
Surveyed Surface Area = 460.5 m2 









' Shubenacadie Canal CNR Overpass 
Chain Drag Area = 321.4 rn2 - - 
Percent Chain Drag Area = 35.1% 

GPR Deck Survey 
November 5, 1997 

Surface Area = 472.8 m2 
Surveyed Surface A m  = 460.5 rn2 

Automatic Processing lndicator Area = 138.7 rn2 
Percent Automatic Processing lndjcator Area = 15.5% 
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Canal  CNR O v e r ~ a s s  
GPR Deck Survey 
November 5, 1997 

Half Cell Potential Area = 187.0 m2 
Percent Haf  Cell Potential Area = 39.5% 

Surface Area = 472.8 rn2 
Suneyed Suriace Area = 460.5 rn2 

Autamatic ~ r o c e & q  lndicator hea = 138.7 rn2 
Percent Automatic Processing in4icator Area = 15.5% 

1 I I I - i l  I I  L I 1  I I  I I  I I  I l I I  I l  I r  I I  I I  I I  I I I  

50m 60m 70m 80m 





tA SCmk SEP- OF 
WRTAlWd .O W a r C  rroiiics 

rRUTfllNG COMPARISON- SHUBENACADE CANAL CNR OMRPASS 

HO. 

ApptndÙA6.4 . 





Shub~enacadie Canal CNR Overpass 
GPR Deck Sui 
November 5, 

- 

Combined Radar lndicator Area = 261.0 m2 
Percent Cornbined Radar lndicotor Ar ty  = 28.5X 

Surface Area = 472.8 m2 Automaüc Processing fndicator Area = 138.7 m2 
Surveyed Surface Area = 460.5 m2 Percent Automatic Processing Indicator.Area = 15.5% 
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Baddeck River Bridae 
GPR Deck Survey Chain Drag k e a  = 233.0 rn2 - 

Percent Chain Drag Area = 34.9% October 17, 1996 

Cornbined Radar lndicator Area = 249.5 m2 
Percent Combined Radar Indicator Area = 37.4% 

Surface Area = 668.0 rn' 
Surveyed Sutface Area = 668.0 m2 
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Baddeck River B-ridae 
GPR Deck Survey 
October 17, 1996 Half Cell Potential Area = 153.7 m2 

Percent Half ceil Potential h a  = 46.OX 
Combined Radar lndicator Area = 249.5 m2 
Percent Cornbined Radar lndicator Area = 37.4% 

Surface Area = 668.0 m' 
Surveyed Surface Area = 668.0 m2 
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1 'Baddeck River Bridge 
l 

l GPR Oeck Survey 
October 17, 1996 

Suriace Area = 668.0 m' 
Suiveyed Surface Area = 668.0 m2 

Chain Drag Area = 233.0 m' - - 
Percent Chain Drag Area = 34.9% 

Automatic Processing Indicutor Area = 206.3 m2 
Percent Automatic Processinq lndicptor Area = 30.9% 
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Baddeck River Bridge 
GPR Deck Survey 
October 17, 1996 

Half Cell Potential Area = 153.7 rn2 
Percent Half Cell Potential Area = 46.0% 

Surface Area = 668.0 m2 Automatic Processing lndicator k e a  = 206.3 m2 
Surveyed Surface Area = 668.0 m2 Percent Automatic Processing lndjcator Area = 30.9% 
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B:addeck River Bridae 
GPR Deck Survey 
October 17, 1996 

Combined Radar lndicator Area = 249.5 rnZ 
Percent Combined Radar Indicator Area = 37.4% 

Surface Area = 668.0 rnz Automatic Processing lndicator Area = 206.3 rn2 
Surveyed Surface Area = 668.0 m2 Percent Automatic Processing lndicator Area = 30.91; 
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Skve River Bridae 
GPR Deck Survey 
Ocbber 17, 1996 

Surface Area = 379.1 m2 
Surveyed Surfoce Area = 374.4 m2 

Chain Drag Area = 64.4 rn2 
Percent Chain Drag Area = 34.47. 

Combined Radar lndicator Ares = 79.i m2 
Percent Combined Radar lndicator Area = 42.3% 
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Skye River Bridge 
GPR Deck Survey 
October 17, 1996 

Surface Area = 379.1 rn2 
Surveyed Surface Area = 374.4 m2 

Half Cell Potential Area = 78.3- m2 
Percent Half CelI Potentiat Area = 41.935 
Combined Radar lndicator Area = 79.1 m 2  
Percent Cornbined Radar lndicator Area = 42.3% 
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Skye River Bridge 
GPR Deck Survey 
October 17, 1996 

Chain Drag Area = 64.4 m2 
Percent Chain Drag Area = 34.4Z 

Surface Are0 = 379.1 rn2 
Sumeyed Surface Area = 374.4 m2 

Automatic Processing lndicator Area = 56.9 m2 
Percent Automatic Processing hdicator Ares = 30.4% 
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Skye River Bridae 
GPR Deck Survey 
October 17, 1996 Half Cell Potential Area = 78.3 m2 

Percent Half Cell Potential Area = 41.9% 

Surface Area = 379.1 rn2 Automatic Processing Indicator &ea = 56.9 rn2 
Surveyed Surface-Area = 374.4 m2 Percent Automatic Processing lndicator Area = 30.4% 
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Skye River Bridge 
GPR Deck Survey 
October 17, 1996 

Surface Area = 379.1 m2 
Sweyed Surface Area = 374.4 m2 

Combined Radar lndicator Area = 79.1 rn2 
Percent Combined Radar lndkotor Areo = 42.3% 
Automatic Processing Indicator Area = 56.9 m2 
Percent Automatic Processing lndicotor Area = 30.4% 
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Stewiacke River Bridge 
GPR beck Survey 
Octo ber 16, 1 997 

Chain Drag Area = 376.0 rn2 
- 

Percent Chain Drag Area = 53.97. 

Cornbined Radar lndicator Area = 310.2 rn2 
Percent Combined Radar lndicator krea = 44.5% 

Surface Area = 697.2 rn2 
Surveyed Surface Area = 697.2 rn2 
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Stewiacke River Bridge 
GPR Deck Survey 
October 16, 1997 

Surface Area = 697.2 rn2 
Surveyed Surface Area = 697.2 rn2 

Half Cell Potential Area = 552.0 rn2 
Percent Half Cell Potential Area = 50.5% 
Combined Radar lndicator Area = 310.2 rn2 
Percent Combined Radar Indicator -Ares = 44.5% 
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S-iewiacke River Bridge 
GPR Deck' Survey 
October 16, 1997 

Chain Drag Area = 376.0 rn2 
Percent Chain Drag Area = 53.9% 

Surface Area = 697.2 rn2 Cornbined Radar lndicatar Area = 158.9 m2 
Sumeyed Surface Area = 697.2 rn2 Percent Cornbined Radar lndicator Area = 22.8% 
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S iew iacke  River Bridge 
GPR 'Deck Survey 
October 16, 1997 Half Ceil Potential Area = 352.0 m2 

Percent iiaff CeII Potential Area = 50.5% 

Surface Area = 697.2 rn2 Cornbined Radar lndicator Area = 158.9 rn2 
Suneyed Surface Area = 697.2 m2 Percent Cambined Radar Indicator-Area = 22.8% 
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Stewiacke River Bridge 
GPR Deck Suivey 
October 16, 1997 

Combined Radar lndicator Area = 310.2 m2 
Percent Combined Radar lndicator Area = 44.5X 

Surface Area = 697.2 rn2 Cornbined Radar lndicator Area = 158.9 rn' 
Surveyed Surface Area = 697.2 m2 Percent Cornbined Radar Indicutor Area = 22.83 
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