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ABSTRACT

Electrical resistance (R) of concrete is sensitive to chandbe ohemicaphasesnd physical

structureof hydrated cement paste, moisture contenttaedphysical structure of concrete.

Therefore R is influencedby both carbonation and chloride ingress. However, in a structure,

subjectedo a combination of carbonation and chloridaswhich there arecomplexchanges
to both physical and chemicatharacteristicsof hydration productsthe use of electrical
resistance measurementagsesthe durability of concretis still limited. In thisinvestigation
four different combinations of carbon dioxide and chloride exposure regimes usedo
examinethe relationship between the electrical resistadegreeof carbonation and quantity
of chlorides(or chloride content)t has been found that fooncretes with atablized relative
humidity, the electrical resistance is sensitivedement hydratiorandvariatiors in chloride
contentin both independent chloride exposure regime and combined chloridadrmhation
regime However,the relationshifpetween electrical resistance ahd tlegree of carbonation

is not thatpronouncedor accelerated carbonatidest regimdor three month.

Key words: electrical resistanceshlorideingress carbonationrelative humidity combined

carbonation and chloride ingress
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INTRODUCTION AND RESEARCH SIGNIFICANCE

The electrical resistance (R)used nowadays assess the durability of cemdratsed materials.
Numeroussensors and monitoring systems have been developed to determine this ,property
such as the Anode Ladddy), the Multi RingElectrodeg(2) and the Covercrete Resistance Array

(3). Due tothehigh sensitivityof electrical resistand® chemicaland physicathanges in pore
structureof concretethe electrical resistanegalreadyusedn structurego monitor theingress

of chloride ions (C) in cover concretél-4). Despitenumerougractical applications dahis
approach interpretation ofelectrical resistancdata to assesaccuratelychloride profile or
chloride contentis still a challenge because of the high levdbatkground noises fromther

factors,e.g.hydration, temperature and moisture content (4).

Both the independent and combined effect€ah and Cl are frequently associated with the
corrosion of reinforcement in structures exposed to the atmospheric and tidalirzdimes
marine environment (5, 6), in abutments of bridges or in concrete tunnel linings cauasinuct
cold regions, where sak used for melting ice ithewinter (7). Results from x@sting studies
haveclearly showrthat concrete expasito CO; is less resistartb Cl” (8-10). Thiseffectis
complexand hasot beenfully considered in the aboveracticalsituations Thus, theras a
compellingneed to propose an easy, rapid and reliapleroachto identify the rate of ClI
ingress and carbonation undleese combined conditions. Electrical resistance igpotential
parameter which is sensitive enough to detect changes in moisture, ion concentiétion an

microstructureAt the moment, the individual effect tliese factor®n electrical resistance
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signals havdeenwidely studied which can be used to remove correspondifigences on
the electricalresistance dataHowever, theeffect of carbonation induced changes in
microstructure and chemical composisam concrete on the electrical resistance sigisasl|
unclear so as to validate whether it is possible to assess the ingressrot@icretes with a

satisfactory degree under the combined carbonation and chloride ingress exposures.

Against these backgrousc systematiénvestigation was carriedut toclarify the influence

of CI" and CO, on electrical resistancén cover concretewith an aim of proposing a
methodology taleterminghe chloride profile from resistance results. New analytical methods
are offered, thus assisting the industry to more easily estimate the ctposide from a
coupled transport process and accordingly predict the service life. Aanakiph of the
andytical procedure is also given, thus helping researchers who have queried the# thasis

method.

EXPERIMENTAL PROGRAMME

Materials and Test Specimens

Details of the mixes used in this investigation were the same as those reportedvilnasp
paper by the authors (s some readers may not have access to this paper, details relevant to

this paper are given below.
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Table 1 gives detailed proportions of the concrete mixes used in this study. All tke mete
selected according the British standardS EN 206(11) for designing concretesxposed to
medium exterst of carbonation (XCzlasg, chloride induced reinforcement corrosifrom
deicing salt{XD2 class)andmarine environmentX{S2 clasg for an expected service life of
50 yearsTherefore, they had a w/b of 0.55 and a total binder conter@Kga’ (19.968
Ib/ft3). Three types of binders were used, Portland cement (PC), Pulverised Fuel Ash (PFA)
and microsilica (MS). Based on the w/b and type of binder used, the three mixaschee ds
0.55PC, 0.55PFA and 0.55PFA+Mhe sump of the fresh concretes was adjusted in the range
of 50 to 90mm(1.95 to 3.51 infwhich isS2 classn the British standard BS EN 2By using

a polycarboxylate based superplasticiser.

Three types of concrete blocks were manufacttoedarrying outdifferenttests

() Blocks of size 150x150x80m(Fkig. 1a) with four embedded PVC tubes of different lengths
(10, 20, 30 and 40mn{D.39, 0.78, 1.17, 1.56 )invere cast for monitorinthe RH of concrete
(Fig. 1b) during conditioning and carbonatiofhe details of experimental procedures were

described by Russe# al. (12).

(i) Blocks of size150x150x80mm embeddedth four pairs ofelectrodesat the depthof 5,
15, 25 and 35mn{0.195, 0.585, 0.975, 1.365)invere manufacturedor monitoring the
development otlectrical resistanaencer the different exposureBhestainless ste@lectrods
had a length of about 200mm and wrapped with electric insulation tube, leaving a 10mm (0.39

in) strippedpart at the middle for testing thelectrical resistanceThe configuration of
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electrodes ishown inFig. 2a.

(iii) Blocks of size 500x5Ix80mn? (19.5x19.5x3.12it) were cast for coringb75x80mm
(©2.925x3.12in)cylindrical specimens. After each exposure regime, two replicate cyinder
were used to determine the extent of carbonation and degree of chloride ingrgssaisods

described beloywand the average kees are presented in the paper.

All specimens were covered with polythene sheet and placed in a room at a tempgrature o
20+2°C (68+3.6F) for 24 hoursinitial curing The samples were then demoulded and were
subjected to another period of 55 days of curing, which includgdr curingfor 6 dayswith
controlled temperature @0+1°C (68+1.8F) and storage in a roomnvironmentat 20+PC

(68+1.8F) and 60+5% RH for 4¢9ays.

Exposure Regimes and Test M ethods

The independent and combined carbonation and chloride ingress regimes arg defole
yCO,, yCO+XCI and XCI'+yCO,, where x and y indicate the duration of exposure to chlorides
and carbon dioxideespectively. For exampleCX indicates that these samples were exposed
to ‘'x’ months of chloride ingresyCO,+xCl" indicates that the concretes were exposed to a
combined carbonation and chloride ingress exposure regime, startingyithonths of
carbonation and a subsequent immersion in chloride solutior’foronths Furthermore,isce

the measured electrical resistances also influenced by boththe continuous hydration of

cement and moisture/water content of the sampl@strol exposure regieshavealsobeen

8
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consideredor assessing tise twoeffectson the testesults. ©@rresponding to th&xCI” and

‘'yCQ', the control regimeare respectivelgenoted asH O and YAir’ in this studyln all

the designed regimesjaximum duration for the carbonation and chloride ingress processes

was three month#r practical reasons of completing tladoratory studywithin the project

duration.

As the ingress o€l andCO; in concretes and the measured electrical resistance \akles
stronglyrelated tathe moisture conditioni.e. water contentof the concreteshe test samples
were conditionedo a constant RH value before the carbonationthe@nmersionin chloride
solution In boththe individual and combined regimesampledor the‘CO," and ‘Air’ test
regimeswere conditioned to a consistenternalrelative humidity RH) of 65+2% beforethe
exposureandthose for CI” and ‘H>O’ test regimesvere conditionedo a fullywater saturated
statein advancelt has been establishedeviously that the internal RH could be relied on for
interpreting results on the effect of moisture contena@ henceno separate measurement of
the moisture content was carried ddtails for theRH conditioning procedurbave also been
reported inthe previous pape(8). The entire cuing andconditioring processes laat for a
duration of approximately 4 months, which was then followed byg#éneonation or chloride

ingressexposure regimes

Forthecarbonatiomprocessthe carbonation chamber was kept at 2G{68+1.8F), 5+0.1%

COz and 65+2% RH, and the corresponding contfat’ exposure waat an environment of
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20+1°C (68 +1.8F) and 65+2% RH. &r the chloride exposuresodium chloride solution
(165g/1 (1.252Ib/f})), asdefinedin NT Build 443(13)and corresponding to the chloride content
of some marine conditionsvas used ata temperature of 20#C (68+1.8F) and the
environment forthe control ‘H.O’ exposure was a water tank containing tap watea

temperaturef 20+1°C (68 +1.8F).

Duringall thetestregimestwo cylindrical samples of each mix were takenemary two weeks
for assessing the degree of carbonation and chloride ingi@sder samples were extracted
by progressively profile grinding from the exposure surface in layers up tqth dé
approximately 30mm. In the region that was close to the exposure suramen){0-0.195in),
the degree of carbonation and the chloride concentration were ebldtighand changein
degree of carbonation aruhloride ingress were obviouSherefore powder samplesvere
extracted every 1mnf0.039in to determine the extent dlfie ingressAt the inner depths
(beyond 5mm(0.195in)) the degree of carbonation as well as the chloride concenthattbn

relevantlysmalker differenceand hence dust samples were collected fromnmZ0.078ir) to

3mm (0.117in)deep layer of concrete. The exact location of the depth at which the powder

samples were collected was measured by wsWegniercaliper.

The powder samples were analysedtfa@racid solublechloride content in accordance with
RILEM TC 178 TMC recommendation&l4). Meanwhile thepH of solution that was obtained

by digestinghepowder samples in deionized water was determined, waslused to indicate

10
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the alkalinity of concret® referredto asthe apparent pH15). For this purpose, 1+0.001g
(0.0268+0.00000268)mf powder sample from each layer was digested with 20:00122ir)
of deionized water. By further analysis of the results, the amount of consumed diferent
depths of the samplegsascertained usingqg. 1, where the ptland the pKare the apparent

pH results measured before and after the exposure.

Consumed OH™ = Initial OH™ — Remaining OH~ = 10PHo~14 — 1QPHx~14 (Eq. 1)

The sample$or measuring thelectrical resistance were taken &om the exposure regimes
(chloride as well as carbonation) at every 7 days and measurements weck a#rusing a
handheld LCR meteDuring measuremesytalternating current with requency of 1kHzavas
selectedand thecathode an@nodeof the metemwere connected with the stripped part of the

electrodegas shown irFig. 2b).

For the chloride exposure samplésge water orthe surface ottest specimenand electrodes
waswiped with tissuepaperbefore carrying out measuremer@ice the measuremsniere
completedthe tessamples were put back immediately ¢dontinuing with theexposureln the
case of samples exposed to carbon dioxide, in addition to the weekly determaiatien
electrical resistivitythe RH at the four different depths from the exposure suréd@®ncretes

(Fig. 1) wasmeasured agvery two weeks with a digital RH meter.

11
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PRESENTATION AND DISCUSSION OF RESULTS

M ethodology of interpreting theresistance data from chloride exposur e tests

Figure 3a- 3c show the changes the asmeasureelectrical resistance (R)r thethree tested
concretsunder thé3H>O’ regime while Fig. 3d is thenormalizd resistange.e. R/Ro, where
R: and R indicate the R valismeasured usinthe electrodes atifferentexposure duration
and beforethe exposureespectivelyfor the 0.55PC mixThe data in these figures will be

discussed in the next section.

As highlighted in the introduction, R values are affected bgégeee of hydratioand internal
environmental conditions of the concrete, viz. temperature and relative humiditiz, echild
vary at different depths from the exposure surf8genormalizing the resistance, the effect of
depth on the resistance variation can easily be identifi¢dg. 3d, obviously there is no effect

of depth on the resistance variation with time, which would confirm that the dedrgérafion

and internal environmeritgonditions at different electrode depths were similar across the

tested depths.

Another parameter that will be used for the interpretation of data is the ratlvange in
resistance between Bhd R to R,, AR (Eq2):

__ Rt—Ry
=

AR (Eq. 2)

This ratio indicates the change in resistance with time of a sample subjectededfia sp

12
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exposure, R compared to the resistance of a control (expesed sampleRo, expressed as a

ratio with respect to the latter. iR gives the influence of exposure on change in resistance

with time, for a specific depth in the concrete.

Figure 3d alsoindicates thafor the'3H>O’ regime(i.e. under thewvatersaturated condition
thenormalizdR of the concretatthe 35mm (1.365in) depth can be useddsesshe effects
of cement hydratiomacross thevhole depth of theoncretespecimenlt can also be expected
thatwhenthere isthe chloride ingresshe difference oAR betweerthe electrodat any depth
of the exposed sampéandthat at35mm (1.365inpf the control, norexposed samplean be
used to quantifyhe influence of ingres€l" on the Rvalueat that specific deptfil6, 17,

expressed using EQ.3:

ARy = AR; — AR,/ (Eq. 3)

where AR, indicates the difference abrmalzedR valueata specifiadepth AR; represents
thenormalizdR valuefor the specifielectrodeembedded at the depth 6fmmfor the sample
exposed to the test conditiakRref represents theormalzedR valueof thereference electrode

i.e. the 35mm (1.365imglectrodefor the control sample not exposed to the test condition.

Influence of the 3CI- regime on electrical resistance

Figures 3a - 3c show thain each concreterior to the three months immersionwater,theR

valuesweremostlyin the range of 2 t@ kQ (in the0.55PFA+MS the 35mm(1.365in) value

13
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was slightly highethan the other three depthshe PFA and PFA+MS concretes had a higher
R than the PC concrete, indicative of the denser pore structure of these concrettdygtnes
two supplementargementitious material€l8). For the three concreteixes inFig. 3, the
measured values atifferent depthéncreased graduallyith theduration ofwater immesion,
which can be considered to be due to the continuous hydratithre afementitiousnaterials
(16). The difference in slapfor the R values at 35mifi.365in) depttgivesanindicaion of

the effect ofdegree of continuous hydratiaiuring theimmersion the order of which is

PFA+MS> PFA> PC.

Figures4a- 4c presenthechanges iR values for theoncretes immersed the NaClsolution.
Compaedwith the resultof the three concrete mixessted in the 3kD regime(Fig. 3a - 3¢),
the initial Rvaluesof the corresponding thremncreteshere arevery close However, he R
valuesof the concretesnmersdin thechloridesolutiongradually decreased #ge immersion
duration increase(Fig. 4), primarily due to the increase afiobilized CI" in the sampless
reported by otherfl7-19). The decreas@ R valuesmeasured witlhefirst tier of electrodes
nearer to the surface was evident, particularly for concrete mixes cogtaumplementary
cementitious material$-{(gs. 4b and 4c), whichis considered tbedue tothe relatively higher
content ofCl", and associated higher chloride binding by hydrated cement phtesnear

surface laye(18, 19).

14
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Relationship between ARq4 and chloride concentration for 3Cl- regime

During the ingress dEl into concrete, the Ralue start€hangingonly whenClI arrives at the
sensitivetestdepth(STD) of electrodesAccording toa Finite Elemenstudyby Rajabipouret

al. (20), theSTD of a pair of electrodes in a homogeneous materil.6~+0.6d,c, where he
‘deic’ refersto the distance between the two electrodes10mm in this studyThe‘+’ means
depth above the electrodes and theéndicatesdepth below the electrodess R changes with
the increasén CI" content it can be expected that there is a corresponding influen&&bn
From Fig. 4d, for a concretsubjected to chloride immersigime ratio ofR valuesheforeand
after thechloride ingresss approximately0.5and hence, based on the analysis by Rajabipour
et al. (20), the STD of electrodeschangesslightly to the range 0f0.5~+0.6di.. Table 2

summarieshe STD of the embeddedlectrodsin this study

Theingress ofCIl™ during the three months ahmersionin NaCl solution and its distribution
in the three concretegerereported in a previous pap@). With the CI distribution profiles
thecontent ofCI" (Qcr) thatledto changein the Rvaluescan be determined by integrating the
area under th&€l distribution profiles at theorrespondingSTD, asillustratedin Fig. 5.
Therefore, to establish the usefulness of electrical resistance measuydneetiRg from Eq.

3 can be compared withcQ as shown irfrig. 6 for the 3Cl exposure regime.

As the grinding bits used for extracting powder samples to detetimnegress ¢ Cl and
degree of carbonatiowere of a length of about 30mr{iL.17in),the content ofClI- and OH

15
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beyond this depth was not availabfeiwrther the R value from electrodes at a deptt3®finm
(1.365in) did not preseminyobvious change this study.Therefore, theelationship between
the R value and the ingress©f wasestablished ifrig. 6 basedon R valuesobtainedfrom

electrodest the depthsf 5mm (0.195in), 15mm (0.585in) and 25mm (0.975in).

Resultsin Fig. 6 indicatethat generallyARq4 decreased witaAnincreasan Qci in all the three
concrete mixes, buto generarelationshipcan be established for the thnedxes together
Furthermore,Qcr and ARq corresponding tahe top layer, i.e. 0-5mm (0.195in) varied
significantly. Thisis becauseanost ofthe CI" ingresswas at this layeresulting inan increase
in the @ value anda correspondinly decrease iMRq. At the inner depthof concretese.g.
0.55PC 15mm(0.585in)and 25mm(0.975in)and 0.55PFA 25mn(0.975in), Q increased
during the three months of immersidyt the variationin R was not obviousThis indicates
thatR did not decrease instantly when the chloride ions entere8TibDeof the electrodedt
might be due to the effect of chloride bindibg hydration productg21), which will not
contribute to the electrical current flow during the electrical resistancenestdition to this
for the 0.55PFA+MS 15mn(0.585in) result, Q@ was relatively stablewhile the ARy value
changedsignificantly which is an unexpectgghenomenothat requires further investigation.
Based on the different tresabtainedit can beinferredthat theelectrical resistance related
parameterARg, cannotsatisfactorilyidentify the amount o€l ingress into théhree concretes

in the 3Clregime

16
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Influence of the 3CO2 regime on electrical resistance

Figure 7 showschangsin R valuedor the three concretmixes whenexposed to 3 months in

the ‘Air’ environment(i.e. 20C (68F), 65% RH) The asmeasureddata Figs. 7a - 7c),
especially for those at inner depths, indicate thatsémaples weren a relativdy stabe
condition. t can also be sed¢hatR valuesfrom the5mm (0.195in)klectrodewererelativdy

higher than thatfor electrodedrom other depthsThe higher R value fathe surfacewas also
observedy McCarteret al. (19) andthis isdue to a combination of different factors, including
the wall effect during the manufacture of tepecimenswhere theproportion of coarse
aggregate, mortar and cement paste in the surface area is different froithinatreer concrete.

In addition, during curing and conditioning of the test specimens, the moisture in the near
surface region might have evaporated, leading to a modest level of carbonation, botthof whi

could lead to a higher resistance at tigntim (0.195in) region.

Figures 7a - 7c also show thathe Rvalues forthe 5mm(0.195in)deep electrodescreased

with the exposureluration When the concrete blocks were exposed tdAliré environment

at 20C (68F), 65% RH, it is highly likely that there was the slow release of moisture from the
near surface region as well as mild cardkoon, both of which are known to increase the
resistance. When R values at the 5r{ril95in) depth for the three concrete mixes are
compared, 0.55PFA had the highest change in resistance, followed by 0.55PFA+MS and the
0.55PC coming last. That is, the combined effect of drying out and mild carbonation is the

highest for the PFA concretes.

17
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At theinner depthg15-35mm (0.585-1.365in)XheR values forthe PFA and PFA+MS$vere
higher tharthatof the PC similar to the datan Figs. 3 and 4, whichis believed to be caused
by the refinement of pore structubgy PFA and MS8, 12. Based on the trendsbservedn

Fig. 7, it can be concluded that thevBluesfrom the 35mm electrode are able to exclude the

effect ofexposure to ainvhich is similar tovhat wasdeducedrom the 3HO regime.

ThenormalizdR valuesin Fig. 7d continually increased during the test duratimeaning that
there was continuous hydration BE in the 0.55PCconcrete Results for both 0.55PFA and

0.55PFA+MS (not presented here) were similar to that for 0.55PC.

Figure 8 shows thechanges iR valuesduring the three months of exposure©,; Figs. 8a

- 8c presentinghe asmeasured datandFig. 8d showingthe normalizd electrical resistance

ratio for the 0.55PCconcrete In Fig. 8 two different trends can be sefr the change in R

value with time for the electrode at 5n{th195in) depthone for the 0.55PC concretég. 8a)

and the other for the two concretes containing supplementary cementtbeisals Fig. 8b

and &). In the case of 0.55PC concrete, the R value for the 5mm (0. E&atiodencreased

initially and then continually decreased. However, there was a sharp decrease in R value for
both 0.55PFA and 0.55PFA+MS concretes. Thesatanis can be explained by relating the

electrical resistance changes to the degree of carbonation.

As reported in a previous pap@8), the degree of carbonatioamthe three concretdsllowed a

18
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descending order of 0.55PFAX55PFA+MS >0.55PC Further, foreach concrete blockhe
degree of carbonation tite surface laye(0-5mm (0-0.195in) depthyas relatively higher than
that at inner depth(>5mm(0.195in)). Combininghese findinggrom (8) with the changes in

R values inFigs. 8a - 8c, it can bededucedhatthe R values decreased sharply for concretes
which were carbonated extensivemhilstthe PC concrete which carbonated the least had an
increase in R value initially, followed by a gradual decrease with exptisie Basheekt al.

(22) founda similar trendin R valuesduringtheir accelerated carbonatioviz. R increased at

the initial stageof carbonation, which was followed byshght decreaswith further exposure

to CQ. They alsodetected an increase RH with increasedcarbonation. Therefore, they
assigned the increase in R value to the pore refinement (densification of porets) due
carbonation and the gradual decrease to the increase in RH value with the prbgress o

carbonation.

Thesignificant decrease R value foboth 0.55PFA and 0.55PFA+MS concretes is considered
to be due to the presence of carbonation indwtadks in theD-5mm (0-0.195inyegion
Further gradual decrease in R values for these two caseibthm (0-0.195injegionis due

to an increase iRH from 55% to 796 (values measuredom the RH samples)

Relationship between ARq4 and degree of carbonation for 3CO2 regime

As seenn Fig. 8d, the R ratio during and prior to the carbonation varied in the range of 0.1 to
3.5 anahis canaffectthe STD of electrodeso a limited extenaccording tadRajabipouret al.’s

19
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results(20). Thereforefor establishing the relationship between R and degree of carbonation,

theSTDwas assumed to be the same as that for the chloride ingress sgidgnas Table 2.
Following the similar methodologys presentefdreviously,the correlatiorbetween degree of
carbonationrevealed by amount of consumed U8) ) andARy in the tested three concretes
can bedeterminedbtainedandFig. 9 shows the resuli€learly,there is nstrongrelationship
between the two parameters, whighould be de to the interelated influence of
microstructure modifications and RH changes during the carbonatitwe AR4. Therefore, no

further analysi®n this relationshipvascarried out

Relationship between ARq4 and chloride concentration for the 3ClI'+3CO2 regime

The measured electrical resistances for the three types of concrete 3Q1-##@C0O2 regime
were analysed by following the procedures described in previous seatidie relationship
between the change mormalizdR values ARq, andtheamount ofCl" in theSTD, Qcr, was
established for the three types of concrelfeg. (L0). The data irFig. 10 are for the 3CQ@part

of the exposure regime, but stdinalying for establishing the relationship between CI
distribution and the electrical resistance variatiddiearly, the two parameteege linealy
relatedfor all three concretmixesandthe value oARy decreasewith an increase iQci. This
confirmsthat Rvaluescouldreveal thedistribution and content @l in concretes during the
CO; stage of the GI'+3C0O, exposure regimemuch better than the relationship obtained in
Fig. 6 between the two parameters for the "3€gime The concretes were inralative dry

condition RH betweerb0%and70%) during the three months of exposure to.CO
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Relationship between ARq4 and chloride concentration for the 3CO2+3Clregime

Figure 11 shows the relationship betwe&aRq andQci in theSTD during the chloridengress
stage of the BO,+3Cl regime It can be seen th#lte ARy decrease with anincrease iQcr

and once agairthe relationship betweethe two parameterss linear Therefore,it can be
concludedhat the Rvalueis capablef identifyingtheingress ofCI" in concretes wheaxposed

to the £O+3CI regime.

The possibility of using electrical resistance to assess ingress of Cl™ in concr etes

Based orthe previous analyss of the relationship betweenRq of electrodes and € after
exposing to variougombinations ofregimes(Figs. 6, 10 and 11), it is clearthat the two
parameter$ollowed approximaty alinear relationshipalthoughthe coefficient of regression
(R?) for some of thelatasetss notvery high. The coefficients of regressicanalysis formll the
cases reported this papearesummarizedn Table 3, together with the initial asieasured R
value(in kQ) at the 35mm (1.365in) depfior the control specimens before subjectiogny

of the exposures.tican befound that the relationship is the best for the *88L O’ regime
followedby the 3CO+3CI” regime,whilstthatfor the‘3CI” regime was relativelgoor. This
does not followthe asmeasure R valsof concretes prior to the exposure, whibkans that
the influence oRH and degree of densification of the concrei@ing the exposure need to be

studied further.
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Figure 12 showsall the databtained from the three chloride exposwgmes, viz3CI+3CQ,
3CO:+3CI" and 3CI, and thetwo parametershowa relatively strondinear relationship. It
may be notedhatthe regressioanalysis wagarried oufor the 0.55PFA+MSoncretg(Fig.
12c) after discarding the data from tBenmdeep electrode®r the 3Cl regime(Fig. 6¢) due
to the absence of any specific trend for this datadA#tbough micocracks were present at the
near surface layer of the concretestioe 3CO+3CI exposureresuts in Fig. 12 show that

these cracks did not have any influence on the relationship betweam@\Ry.

CONCLUSIONS

Based on the resultbtainedn this study,thefollowing conclusions have e drawn:

1. During the exposure of concrete to individual ammmbined carbonation and chloride
ingress regimesonce RH of concretes is maintained without significant variatioe,
electrical resistance at various depths of concretes can effect¥lelgt the influence of:

(a) the continuous hydration of cement during the expofyeariation inCl- contentsn
concretes(c) the combined effect of chlorides aodrbonation of concretes.

2. The change imormalized electrical resistancéARq decreasetinealy with an increase in
the content of Clin the sensitive test depth of therrespondinglectrode Qci and ths
relationshipwas different for the three concrete mixes.

3. The relationshippetweemRq and the extent of carbonation in the sensitive test depth of the
corresponding electrode o was very poor, which was related to the complex interactive
effects of pore modification and change in RH due to carbonation. Thereforeicalect

resistance cannot be used to assess either the onset or the degree of carbonation
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4. Monitoring the resistarec profile within the concrete cover allowse assessient ofthe
variation of chloride contents in concrete under the combineda@® chloride exposure
conditions, provided the influences of hydration, temperature and mogstuesistance
are removed. &cording to the results obtained, the resistance alone, however, is not
sensitive enough to assess the carbonation prevesswithout thenfluencefrom these

factors.

It should be highlighted that the conclusions obtained are based on the specifiereexpos
regimeswhichdid not fully coverall practical situations. It means that further study is required
to verify the proposed approach under different combinations of environnoemniditions.
Another aspect that requirethe attention is that the observations were collected from a
relatively shorduration of exposurand therefore, a longerm experiment should be carried
out to further assess the link between thecdBhtent and resistance at different ages and
combinationsof exposure regimes. Finallg field study would be very valuable &stablish

the reliability of the laboratorhpased researcfor establising a reliable, rapid and easy

technique for monitoring concrete durability.
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Table 1. Mix proportions used

Quantities (kg/rf)
Mixes whb  "PCTPFA| MS | Sand | 10mm | 20mm | Super | Water
Agg Agg plasticiser
0.55PC 0.55 | 320 0 0 683 663 663 1.60 176
0.55PFA 0.55 | 224 | 96 0 677 658 658 1.68 176
0.55PFA+MS| 0.55 | 272 | 32 16 679 659 659 2.18 176

(Note: 1 kg/m= 0.0624 Ib/f}; Lmm= 0.039 inThe backgroundl concentration in the three concretes was

1.0%, 0.8% and 0.7% by mass of concrete, respecjively.

Table 2. Sensitive Test Depth (STDf the embedded electrodes

Electrode location | Sensitive test depth
5mm 0-11mm
15mm 10-21mm
25mm 20-31mm
35mm 30-41mm

(Note: Imm=0.039 in.)

Table 3. Coefficient of regression and-asasured R values for the concretes exposed to vatitaride

exposurgegimes

Exposire 0.55PC 0.55PFA 0.55PFA+MS
conditions Ro,35mm (kQ) R2 R0,35mm(kQ) R2 R0,35mm(kQ) R?
3Cr 2.0 0.75 3.4 0.66 57 0.51
3CI+3CQO, 21.2 0.71 50.6 0.84 39.7 0.86
3CO+3CF 3.0 0.59 8.7 0.81 12.5 0.91
All data - 0.59 - 0.64 / 0.87*

* Results from the 5mm electrodes of 3@igimewereexcluded.
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