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Abstract

In establishing the reliability of performance-telh design methods for concrete — which are
relevant for resistance against chloride-inducedostn - long-term experience of local
materials and practices and detailed knowledgénefambient and local micro-climate are
critical. Furthermore, in the development of atiabl models for performance-based design,
calibration against test data representative afed@onditions in practice is required. To this
end, the current study presents results from fidles concrete pier-stems under long-term
exposure to a marine environment with work focugsam XS2 (below mid-tide level) in
which the concrete is regarded as fully saturateti S3 (tidal, splash and spray) in which
the concrete is in an unsaturated condition. Tlegp@sures represent zones where concrete
structures are most susceptible to ionic ingres$ @eterioration. Chloride profiles and
chloride transport behaviour are studied using laotlempirical model (erfc function) and a
physical model (ClinConc). The time dependencgwface chloride concentratioBs and
apparent diffusivity D,) were established for the empirical model whereashe ClinConc
model (originally based on saturated concrete), twaw environmental factors were
introduced for the XS3 environmental exposure zoikhough the XS3 is considered as one
environmental exposure zone according to BS EN20@643, the work has highlighted that
even within this zone, significant changes in cl@ringress are evident. This study aims to
update the parameters of both models for predidtireglong term transport behaviour of

concrete subjected to environmental exposure @asSe and XS3.

Keywords. concrete, full-scale testing, marine environmerdgdetling, durability,

performance.



1.0 Introduction

The most predominant process associated with re@foconcrete deterioration is the ingress
of water contaminated with chloride either fromaileg salt used for snow and ice control on
roads for winter maintenance purposes or from taema environment where, for example,
bridges span tidal estuaries. Because the useioing salt is likely to continue for the
foreseeable future, and concrete structures willags be placed in, or near, the marine
environment, little can be done to prevent strieguirom being exposed to chloride salts.
The premature deterioration of concrete structahés to chloride ingress and subsequent
corrosion of the steel reinforcement is a world-evgroblem and imparts a significant drain
on maintenance resources, not only in terms ofréheedial work required, but also in the
costs associated with periodic inspections andntggbgether with indirect costs such as
traffic delays and lost productivity. Accordingttee survey by Nwaubani and Katsanos [1],
the maintenance expenditure of many developed desaritcluding the US, Canada, Japan,
Australia and the UK resulting from the prematurgéederation of concrete bridges was
estimated to be in the range 0.01-0.1% of grossedtimproduct (GDP); in addition, the
indirect costs due to traffic delays and lost pihity resulting from bridge maintenance
and superstructure replacement programmes are thare ten times the direct cost of

corrosion.

The deterioration of concrete structures exposechltoride-rich environments is inevitable,
hence the long-term performance of concrete assamasiportant role in ensuring durable
concrete structures. The concrete composition thedconstituent materials need to be
closely defined to enable the required level offgremance to be maintained, hence the
growing interest, and indeed need, for performdrased specifications. Performance-
related methods — which are more relevant to camna®sistance - consider, in a quantitative
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way, each relevant deterioration mechanism, th&wwgrlife of the element or structure and
the criteria that define the end of this workinfg I{e.g. time to corrosion initiation). The
level of knowledge of the ambient and local miclimate is thus critical in establishing the
reliability of performance-related design methodalthough BS EN 206 [2] still defines
prescriptive design methods for durability, Seco8.3 of this code allows for performance-
related methods and defines concrete on the bdsis equivalent durability procedure
(EDP); further detail on the EDP is presented inGEN/TR 16563 [3]. However, in order to

fully implement a performance-based approach reguir

() long-term experience of local materials andcgices, and on detailed knowledge of the

local environment;

(i) test methods based on approved and provers thstt are representative of actual

conditions and have approved performance critand,

(i) analytical models that have been calibrategiast test-data representative of actual

conditions in practice.

Regarding (iii) above, a number of predictive medehve been developed and have become
increasingly more refined owing to our improved erstanding the chloride transport
mechanisms in concrete. These models range froplesi empirical models based on Fick’s
2" law to determine the propagation of chloride witltoncrete [4-6] to more complex,
physically-based models using the flux-balanceesysif equations. Regarding the latter, the
ClinConc model [7, 8] focusses on the mechanisntsiroig within the concrete, namely
diffusion and chemical interactions; the STADIUMmodel [9], which is a multi-ionic
transport model and, in addition to diffusion arigtmical interactions, considers electrical

coupling of ions in the pore solution. The morelssticated service-life prediction models



become, most, if not all, cannot accurately prethietperformance of a concrete in different
environments without previously carrying out exfeascalibration measurements [10] to

evaluate, surface chloride concentrations, capilp@rosity, chloride binding etc.

It is evident that an additional refinement is regdito both the physically-based model and
empirical model to cover local conditions as theskimately, influence the long-term
movement of chloride into concrete. This refinemenhances both models for predicting
chloride transport in th&arget structure. To this endhis paper uses data obtained from an
extensive chloride-profiling programme undertakemroan 8-year period, together with a
more limited study at 20-years, to evaluate bottpignally-based and physically-based
models. The testing was undertaken on full-scabecrete bridge pier-stems exposed to a
marine environment represented by the followingremmental classifications defined in BS

EN 206 [2] and BS 8500-1 [11],

(1) XS1 — exposed to airborne salt but not in directtact with seawater;

(i)  XS2 - permanently submerged which also includesaiicrete below mid-tide level

i.e. at a level were the concrete remains satuaatddas little/no time to dry out; and,

(i)  XS3 - tidal, splash and spray zones.

This paper focusses on XS2 and XS3 exposure classes

2.0 Empirical and Physical Modelsfor Chlorideingressin Concrete

2.1 Empirical (Fickian) model based on the erfc faton

Assuming that diffusion is the dominant transpoectranism, the chloride profile in concrete

can be expressed through Fick's Law for one-dinoiasidiffusion as,
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Where,C; is the total chloride content (free and bound c¢ti&rat the exposure time, t (sec)
at depth ofx (m) from the surfacd), is the apparent diffusion coefficient {s). Provided

that both the diffusion coefficient and surfaceocitle concentration are constant in the
duration of exposure, the solution to (1) gives basic empirical model which can be

expressed in terms of the error function complenfeniit) as [12],

X
C.(x,t) = (C,-C,)erfc Zm 2)
In this equation(; is the equilibrium chloride content on the conerstirface and; is the
initial chloride content of the concrete before #wgosure to the chloride environment.
Hereinafter this will be referred to as the erfcdalo The calculation is simple and
convenient and, in addition, the values of paramsé&gandD,can be easily estimated from
experimental or field data using regression analygHowever, this model has limitations
when applied to concrete [13-15] and a number oflifftations have been proposed to
account for the time-dependency of these param#tesaghaging factors, some of which
are presented in Table 1 [16-24]. As the factgpliad on G and 0, are determined
empirically they can vary within wide limits [25-R8If the values derived from a particular
test are then used to predict the service life autltonsideration of environmental conditions,
the predicted chloride ingress is likely to be imeot. However, due to its simplicity and
wide use, this formalism has been used in the oustidy to obtain the basic parameters
which provide information on the long-term behaviadr chloride transport in concrete

exposed to a marine environment.



2.2 The ClinConc Model

This is a physical model which uses a flux equabased on the principle of Fick’s law [7,
8]. A numerical solution is obtained using the smbalance equation combined with a non-
linear chloride binding isotherm, with both freexdabound-chlorides considered in chloride

transport. This can be summarised as,

0q, d oC,
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Where,C;, C; andC;, are, respectively, the total, free and bound datidocontentsq,; is the
net flux of free chloride per unit area abglis the intrinsic diffusion coefficient. The model
input parameters include concrete mix proportidnsger components, curing temperature,
environmental temperature and the chloride conagatr in the solution to which the
concrete is exposed. The 6-month chloride migratioafficient, obtained from the non-
steady-state migration test [29], is the only inpatameter which needs to be measured and
there is no requirement for the surface chloridetemn of the concrete which can
significantly influence the result when using thdcesolution. As chloride transport is
modelled by pure diffusion, the model will only dret the chloride penetration profile in
concrete exposed to a marine environment in whielconcrete remains saturated. Chloride
ingress in other zones can also be evaluated bpgaia the boundary (i.e. exposure)
conditions which relate to the degree of contacthef concrete with sea-water [30]. It is
difficult, however, to model the boundary conditiqnantitatively, especially in the splash

and spray zones where chloride ingress by wave/smtion tends to be random.



In the current study, in order to reflect the ramdess in the boundary conditions, two
parameters are introduced which reflect the saturatondition of the concrete {Kand the

degree of contact with sea water{ These are discussed in detail below.

3. Experimental Studies

3.1 Marine Exposure Conditions and Pier stem desail

The test-site was located on the southern causewah leads on to the road-bridge which
spans the Dornoch Firth in north-east Scotland (Sege 1(a)). The bridge, itself, was

completed in 1991 and comprised a precast condestie which was incrementally launched
over in-situ, reinforced concrete piers (Fig. 1(bf total of nine, full-size, pier-stems were

cast and positioned at three different locationgragenting the environmental exposure
conditions XS1, XS2 and XS3 defined above. Eadh-giem, weighing in excess of 10

tonnes, was 2-metres high and octagonal in cragseewith each face being 660mm. The
pier-stems were cast in the steel formwork (Fig)Rwhich was used in the construction of
the actual bridge-piers and reinforced with a coraton of 32mm and 40mm diameter

reinforcing bars in the form of a circular cagethrwd6mm diameter helical links (Fig. 2(b)).

The cover to the reinforcement varies due to theutar cage arrangement and the pier
stems-having an octagonal shape and gave a mincouer to the main steel of 65mm at the
centre of each face. In the current study, onlgradte data from two of the nine pier-stems
are presented — one pier-stem for XS2 exposureoaador XS3 exposure. Reinforcement
detailing, concrete mix (Table 2), formwork andss@ectional dimensions (Fig. 2(c)) of the
pier-stems replicated those used in constructicghefictual bridge. Furthermore, in order to
simulate the full-height bridge piers, where wateldride ingress can only occur through the

sides of the piers, a waterproof coating was dashe top of all the pier-stems.



On removal of the formwork after 1-week, the piegrss were covered with polythene (Fig.
2(d)) before being transported and positioned atthene site (approximately 35-days after
casting). Fig. 3(a) presents a schematic of thé&ipomg of the pier-stems and Fig. 3(b)
shows the placement of the pier-stems at the iest $he use of a plain Portland cement
concrete for the pier-systems (which was that usethe as-built bridge piers) allows

evaluation of baseline/bench-marking measurements.

3.2 Sampling and Chloride profiling

The sampling was carried out biannually over thgain8-years exposure during May and
November - and a further, more limited, study wasducted at an exposure time of
approximately 20 years. The pier-stems were platgmbsition in July 1991 and sampling
started 16-months after placement. At each samgboint on the pier-stems, dust was
collected using a 30mm diameter drill-bit at incesnts: 0-5, 5-15, 15-25, 25-35, 35-45, 45-
55, 55-65mm from the surface; the diameter of thielt in relation to the maximum size of
the aggregate (20mm) was considered appropriaedtae errors caused by drilling through
aggregate particles. The drill-bit tool and dnte were cleaned between depth increments
to reduce the possibility of cross-contamination saimples from different depths. On
completion, the drill-hole was grouted with mortaPowdered samples were analyzed for
total chloride content (i.e. acid soluble) in actaoice with BS 1881: Part 124 [31] and BS

6337: Part 4 [32]. In summary, samples were obthat the following locations on all faces:

(a) Pier-stem 1: 0.2, and 1.0m above the base @ttvonment in accordance with BS

8500-1 i.e. concrete below mid-tide level);

(b) Pier-stem 2: 0.2, 1.0, and 1.8m above the §XS8 environment: concrete in the

tidal and splash zones);



In relation to the current work, only faces 1, 2 & (seaward) on pier stems 1 and 2 are
considered for chloride profiles; furthermore, neljag the XS3 environment defined above,
this is further divided into three zones and intikdeon Fig. 3(a): the high-tidal zone (denoted
XS3:H-T), the low-splash zone (denoted XS3:L-S) a&hd high-splash zone (denoted
XS3:H-S).  Approximately 44 months after placemesix, 50mm diameter cores
(approximately 60mm in length) were taken from fade5 and 6 of pier-stem 3 to evaluate
the porosity and degree of saturation of the cdacreThe cores were dry-cut and it is
assumed that this has negligible influence on theture state of the core. After removal

from the pier-stem, each core was tightly wrappét several layers of cling-film.

The temperature of the concrete was also monitbseémbedding thermistors within the
surface 50mm of small concrete slabs positiongdeasame locations as the pier-stems. The
3-day average temperature of the concrete is piedém Fig. 3(c) which covers the months

the chloride sampling programme was undertaken.

3.3 Migration Coefficient

In order to use the ClinConc model, the 6-monthratign coefficient is required. Samples
for the migration test were cast using the samespeécification as that used in the pier stems
(see Table 2) thereby conforming to theference concrete defined in the equivalent
durability procedure specified in Section 6.2 of BEN/TR 16563:2013 [3]. Additional 28-
day compressive strength tests were also carrieding 100mm cubes and, for migration
testing, 100mm (diameter)x300mm cylinders were ¢asPVC moulds; 24-hours after
casting, the samples were placed in curing tanterA-months curing, three concrete disks
were extracted from the middle of the samples ugiignond saw and the migration

coefficient determined following the test procedwecified in NT build 492 [29]. The



results for compressive strength and migration fameht of the reference concrete are

summarised in Tables 2 and 4 respectively (mearegal

4. Results and Discussion

In this section, the erfc solution is used in confion with the field data to evaluate surface
chloride concentration and diffusion coefficientr f@oncrete exposed to a marine
environment. The ClinConc model is also used toutate theoretical chloride profiles

which are then compared to the measured chlorioides and modifications proposed to this

model to account for different marine exposure cooas.
4.1 Erfc solution — Aging Factors |

In the erfc function, the diffusion coefficient @&ssumed as constant. Generally, however,
this is not the case and to account for the tinpeddency of theapparent diffusion

coefficient,D,, it is more appropriately modelled by the follogiiaquation (see Table 1),

Da(t) = Dy ()" (5)

where,Dr is the reference diffusion coefficient {is) at exposure time, (years) is time at
which the diffusion coefficient is required and #seponentm, is anaging factor. The time-
dependency of the surface chloride concentratift), is also considered and the following

are used in the current work (see Table 1),
Cs(t) = Cpt™ (6)
Cs(t) = Covt )

The aging exponentsn and n, and the surface-chloride coefficient,, Gire determined
empirically.
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For illustrative purposes, Figs. 4(a)-(d) presdrd thloride profiles at different exposure
times for XS2 exposure and XS3 exposure, with Xg8sure comprising the three zones:
H-T, L-S and H-S defined above. The values preskrépresent the mean value for samples
taken from faces 1, 2 and 8. Although only the mealnes have been presented, Figures
5(a)-(d) present the statistical information towhbe variation in the chloride concentration
with time and exposure, in this instance at a depth5 mm (denoted g§) - this depth was
chosen for illustrative purposes as it displayesl gheatest variability in comparison to the
other depths. The error bars on the data marlkegresent one standard deviation on either
side of the mean value presented. In moving thHroadneight of approximately 3.5m i.e.
from the XS2 zone to the XS3:H-T zone, the chloadecentration at this depth decreases by
almost a factor of five. In addition, the CoV egtest for data in the XS3:L-S and XS3:H-S
zones where splash and spray action on the consuetace tends to be more random in

nature when compared to the XS2 and XS3:H-T exjgozoines.

From the chloride profiles such as those presentedrig. 4, the surface-chloride
concentration, ¢ and apparent diffusion coefficientg,Dvere evaluated at all exposure times
and are presented in Figs. 6-9 for the four enviramisy Equations (5), (6) and (7) were
regressed on these data and the resulting fitprasented on these Figures with the aging
factors, m and n, and the surface-chloride coefficient,, Gummarised in Table 3. In
evaluating these factors (including Ralues), outliers indicated by ‘open’ marks orsFiep,
have been removed from the process; however, foptzieness, Table 3 also presents the
respective factors (within brackets) using all datants in the regression analysis. It
becomes evident that in moving from the XS2 and :KSB zones to the XS3:L-S and
XS3:H-S zones, there is increasing scatter in @ diue to the more random contact of

splash/spray action with the surface as was ndiedea
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The aging factor for diffusion coefficient obtainiedthe XS2 zone was evaluated as 0.19 and
is comparable with the value of= 0.20 suggested by Bamforth [33] or CEM | corerand
that used in LIFE 365 [34], whereas an indicatiatue ofm = 0.3 for CEM | concrete with
w/c <0.6 has also been reported [35]. The work $tamvn that the aging factor is also
dependent upon the exposure environment as itasecein the splash zone (XS3:L-S and
XS3:H-S); regarding the latter, a value mf = 0.37 has been proposed [25] for CEM |
concrete in the tidal/splash-zone. In relatiothi® surface chloride concentration for marine
exposed concrete, recommended values for use igndesge, typically, from €= 4.2% for
XS2 exposure to & 2.2% for the XS3:H-T, L-S and H-S zones [36]th€ studies [37, 38]
have reported Gralues in the range 1.5-4.0% by weight of cementéncrete in the marine
tidal-zone (i.e. XS3:H-T zone). Measurements maalenarine concrete structures ranging
from 8 to 40 years old [26] have also reportedv@lues between 1.8-3.9%. Based on the
field data presented, the surface chloride conagatr after 5-years exposure is evaluated as
5.96% for XS2; 2.88% for XS3:H-T; 2.38% for XS3:La®d 1.23% for XS3:H-S exposure.

It is evident that the values of surface chlorideaentration evaluated from this study lie
within the range of previously published work; hoawe it should be emphasised that the
values obtained from this study relate to specdkposure conditions, concrete mix

proportions etc.

Models developed by the Japanese Society of Cinditeers [5] present the following
equation for estimating the apparent diffusion fioeint, D, of ordinary Portland cement

(CEM I) concrete,
Logio Da= -3.9(W/c)? + 7.2(v/c) - 14 (nf/s) (8)

wherew/c is the water/cement ratio. It is interesting toentitat the effects of environment

and time are not considered. For the concrete usdbe pier-stemswjc = 0.4), 0 is
12



evaluated as 1.8x1m?/s from equation (8). Using the parameters for X®&g2ironment

presented in Table 3, this value would be equitalerapproximately 18-years exposure.
The same specification also presents a value off/tSkfor surface chloride concentration
for concrete exposed to seawater in $pl@sh-zone which equates to approximately 2.83%
by weight of cement for the concrete used in tlee-piems; this value would be equivalent to

approximately 8-years exposure in the XS3:L-S zama 34-years in the XS3:H-S zone.
4.2 ClinConc Model — Environmental Factors

As noted above, the ClinConc model only appliesctmcrete exposed to the XS2

environment i.e. where the concrete remains fulljusted. Fig. 10 presents both the
chloride profiles in Fig. 4(a) and those predictgdthe ClinConc model at each respective
time. The initial input parameters for the Clin€Comodel are presented in Table 4. The
migration coefficient evaluated from the laboratéegts (which is the only experimentally

determined input parameter for the ClinConc modgtees well with published data [39, 40].
The model predicts well the chloride profiles thrbutpe surface 60mm of cover. In the

current work, in order to reflect the differing degs of concrete saturation and exposure
condition, we have introduced two new environmefdators denoted, respectivelyg End

Kexp.

As the ClinConc model assumes the concrete to hedaturated, we have introduced

account for influence of the degree of pore sammabn the diffusion coefficient. In
formulating Ks, the following relationship has been adapted fitbie work of Kumar [41]
which relates the degree of pore saturatl@n(0<S<1), water/cement ratioy/c, and the

apparent diffusion coefficienDs,

13



K —_ Da _S4.863-3.441W/C
s s

5 ©)

sat

where D« the diffusion coefficient in the fully saturatethi®. D is evaluated within the
ClinConc model and is based on the 6-month diffustoefficient measured by the rapid
chloride migration test noted above. EvaluatioiKgfrequires a knowledge of the degree of
saturation of the concrete and was obtained gravicadly from cores taken from pier-stem
3 (see Fig. 3), detailed above, by saturation ardeqjuent drying at 105°C. The porosity
was evaluated as 15.5% and the degree of saturatie®®0%; hence, fav/c = 0.4,Ks= 0.45
using equation (9) above. Although this factor watermined for XS1 environment, due to
the proximity of pier-stem 1 with pier-stem 2 it svased for both the low-splash and high-
splash zones and would represent a lower-bound \@lusaturation for concrete in the

splash-zone. A value ofg& 1.0 has been used for XS3 (H-T zone) and XSZ@mwents.

In order to account for the effect of exposure d¢obmal on chloride accumulation, an
environmental factorKe, is introduced into the ClinConc model. The dstéor equations
(10)-(12) below have been presented elsewhereh@jever, in summary, the relationship

between totalC;, free,C; and bound(Cy, chlorides can be written,

elC, +C
C :Mmemass% of binder 10
: B (10)

(o

where ¢ is the porosity and. the cementitious binder content. Also, the relathip

betweerCy, andC:; is also given as,

Cy = f, kow Ky kyy @, CF (11)

14



In this expressionf; is a time-dependent factor for binding capaciyy and K, are,
respectively, factors related to hydroxyl contendl @el contentks, is a binding activation
function for temperaturey; is a time-dependent chloride binding factor ghi$ a chloride
binding constant. The total chloride content coudav be considered as a function of only

the free-chloride content i.e.
Ct = q)(cf ) (12)

where @ represents the functional relationship within t88nConc model. As the
environmental exposure conditions will influence thiee chloride concentration, t&.,

factor noted above is now introduced as follows,
C =Ky, X®(C;) (13)

We have determined th€s, factor by comparing the chloride profile compufesim the
ClinConc model (which assum&s= 100%) with that measured in the pier-stems. thihee
XS3 marine environments, H-T, L-S and H-S zones,amsidered separately due to their
varying degrees of contact with the sea-water. ilgstrative purposes, Fig. 11(a) presents
the chloride distribution after 6.8 years expostwe the XS3:H-T environment; also
presented on this Figure is chloride profile pregticfrom the ClinConc model which
includes, in addition to the input parameters ibl&al, the environmental parametkg, as
determined above &= 1.0 for XS3:H-T). In order to evaluake,, the predicted ClinConc
profile is adjusted by incrementally modifying th&,, factor such that it maps onto the
actual profile. The adjusted curve, and Kag, factor associated with the adjusted curve, is
presented on this Figure. This process was uriaertéor all the available profiles at this
exposure and the averadeg, value presented in Table 5; using these valueKdandKeyp,

Fig. 11(b) presents the measured profiles and teeligied profile from the modified
15



ClinConc model and, for reasons of clarity, only rf@xposure times are presented. This
fitting procedure was replicated for XS3:L-S and3%%$-S environments and Figs. 12(a) and
12(b) present the measured and predicted profgagyuhe environmental factors displayed
on the Figure and summarised in Table 5. The Egyghow that as the degree of contact
with the sea-water decreasé&s, decreases resulting in a lower chloride contenthat

surface and, subsequently, leading to lower ingoéshloride.

Figs. 12(a) and (b) indicate that the modified Cbn€ model tends to overpredict the
chloride profile within the surfaceROmm at short exposure times. The possible refmson
this feature is attributed to the fact that a highmding capacity is used in the ClinConc
model compared to the actual conditions. The dadobinding capacity is influenced by
various factors such as temperature, moisture-ngnteee chloride content, hydroxyl ion
concentration and exposure time [42]. The higherhydroxyl ion content in the capillary
pore water, the less will be the chloride bindirgpacity due to chemical competition
between hydroxides and chlorides for adsorptiasqd3, 44]. Hydroxyl ions can be leached
in the submerged zone causing a reduction in t@icentration, whilst the hydroxyl ion
concentration in the splash zone could be sigmflgehigher. The result of higher hydroxyl
ion concentration will lead to lower chloride bindi especially at the earlier exposure times
whereas higher hydroxyl ion concentration will résul lower chloride binding. The
hydroxyl ion content in the XS2 and XS3:H-T zonesclly reach a limiting value as the
hydroxides are leached out from concrete, whilkst lsontact of the sea-water in XS3:L-S and
XS3:H-S zones a maintain higher hydroxyl ion cohtarconcrete. This could be the reason
in the overestimated values for ClinConc modelhi@ XS3:L-S and XS3:H-S zones at short

exposure times.

16



4.3 Timeto corrosion

In the design of concrete structures, two limitetaare generally considered: the ultimate
limit-state (ULS) and the serviceability limit-stefSLS); however, a third limit state has been
introduced - the initiation limit-state (ILS) [45Vhilst both the ULS and SLS mean the loss
of structural performance of the reinforced corgréte ILS closely depicts tipetential loss.

In the evaluation of the service-life of concretaustures, the limit-state thus needs to be
defined and, for reinforced concrete exposed torakg-rich environments, this is generally
determined by the ILS as the corrosion propagateniod can be unpredictable compared to
the initiation period. As in all limit-states, thead/resistance inequality must be satisfied
and in relation to the ILS, the resistance is deieed by the chloride-threshold level for
corrosion initiation Cliyes) On the steel surface which is positioned at deptrand the
environmental loading is represented by the chéaddntent at this depth after exposure time,

t. The load/resistance inequality can be written,

Cl(x,t) < Clres (14)

If corrosion initiation defines the end of servidge or the ILS has been reached, then the
time, t, this is normally specified as 50 years or 100y¢hal]. The chloride threshold level

can vary over a wide range, typically from 0.292t2% by weight of cement [36, 46, 47] so

it would be incorrect to specify a chloride threlshievel as a single deterministic value. For
example, the degree of exposure the structure hhseawater has a significant influence on
the chloride threshold level as oxygen availabiktylictated by the level of saturation of the
concrete. Values of 2.1 % in the submerged zoneOahdo for the other zones have been

guoted [48].
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In this study, the chloride threshold level for tadculation of time to corrosion initiation is
considered as 0.4 % by weight of cement in the K&3and XS3:H-S zones as there will be
oxygen availability, and 0.4 and 2.0 % by weightement in XS3:H-T and XS2 zones. The

time to ILS was estimated using three models:

(i) the ClinConc model with input parameters présdnin Table 4 and environmental

factors, ks and Keyp,in Table 5;

(i) the erfc model using a power-law relationshigquation(6)) for surface chloride

concentration; and,

(ii) the erfc model using the square-root-timeateinship (Equation (7)) for surface chloride

concentration.

The time-dependency of apparent diffusion coefficigefined by equation (5) above is used
in both (ii) and (iii). The aging factors for bo#pparent diffusion coefficient and surface
chloride concentration evaluated from the fieldadptesented in Table 3 have been used.
The predicted initiation times for each model arespnted in Table 6. All three models
show good agreement in XS2 exposure although thipossibly to be expected as the
concrete is in a fully saturated state and timdescéor Cly,es to be reached tend to be
relatively short (<20 years); furthermore, therditite to choose between erfc models in (ii)
and (iii) above as the predicted surface chloriolecentrations are similar. In the XS3:H-T
zone all three models predict similar ILS times @, = 0.4%; it is only at the higher
Clires Value that model (iii) predicts a lower initiatitime (27 years). We attribute this to
the square-root-time relationship considerably guredicting the surface chloride build-up
in the longer-term; this feature would have theefof shortening the initiation time. In the

XS3:H-S zone, all models show good agreement; & X83:L-S zone, however, the

18



ClinConc model predicts a shorter initiation timerh@gs indicating that th&e, factor

should be lower than 0.24 and possibly closeroviiue in the XS3:H-S zone.

It is interesting to note that although all modaiedict that forClies = 0.4% the steel should
be actively corroding in the XS2 and XS3:H-T zonasyal inspection of the pier-stems after
approximately 20-years exposure show no evidencasbfstaining or spalling (see Fig. 13).
Furthermore, the profiles at 20-years (Figs 4(ajl 4b)) indicate that the chloride
concentration at 50mm (depth of link steel) is 1.98% XS2 exposure and 1.53% for
XS3:H-T exposure, which is considerably higher tila@ 0.4% threshold level and clearly

warrants further investigation.

5. Conclusions and Concluding Comments

Chloride transport in concrete exposed to a mamaronment was evaluated using both the
erfc (Fickian) solution and the ClinConc model. eT$tudy undertook an extensive chloride
profiling programme based on field-data obtainenfifull-scale, concrete pier-stems in the
XS2 and XS3 environmental exposure zones over dendgd period of time. As a
consequence, the derived quantities surface cllar@hcentrationCs, apparent diffusion
coefficient,D,, would represent a true reflection of reinforcedarete structures exposed to
a marine environment. The work has also showvahni@ble nature of bot@s andD,. Both

Cs andD, displayed a time-dependency and the data weretastelelop aging factorsn( n)
and a surface-chloride coefficieri ] for the erfc (empirical) model. To describe tfagious
environmental conditions for ClinConc model, twovieonmental factors were employed
which were used for the description of chlorideng@ort in other zones in addition to the
submerged zone on which the ClinConc model is baSeam the results in this study, the

following conclusions can be drawn,
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1) It was confirmed that the degree of chloride ingn@as highly variable and sensitive
to the environmental conditions, particularly in #emes exposed to splash and spray
action where the degree of contact of the con@ettace with the seawater is more
random than concrete in the tidal zone, which resiai a saturated or near-saturated
condition. Aging factors for both apparent diffusi coefficient n) and surface
chloride concentrationQ,, n) were obtained from the field data and it was show

that these were dependent upon the exposure zone.

2) The field-data were used tecalibrate the ClinConc model by the introduction of
two new environmental factors — a factor relatetheodegree of pore saturatioKs,
and a factor related to the chloride binding cdyaai the cementitious bindeKe.
Values based on field measurements were presentdt avas evident that both
factors decreased as the degree of contact ofeln@aser with the concrete surface

reduced and became more random.

3) The time to corrosion was evaluated in the eacte aming the erfc solution and
modified ClinConc model. In the tidal zone, twoaindle threshold values were used
0.4% and 2.0 % by weight of cement and the chlotileshold level of the splash
zone was used 0.4 % by weight of cement. The érapimodel and the modified

ClinConc model predicted similar ILS times.

As durability design concepts move from a deterstinimethod to a probabilistic approach
[49-51], it is then necessary to secure a sigmtiicdata-base on field measurements for
concrete exposed to different environmental actitres present work presented makes such a

contribution in relation to marine exposed concrete
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(a) Location of marine exposure site; (bpwimg the bridge spanning the
Dornoch Firth estuary; and (c) exposure zone odgeripiers replicated at test-
site adjacent to the Dornoch bridge.

(a) Steel formwork used in construction oérgtems; (b) reinforcement cage
used in pier-stems (detailing the same as the Daroige); (c) pier-stems
under construction; and (d) curing of pier-stemm®rpto being transported to
exposure site.

(a) Schematic diagram showing position oérystems, exposure zones and
sampling points; (b) pier-stems in position — @egms marked '1' and '2' used in
current work; and (c) variation in temperature witthe concrete cover-zone
(surface 50mm).

Chloride profiles for (a) XS2 exposure; ¥83 High-Tidal; (c) XS3 Low Splash;
and (d) XS3 High Splash.

Variation in chloride concentration at a thepf 2.5mm (Cls)from surface and
the coefficient of variation (CoV) for (a) XS2 exqoe; (b) XS3 High Tidal; (c)
XS3 Low Splash; and (d) XS3 High Splash (Note: rerpars on chloride
concentration represent + 1 standard deviation).

Temporal variation in (a) surface chloridencentration,Cs, and (b) apparent
diffusion coefficient,D, for XS2 exposure. Regression equations are suraethri
in Table 3.

Temporal variation in (a) surface chloridencentration,Cs, and (b) apparent
diffusion coefficient,D, for XS3 High Tidal exposure. Regression equatiarms

summarised in Table 3.
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Fig. 8

Fig. 9

Fig. 10

Fig. 11

Fig. 12

Fig. 13

Temporal variation in (a) surface chloridencentration,Cs, and (b) apparent
diffusion coefficient,D, for XS3 Low Splash exposure. Regression equaaoas
summarised in Table 3.

Temporal variation in (a) surface chloridencentration,Cs, and (b) apparent
diffusion coefficientD, for XS3 High Splash exposure. Regression equaaoss
summarised in Table 3.

Measured chloride profiles and profilesdicted from ClinConc model for XS2
exposure.

(@) Adjustment of profile predicted by Clm@ model by introduction of
environmental factorskKs, and Keg.; and, (b) measured profiles and profiles
predicted from ClinConc model using environmentatgmeters for XS3 High
Tidal exposure.

Measured profiles and profiles predicteconfr ClinConc model using
environmental parameters for (a) XS3 Low Splash swupy and, (b) XS3 High
Splash exposure.

Visual inspection of pier-stems after apprately 20 years exposure show no
external signs of corrosion (e.g. rust-stainingllgpg): (a) pier-stem 1 with mid-

tide level indicated; and (b) pier-stem 2 with higle level indicated.
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Table.1 Aging functions used in erfc solution.

Surface Chloride Apparent diffusion coefficient () Reference
concentration, €
D (tp\™
C, (constant) Da(t) = (7> [16]
t m
C, (constant) D,(t) = Dy ( ?R> [17]
R tl—m tl—m
— m
C, (constant) D,(t) a y R ( s ) [18]
Co(1-€™) Da (constant) [19]
C,t
A D, (constant) [20]
n tR m
Cot D,(t) = Dy (7) [21]
D tg\™ t
_gntt) =—F (&) -2 22
Cl1-6"4) ) = = () — 2]
_ DR 2 -m 3 2 -m t_R m
C,\t Da=1—0 [(1 + tE) <t5> ](tE) t [23]
C,[In(Bt + D] + k D () = —28_(t&)" [24]
o[In(e + 1) o(©) = 57 (F)

Note: C,, m, n, k and 3 are regression values; the reference time; Pthe diffusion
coefficient at timed; ¢, the time at the first exposure to chlorides; t; the time of exposure to
chlorides, and is the age of the concrete.

Table 2: Concrete mix proportions used in pier-stem

orC 20mm 10mm fines Plasticiser Retarder w/c Slump fog
kg/m®  kg/m®  kg/m®  kg/m® I/m? I/m? mm MPa
460 700 350 700 1.80* 1.80* 0.4 110 63.0(65.3)

* ordinary Portland cement: CEM 1:42.5N / ASTM Type

* Sika FN  ** Sika FR

fog: 28-day compressive strength determined on 100mipescfor the pier-stems. Figure in
brackets represents compressive strength deterntinetlOOmm cubes for migration test
samples.



Table 3: Aging exponentsn(andn) and surface chloride coefficientsj@valuated from
chloride profiles using the empirical (erfc) moddbte: in calculating these values the
outlier(s) indicated by open markers on Figs 7-@haeen removed from the regression;
however, for completeness, the number in braclegiesents the best-fit parameters with

outliers included.

Par ameter XS2 XS3: H-T XS3: L-S XS3: H-S
Reference timegi(years) 1.3 1.3 1.3 1.3
Reference diffusion
coefficient, Oy (<1012 ms) 2.96 2.12 1.48 1.59 (0.84)
Age factor m 0.19 | 0.10(0.16) 0.54 0.48 (0.067)
Time dependency of surface ©° 3.80 | 2.19(2.01) 1.27(1.26) 0.62(0.56)
chloride content, Eq (6) 028 | 0.17(0.19) 0.39(0.36) 0.43 (0.47)
Time dependency of surface
chloride content, Eq (7) Co 2.48 | 1.15(1.11) 1.07 (1.01) 0.56 (0.53)

Table 4: Input parameters for ClinConc model

Input parameter Value
Cen(1keg:1/tm%())ntent 460
Water Content (ltr/r) 184
Aggregate (kg/r) 1750
Average Temperaturg 9
Q)
Concrete age at first 35

exposure (days)

Exposure duration

13,18, 2.3, 2.8, 3.3,
3.8,4.2,5.1,55, 6.3,

(years) 6.8, 7.3, 20*
Seawater chloride
content (g/ 19.6
Migration coefficient af 8.9x10™
6 months (rfYs)** (0.2x10%9

* 20 year data obtained only for XS2 and XS3:H-Te®
** Mean value from migration tests. Value in bratkes the standard deviation.



Table 5: Environmental factors used in ClinConaeidor each zone determined from field
data (number in brackets represent the standardto@y).

Environmental | o, | yo3 4T | xs3:L-s | XS3 H-S
factors
Ks 1 1 0.46 0.46
Kexp 1 | 0.45(0.013] 0.24(0.023){ 0.14 (0.011)

Table 6: The predicted time to attain critical ciderconcentrationGlyes) at 50mm in each
exposure zone.

Time to reaclCly, (years)

XS2 XS3:H-T XS3:L-S XS3:H-S
Model
CIthres Clthres Clthres Clthres
2% 0.4% 2% 0.4% 0.4% 0.4%
Modified ClinConc 19 6.0 45 9.5 35 54
Erfc + power type
16 5.2 51 10 63 63
(Eq(6))
Erfc + square root type
14 5.3 27 9.3 52 55
(Ea(7))
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