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Abstract

Nowadays, multiple constraints imposed by econoimisacial and environmental considerations undergo
maintenance planning optimization into a major lgmgle to designers, owners and users of infrastreicT his
study presents a simplified methodology to evaludie sustainability of maintenance strategies used
reinforced concrete structures exposed to chlorifibe proposed approach is illustrated throughbetpaper
with an application to large-scale maintenance oéal structure Agri-foodstuffs terminal whaxf The repair
strategy consists of demolition of the polluted aete and rebuilding of cover by using three teghes (et
shotcrete dry shotcreteand formed concrefe The repair times are estimated by taking theloamess of
chloride ingress into account. Three criteria aseduto evaluate the sustainability of the repathméues:
present value life-cost, waste production and, @missions. Based on this multi-criteria comparjsan

simplified decision-making scheme based on a nalilfective index is proposed.

Keywords: reinforced concrete, sustainability, corrosion, mteance, reliability.



1. Introduction

Chloride-induced corrosion affects significantlye tloperational life of reinforced concrete (RC) stuwes
located close to the sea shore or in contact véticihg salts. The mechanisms by which corrosidects load
carrying capacity of RC structures are: loss ohfmecement cross-section, loss of bond between sied
concrete, concrete cracking and RC delaminationsiR@tures are generally designed for a senieeobktween
50 and 100 years. However, in chloride-contaminat@dronments many structures begin to detericafieer 20
to 30 years (Kumar Mehta, 1997; Poupard et al. 628®squoét et al., 2006). Therefore, to guaraopenum
levels of serviceability and safety during the -lifgcle, maintenance planning optimization becomesagor
challenge with multiple constraints imposed by exuital, social and environmental considerations.

Design, maintenance, repair and rehabilitationafstruction projects are based mainly on feasjbilit
benefit cost analysis. However, environmental nequents demand integrated design processes directéd)
optimize the management of resources; (2) decrbasproduction of waste; and (3) reduce the enviemtal
impact (Daigle and Lounis, 2006). The availabildy literature regarding evaluation of the sustailitgtbof
maintenance strategies of corroded RC structurésiited. The work of Daigle and Lounis (2006) prets a
comprehensive approach to life-cycle analysis tkimo account: (1) costs incurred during constaumt
maintenance, rehabilitation and replacement; ande(®ironmental impact associated with constructiowl
replacement. Such study focuses on patch repa&Cobridges, uses a simplified model of chloridegieation
and does not consider the randomness inherenetphttnomenon. Other research efforts have beectetiréo
evaluate environmental impact of concrete with lowentent of cementitious material (Kumar Mehtap4£0
Habert and Roussel 2008). These studies searclptamab composition of concrete offering high stuured
performance and durability. Struble and Godfrey0@0compared the sustainability of two engineesalyitions
used to solve the same problem (i.e., RC and sfBedy found that RC requires less energy and hawer net
environmental impact than steel.

Maintenance planning of corroding RC structuresuhoombine a comprehensive mathematical model
with experimental data. Chloride ingress modelsukhdherefore account for the following phenome(B:
chloride binding capacity of the cementitious syst€2) time-variant nature and effects of tempamthumidity

and chloride concentration at the surrounding emvitent, (3) decrease of chloride diffusivity withncrete age



and (4) flow of chlorides in unsaturated concre8ae(ta et al., 1993; Martin-Pérez et al., 2001)pther key
factor influencing the assessment of chloride patieh is the consideration of the uncertaintidategl to the
phenomenon (Bastidas-Arteaga et al. 2009). Thecesurf uncertainty involved in this problem areatetl to
material properties, model and associated parasjeted environmental actions.

This study focuses on the evaluation of the sushdlity of a maintenance strategy for RC structures
exposed to chlorides. Maintenance strategies aeetdd to ensure serviceability and safety duriperation life
and/or to extend life-cycle of structures. For amste, Figure 1 depicts the impact of two mainteaatrategies
on the concentration of chlorides at the cover liegte., protective painting and cover rebuildifthese
strategies increase the time at which the chlocadecentration reaches a thresh@g, reducing the time to
corrosion initiation.

The objectives of this paper are:

» to describe the general problem and the criteriadtecting the repair strategy;

e to develop a probabilistic approach to estimateréipair times; and

* to propose a decision-making scheme to comparsugtainability of various repair techniques.

After a general description of the problem (settR), the selection and description of the repair
techniques is presented in section 3. Section eugées the method proposed to assess the schédefsivs.
The sustainability analysis is presented in sechioRinally a simplified tool for sustainable decismaking is

described in section 6.

2. Description of the problem

A major problem in management of RC corroding istiracture is that there are no decision criteriadmpare
the performance of the available maintenance swistiTherefore, owners/operators can incur in euhdit costs
when repairing is undertaken before a given refha@shold is reached, or structural serviceabdlitigty can be
affected when it does not repaired at the apprtgatidimes. This work is carried in the frameworktbé
MAREOQ" project and focuses on the effectiveness, enviemtah impact and feasibility of maintenance
strategies. Towards this aim, this study takes ratdege of the know-how of several stakeholders Hrat

connected to the structure during the life-cycle ~iowners, designers, contractors, industry sgctesearch

! 'MAintenance and REpair of concrete coastal sitres: risk-based Optimization



centers, regional interests and government agendess, a simplified methodology to compare thdqrerance
of maintenance strategies in terms of sustaingbgitdeveloped here. The following paragraphs pi#sent a
case study to illustrate the general problem aedctiiteria taken into consideration to develop pineposed
methodology. However, the proposed scheme cansbeuakbd to compare other maintenance strategies.

The Agri-foodstuffs terminal of the port of Nant8aint-Nazaire (Figure 2a) is an example of strastur
affected by this problem. This terminal is partloé port of Nantes Saint-Nazaire (fourth largest poFrance)
which is linked to 400 ports worldwide. With a manal draught of 14 m, the Agri-foodstuffs terminddus to
receive big tonnage ships as container carrier@(®T). The Port of Nantes Saint-Nazaire is than&tnemarket
leader for cattle feed imports, with nearly 60% kearshare. There are four berths at the Agri-fadtst
terminal, which also handles fertilizers, peat, eatmand other miscellaneous industrial bulk prosiu€his
wharf was built in 1971 and is located at the wadsErance (Montoir de Bretagne) in the estuaryhef Loire
River.

The Autonomous Port of Nantes Saint-Nazaire iggtheernment agency managing the harbor activities
of this structure. This agency observed a genemligroblem of corrosion affecting mainly the RC rbsa
(Figure 2b) and decided to perform a large-scgbairq Rosquoét et al., 2006). This wharf will beedisn this
paper to illustrate the formulation of the problethe requirements of the solution and the proposed
methodology.

Figure 3 presents the zone of the Agri-foodstufisninal to be repaired. This zone has a triangular
form, is 68 m long and 37 m wide. The structureasiposed by a RC deck of 0.32 m high, put down on a
triangular network of RC beams of 1.00 m side. baams are supported by steel piles filled with cetacin the

upper side. The piles have external diameters bf 813 and 914 mm.

3. Description of the maintenance strategy

The maintenance strategy for the Agri-foodstuffeniaal consists basically of rebuilding the pollliteoncrete
cover by various repair techniques. The deteridrated contaminated concrete is removed using hidcity
water jets (hydrodemolition) and the cover is rébly using various techniques. This section preséne
techniques used to rebuild the cover of the whiadfthat will be compared on the basis of the soatility. The

basic requirements for the selection of the refgainniques are summarized as follows:



e The repair techniques should be easily implememtedepair structural components located in the
splash and tidal zones (e.g., beams and piles aiffg)h

e The repair techniques should be applicable to laogde repairs; local “patch” repairs are beyorel th
scope of the study.

e The repair materials should have similar compasitipe., cement-based composition) to focus the
analysis on the techniques.

After discussion with the stakeholders participgtin the MAREO project, three repair techniquesawve
chosen: (1)wet shotcrete (2) dry shotcreteand (3) formed concrete Figure 4 shows a beam after
hydrodemolition and the repair techniques to rebilie cover.

Since there is no previous experience about thfemeance of the repair materials and techniques, t
alternatives selected were tested on twelve cldec@htaminated beams which have been exposed watsza
during 80 years. The beams were part of the straiciystem of a port built in 1927 at Lorient, Feanand
demolished in 2006. Figure 5 presents the beanmsdedpair. An important degree of corrosion inalgdcover
spalling is observed in all of them. Furthermorecederated tests on slabs are being performedaordsory to
characterize the repair materials. Table 1 desetie main characteristics of the repair materlalgeneral, the
materials have a high initial strength, rapid settiexcellent bonding, and a thickness per codidnighan 50
mm.

Based on the data reported by Vilvoisin and Aur§0@) after repair, a comparison among all repair
techniques is presented in Table 2. This compariemuses on: product cost, staff requirements, avast
generation and finishing. The staff requiremenp®reed herein correspond to the repair of therigstpecimens.
Some practical aspects of the repair process shdhmdthe waste production of wet shotcrete is atmo
negligible, finishing is satisfactory and it can behanced by polishing. However, wet shotcretehés rhost
expensive repair technique, requires the highestben of staff and some cracks were observed afed@ys
(shrinkage). Although the waste produced by dryt@iete is the largest, the work area is easilynddaand the
product is ready-to-use, which is convenient fogéascale projects. Given both, its extreme flyidito need for
vibrators to compact the concrete) and its highkability, the best finished surface corresponddotoned

concrete. Yet, the use of such technique is limiteplaces where the formwork can be placed.



4. Probabilistic assessment of repair times

Given that there is no information about the repiaiies for each technique, the schedule of repaivities is
determined on the basis of a stochastic model lofride penetration. The proposed methodology impleis a
comprehensive model of chloride ingress and takesibcertainty related to the phenomenon into adcdinis
approach is convenient to perform a realistic estiiom of the repair times. Section 4.1 outlinesghaciples of
the model of chloride ingress. The section 4.2 gmssthe probabilistic approach to determine tiodaloility of

corrosion initiation which is used in section 403stablish the repair schedule.
4.1. Chloride penetration into concrete

Chloride ingress is controlled by complex interat between physical and chemical processes, widigh
been usually simplified as a diffusion problem goesl by Fick’s second law. Most studies use a sfiagl
solution of Fick's law where the chloride concetitia at a given time and position is estimated hyearor
function complement (Tuutti, 1982). The classidéfudion approach evaluates the apparent diffusimefficient
as constant in time and space, and assumes thathtbede concentration in the surrounding envirenm
remains constant and that concrete is saturatedettsy, under these simplifications, it is not pbksito
consider other phenomena as: chloride binding,renmental action, chloride ingress by convectida, Based
on the work of Saetta et al. (1993) and Martin-Péeal. (2001), Bastidas-Arteaga et al. (2009s@néed a
comprehensive model of chloride penetration. Theppsed formulation takes into account the inteoacti
between three phenomena: (1) chloride ingress,n@sture diffusion and (3) heat transfer. The cedpl
phenomena are represented by a set of partiareiifi@l equations (PDE) which is solved by couplfimgte
element and finite difference methods. Such appreacounts mainly for:
» the chloride binding capacity (i.e. interaction vee¢n chloride ions and cement paste hydration
products);
e the time-variant nature and the influence of terapee, humidity and chloride concentration in the
surrounding environment;
» the reduction of chloride diffusivity of RC with agand
» the chloride flow in unsaturated concrete.
A detailed description of the model is beyond $leepe of this paper; it can be found in (Bastidas-

Arteaga et al., 2009).



4.2. Probability of corrosion initiation

The time to corrosion initiatiort,,;, occurs when the concentration of chlorides atcther thickness; is equal

to or higher than a threshold val@g. For such event the limit state function becomes:

gx =G X~ C(x1¢) (1)

wherex is the vector of random variables to be taken adoount andC(X; t; ¢) is the total concentration of
chlorides at depth, and the time is obtained from the solution of the system ofeyoing equations of chloride

ingress. By evaluating the limit state function (ED), the probability of corrosion initiation is:
Peor () =P[g(x,)< O @)

Given the complexity of the solution procedure lo¢ tsystem of PDEs governing the phenomenon,
simulation methods seem to be more appropriatedetd with the problem. Therefore, this study corabin
Monte Carlo simulations with Latin Hypercube samglito reduce the computational cost. The uncengsint
related to the problem are considered by usingaendariables to represent the model parametersttand
material properties, and stochastic processes tiehtbe environmental actions —i.e., temperatuejitlity and
environmental chloride concentration.

The probabilistic models of the random variablsediin this example are shown in Table 3. For
chloride ingress, the mean of the reference chdodifusion coefficientD. s is assigned according to the
experimental values presented by Saetta et al.3j1fa® a water-cement ratiw/c=0.5. Both the probabilistic
model and the COV ob, s were defined according to the studies of Val andpper (2008) and Duracrete
(2000). The statistical parameters@yf are based on the values reported in Vu and St¢2@00). According to
Val and Trapper (2008), the cover thicknessfollows a truncated normal distribution (loweruma) with the
mean and COV indicated in Table 3. Based on exmatiah studies (Page et al., 1981), it is supposatithe
activation energy of the chloride diffusion procdds follows a beta distribution. The age reductioctda, m,
also follows a beta distribution (Val, 2006). Fooisture diffusion, the reference humidity diffusiooefficient,
Dhrer, is log-normally distributed with mean and COV idetl on the basis of (Saetta et al., 1993; Val and
Trapper, 2008; Duracrete, 2000). It is also supgdbat the parametets (parameter representing the ratio of
DnmifDhmay @ndn (parameter characterizing the spread of the drop,) follow a beta distribution with
statistical parameters defined according to expamtal studies (Bazant and Najjar, 1971 and 197@).hHeat

transfer, the thermal conductivity of concreteand the concrete specific heat capadiy follow beta



distributions with the means reported by Nevill®&1) and vary between bounds established experahent
Taking as mean the typical density of normal cotagge, it is assumed that this variable is normally rilistted
with a COV of 0.2.

After the first repair, the reference chloridefuiion coefficientD. e, depends on the properties of the
repair material. Since the suppliers do not prayidgormation about this parameter, three referestderide
diffusion coefficients are defined for each techmian the basis of expert judgment:

«  Product 1/wet shotcret®, ; = 3.0-10" n¥/s
+  Product 2/dry shotcret® . = 4.1-10" nf/s
«  Product 3/formed concretBy = 5.2-10" nf/s

These values are adopted as mean for the assessinieatrepair times. Based on the values suggested
in (Val and Trapper, 2008; Duracrete, 2000), a G#9¥.2 is assumed for all the repair materials.

The influence of weather on chloride ingress issitered by assuming that the structure is placehi
oceanic climate where the mean temperature vaeegeen 5 and 25 °C, and the mean relative humiditges
from 0.6 to 0.8. The stochastic nature of weathelr environmental chloride concentration is integuaby using
the methodology proposed by Bastidas-Arteaga €P809). Figure 6 presents some realizations op&zature
and environmental chloride concentrations. To maeehperature, a stochastic perturbation is added to
sinusoidal mean trend by using Karhunen-Loéve esipan(Ghanem and Spanos, 1991). The truncated
expansion series in this model includes 30 terhes autocorrelation is exponential and the cormtakength is
0.1 years. Since several studies indicate thaetivironmental chloride concentrati@a,, follows a log-normal
distribution (Vu and Stewart, 2000; Duracrete, 20QB8is work models this variable as a stochastmcess
generated by independent log-normal numbers (logiabnoise). The mean df., used to generate the
stochastic process is equal to 6 kiand corresponds with the boundary value betweerhiph and severe

levels of corrosive environment (Weyers, 1994).o&fficient of variation of 0.2 was assumed to matigl,
4.3. Schedule of repair actions

The owners/operators define the schedule of repetions on the basis of a given criterion relatedan
allowable damage threshold. The selection of tpairecriterion is an important topic in maintenameszause it
should consider several aspects that differ fotipdar problems —i.e., economical, environmerpahctical, etc.
By accounting for the sources of uncertainty désctiin section 4.2, this work establishes a regrterion in

terms of the probability of corrosion initiation.ed, Eq. 2 (preventive maintenance). Consequethtéy repair



time is defined as the time at which the probabitf corrosion initiation reaches a threshold vallibe

threshold value for the probability of corrosiontiation adopted in this study is 0.95 —i.Peor(t)=0.95. The

owner/operator determines this threshold valuaimetion of its allowable level of corrosion.

This criterion can be considered as conservativeomparison to other criteria found in the literat

where repair is carried out after initial or sevarancrete cracking occurs (e.g., Mullard and Stewz009).

However, the criterion proposed herein has beeimelfafter discussion with the stakeholders paritng in

the MAREO project. The reasons to define this dateare summarized as follows:

When the repair criterion is based on the strutttwadition after corrosion initiation (e.g., coate
cracking), structural safety is affected by theslo$ reinforcing steel. Therefore, the assessmetiteo
next repair time should consider the initial stanat condition as well as the replacement of the
corroded reinforcing steel at a given time. Thesasitlerations make the repair scheme complex
because (1) repair times are time-dependent andefdcement or reinforcement actions should be
included in the analysis. Since for the selecté@®rion repair is carried out before corrosioniation,

it is possible to assume that the repair actigrer$ect. This means that after each repair the R@ner

is “as good as new”. Under this assumption, thairéptervals are constant.

From a practical point of view, the contractors ifest that the replacement of reinforcing bars in
existing structures is complicated. Therefore, haotdvantage of the proposed criterion is thatesi
repair takes place before corrosion initiation, tBplacement of corroded bars is few. However, the
condition of reinforcement should be checked bebaneer rebuilding.

Finally, this criterion is convenient to combine ttnaintenance strategy with inspections because it
based on a measurable variable (chloride concamirat the reinforcement depth). Consequently, the
owner/operator can evaluate the condition of thectire before repair to calibrate the maintenance

schedule.

The assessment of the probability of corrosioriatidn for the problem studied in this takes thiofeing

assumptions into account:

the Langmuir isotherm is used to consider chlorideding which coefficients for this case are
0,.=0.1185 and?L=0.09;
the repair times are established by assuming cdgenetration in one dimension; and

the random variables are independent and do ngtivdine space.



It is important to highlight that the assumptianentioned previously are used in this work only for
illustrative purposes. The hypothesis of chloridiéudion in one dimension should be carefully vatied for
particular cases. According to Val and Trapper @0ind Bastidas-Arteaga et al., (2009), chlorideepation
in two dimensions should be considered to estirttaeprobability of corrosion initiation for smaltrsctural
members as columns and beams. On the other hanuhflirence of spatial variability should be alscluded to
improve the assessment @f,,;. Stewart (2004) presents a comprehensive apprmaelcount for the spatial
variability of corroding RC beams in flexure andidies its influence on reliability. An applicatiasf this
methodology to the stochastic assessment of repaés and the evaluation of efficiency of maintes®is
presented in (Mullard and Stewart, 2009).

The probability of corrosion initiation for the seted repair materials is presented in Figure 7ex@®cted,
Peorr iINCreases for the materials with larger chloridfuslivity. Then, the length of the repair timig, for each
material/technique are:

e Product 1/wet shotcretg=30 yr,

e Product 2/dry shotcret$=20 yr, and

e Product 3/formed concretg=15 yr.

It can be noted that the larger repair time cques to the material with lower chloride diffusivitt is
paramount to clarify that the reported repair timssillustrative. Since the coefficients of dififus were defined
on the basis of expert judgment, these repair tishesv the tendency of the overall behavior. Thersfthese
coefficients should be determined experimentallyirtgprove the accuracy of the assessment. Taking int
consideration these repair times, Table 4 predbkatschedule of the repairs for each repair teclmiGiven that
the construction material is the same before reguions are performed, it is found that the fiegair should be
carried out after 15 years of exposure for allratiéves. Three life-cycle lengths are also inctlidethe analysis
—i.e.,, T =50, T = 75 andT = 100 years. The overall behavior indicates that inor number of repairs
corresponds to the alternative with larger repmiet(wet shotcrete), followed by dry shotcrete dodned

concrete.

5. Criteriato evaluate the sustainability

The world commission on environment and developmgfi87) defines sustainable development as:

‘development that meets the needs of the presdmuwitompromising the ability of future generaticosneet

10



their own needs According to Struble and Godfrey (2004), theme d¢hree components of sustainability:
environment, economy and society. To meet its gastainable development must provide a balanceeket
these components (Sanchez-Silva and Rosowsky, 200&) sustainability analysis carried out in thierkv
accounts principally for the environmental and exoital components. However, society is directly liegh to
decisions affecting these components. Thus, thiiatvan of the sustainability of the repair techreg is based
on the comparison of three criteria:

1. present value life-cycle cost,

2. waste production, and

3. CO, emissions.

This section discusses the performance of theirrépehniques for each criterion separately. Based

this comparison, section 6 proposes a simplifigets® for decision-making.
5.1. Life-cycle cost analysis

The comparison between the costs for the seleepdirrtechniques is carried out in terms of lifeteycost
analysis (LCCA). LCCA is used to estimate the tatadt when the costs of inspection, repair andhiditetion
activities incurred at different times. The presealue life-cycle cost (PVLCC) of a structure owegiven life-
cycleT, assuming a constant discount ngtis given by (Daigle and Lounis, 2006):

_ - Ct) _ R
PVLCC—Q+;(1+r)ti ) (3

where G, is the initial construction cost (including desigasts),Ci(t;) is thei™ expenditure at timé (e.g.,
inspection, maintenance, repair, demolition, dighostc.) andR, is the residual (or salvage) value at the end of
the life-cycle.

Two kinds of costs are usually considered in d¢ijele cost analysis: ‘agency’ and ‘user’ costs. dge
costs encompass the direct costs incurred by theem@perator during the life-cycle including initia
construction costs and costs associated with itigmeaepair, rehabilitation, replacement and dggo User
costs represent the inconvenience and expensesddchy the users due to traffic disruption as dtadelay
costs, ship operating costs and accident costsordiogy to Thoft-Christensen (2009), user costs khde
included in the analysis to formulate a comprehenstrategy of maintenance management of bridgewseker,
given that the information to estimate user costshirbor structures is unavailable; this workridydased on

agency costs.
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Since this study focuses on repair of RC structutesdirect costs incurred by the agency includg o
costs associated with repair. The initial constamctosts are not included in the analysis becétseassumed
that it would be the same for all alternatives.c8iit is not possible to determine the final uséhefstructure at
the end of the life-cycle (deconstruction or demnmt), the residual (or salvage) value is not cdesed. Thus,
Table 5 presents the agency costs estimated fogke sepair operation. To give an idea of the qastquantity
of repaired concrete (in €/m3), the total repaistds divided by the volume of concrete repairedctScosts
were estimated based on the repair experiencetegpor section 3 (e.g., Table 2) and include coslisted to
hydrodemolition of the polluted concrete, coveruibng, labor, equipments (rental), form, trangpand waste
disposal.

Based on the repair schedule computed in sectibradd the agency costs presented in Table 5, the
present value of life-cycle agency costs for adl thchniques and the life-cycle lengths are preseint Figure 8.
The PVLCC analysis indicates that the formed cdrciethe cheapest alternative for all life-cyadadths. It is
observed that the life-cycle length can influenie thoice of a given technique. For instance, atihothe
PVLCC analysis foiT=50 yr indicates that wet concrete is the more espe alternative, fof=75 andT=100
yr this might not be the case. Such behavior indicghat life-cycle length is a key parameter whshbuld be

carefully chosen by the agency.
5.2. Waste generation

Waste generation is basically computed by estirgatie volume of repaired material and the wastegaead
during the rebuilding process. Figure 9a shows domparison of the waste produced for a single repai
operation. The waste generation is expressed icept&age of waste generation compared to repaireeriala
then the waste produced by hydrodemolition is edaall00%. For cover rebuilding, waste production is
estimated by taking the values measured duringeépairs into account —i.e., Table 2. Although tlghlst
production of waste corresponds to the demolititrere is a large loss of material for the dry stedtc
technique.

Figure 9b presents the waste generated for edemative during the considered life-cycles. As
expected, the production of waste materials is driglor the alternatives with an important number of
interventions and/or larger loss of material durihg repair process (dry shotcrete and formed ebecrThus,
given both its lower number of interventions argdsitnaller lost of materials, it is concluded tHiatm the point

of view of waste generation, wet shotcrete hassiipe effect on the environment.
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5.3. Carbon dioxide emissions

For this analysis two sources of carbon dioxidecaresidered:
1. emissions produced during transportation of matereguipments and waste, and
2. CO, released during production of the repair material.

According to Norton et al., (1998) it is assumadhis paper that the average emission of @D a
truck is 1700 grams of Gper km. This estimation also supposes that aikprartation of materials and waste is
carried out in a standard truck with a capacit@ off. The distances of provisioning of materials andigmgents
and disposal of waste are 100 and 150 km, respdgctifccording to the International Energy Agen29Qq7),
the average CQemissions range from 0.65 to 0.92 ton of,@@r ton of cement across several countries. Since
there is no information about the €®missions related to the production of the repaiducts, a weighted
average emission of 0.83 ton &/n is adopted herein for all the repair products

Figure 10a depicts the emissions of G@r volume of concrete repaired (in kg £1®) for source and
repair strategy. These results were obtained feingle repair operation. For all the techniquess ibbserved
that the emissions released during the productmmespond to about 75% of the total. Therefore enirr
research efforts should be addressed to reducertiduction emissions. For a single repair operatibe
emissions released during wet shotcrete and focoadrete are almost the same, whereas dry shotsratere
contaminant. This behavior is explained by the fhat for the same volume of repaired concrete, stintcrete
requires a higher quantity of material (30% of wageneration —i.e., Table 2) increasing the emissiaf
transportation and production.

The comparison of the emissions of {J@r all the repair techniques during the life-&y@ presented in
Figure 10b. Wet shotcrete is the cleaner alteraafir all the lengths of the life-cycle because tbduced
number of repairs diminishes the emissions ob.Gr a life-cycle length of 100 years this diffiece is about
the half of the emissions produced by formed cdecrenherefore, by comparing in terms of waste getiar and
CO, emissions, it can be concluded that wet shotésettee cleaner alternative for projects with larlijiercycle

length.

6. Sustainable decision-making

This section presents a simplified decision-malsngeme which is based on multi-criteria comparisbthe

selected repair techniques. This scheme has beswlfided based on the stakeholders’ feedback and i
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develop a simplified tool to compare the perfornearaf the repair techniques from an economical and
environmental point of view. This comparative as@yincludes the three criteria described in sacko (1)
present value life-cycle cost, (2) waste produgtanmd (3) CQ emissions. Since these criteria are quantified in
their own type of units, the results are classifieaised on its performance, as 1, 2 or 3. Thereloi® given to
the alternative with the worst performance and ghtorepair technique with best performance peergai. For
instance, 1 indicates that such alternative is neapensive and pollutant in terms of both wastesggtion and
CO, emissions.

On the basis of this new classification, Figureptdsents the multi-criteria comparison for thedid
repair techniques. These results indicate thatetlaee two optimal solutions in this case: wet statéc and
formed concrete. For life-cycle lengths higher tiB@nyears, wet shotcrete is the more environmentadindly
alternative although expensive. Formed concretdhés cheapest alternative; however, its environnhenta
performance is very low. Dry shotcrete could belengented for life-cycles lower than 50 years. Néwess,
for T > 50 years, this option becomes unattractive dusoth the high environmental impact and the cagts.
choice of a given strategy depends on many fadsréife-cycle length, availability of resources asither
agency’s policies.

Figure 11 presents a useful scheme oriented tedase owners’ awareness concerning to environmental
problems. However, it illustrates the conflictingture of these criteria and the difficulty in pit@ing. For this
problem, an optimal solution should minimize thetscand the environmental impact. The optimal smiucan
be found by using multi-objective optimization. Theare several approaches to solve multi-objective
optimization problems: multi-attribute utility theg weighted sum approach, compromise programming,
constraint approach, and sequential optimizatiau(iis, 2006). This paper adopts compromise progiagito
solve the multi-objective maintenance optimizatiproblem. The solution of this optimization techréqu
minimizes the distance from the set of Pareto aptim the so-called ‘ideal solution’. The ideal swn is
defined as the solution that yields simultaneowgtimum values for all objectives. For objective functions,

the ideal solution can be associated with the ¥aolig ideal objective vector:
" =[min f,(x) min fy(x) - minf,(x)] (4)

Since each criterion has an own system of units, paper uses a multi-objective index (MOI) to

determine the optimal technique (Lounis, 2006). M©OUefined as the value of the weighted and napedl
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deviation from the ideal solutidh measured by the family of, metrics. Thus, the ‘satisfying’ solution is thezon

that yields a minimum MOI:

Y
| t-minf () | "
|max f; (xX) —min fi(x)|

MOI () = ivv." (5)
i=i

wherew; are the weighting factors of the optimizationenié f;, (i =1,...m) andp is a parameter indicating the
importance given to different deviations from tdeal solution. The value o depends mainly on the attitude
of the owner/operator towards each criterion. Tammeteip varies between 1 and. Forp = 1, all deviations
from the ideal solution are considered in direcipartion to their magnitudes, which corresponds tgroup
utility (Duckstein 1984). Fop = 2, a greater weight is associated with the ladgriations from the ideal
solution and_, represents the Euclidian metric. Foroo, the largest deviation is the only one taken adoount
and is referred to as the Chebyshev metric or mam-criterion and.,, corresponds to a purely individual utility
(Lounis 2006). This paper considers the Euclideaetrios to determine the MOI, and consequently, the
corresponding satisfying technique.

Table 6 summarizes the PVLCC, waste generatiorCapcemissions for each technique fbr= 50 yr.
It is observed that there is no an ‘ideal’ alterreathat minimizes the tree criteria. Then, thealdebjective
vector isf'=[2910€/ni, 210% and 1171 kg GOn’]. Figure 12 presents a multi-criteria prioritizati of the
repair techniques based on the Euclidean MOI -&E@.,5. This analysis considers that all criteaaenthe same
weighting factorgw; = 1). This means that the owner/operator have narifies for choosing an alternative.
However, these factors can be modified when thgeptds regulated by environmental or economicalst@ins.
The comparison of the Euclidean MOI indicates thatselection of an optimal alternative dependtheriength
of the life-cycle. The optimal solution is dry sbite forT= 50 years, whereas is wet shotcreteTfer 50 years.
Although formed concrete is the cheapest solutibis alternative is far to be optimal because hasnb

penalized by its high environmental impact.
Conclusions and further work

This paper presented an approach for evaluatingubk&inability of repair strategies for chloridmtaminated
RC structures. The proposed methodology was ilitestr throughout the paper evaluating the sustdityabf

large-scale maintenance of a real structure. Thairdechniques (wet shotcrete, dry shotcrete amthdd
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concrete) were tested on beams exposed to chlatditiésgy 80 years to introduce real input data in madels.
The repair times for each technique were computesitdd on a probabilistic assessment that accouatetthef
randomness of material properties, model and weafflee evaluation of sustainability was based oa th
comparison of three criteria (1) present value-dijele cost, (2) waste production and (3) QGfnissions. A
simplified decision-making scheme is proposed based multi-objective index. This decision-makingltcan
be used by the owners to search a solution optiguizosts and reducing environmental impact. Basethese
results, further work in this area is addressed to:

« characterize of repair products: diffusion coeffitti binding isotherm parameters, etc. This stgdy i

being performed by normal and accelerated tests;

e account for spatial variability of the random vates;

e integrate user costs to the analysis;

« include the uncertainty inherent to waste genemaiotd CQ emissions; and

» optimize the efficiency of the repair techniquesarms of costs and environmental impact.
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Table 1. Main features of the selected repair reer

Features Product 1 / wet shotcrete Product 2 sliojcrete Product 3 / formed concrete
Initial strength 20 MPa in 24 hours 11 MPain 3tsou 4 MPa in 3 hours

Thickness per coat to up 50 mm to up 100 mm toQgpriim

setting Rapid Rapid Rapid

bonding Excellent Excellent Excellent

Table 2. Comparison between products and repdinigaes.

Criteria Product 1 / wet shotcrete Product 2 /shgtcrete Product 3 / formed concrete
product cost 17€ /25 kg 7€ 125 kg 5€ /35 kg

staff 5 people 3 people 2 people

waste generation not significant <5% important %630 not significant <5%

finished satisfactory rough very satisfactory

Table 3. Probabilistic parameters of the variables.

Physical problem  Var. Units Distribution Mean cov
Chloride ingress B¢ m/s log-normal 3.1 0.20
Cn kg/m® normal 0.70 0.30
G mm normal (trunc. at 10mm) 50 0.25
U.  kJ/mol beta on [32;44.6] 41.8 0.10
m beta on [0;1] 0.15 0.30
Moisture diffusion R, m/s log-normal 3.1 0.20
ap beta on [0.025;0.1] 0.05 0.20
n beta on [6;16] 11 0.10
Heat transfer A W/(m°C) beta on [1.4;3.6] 25 0.20
Cq J/(kg°C) beta on [840;1170] 1000 0.10
pc  kg/n® normal 2400  0.20
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Table 4. Schedule of repair activities.

Life-cycle Wet shotcret Dry shotcret Formed concre

No. of  Specific schedule No. of Specific schedule No. of Specific schedule
length

Repairs (yrs) Repairs  (yrs) Repairs  (yrs)
(yrs)
T=50 2 15, 45 2 15, 35 3 15, 30, 45
T=75 2 15, 45 3 15, 35, 55 4 15, 30, 45, 60
T=100 3 15, 45,75 5 15, 35, 55, 75, 95 6 15, 3064, 75, 90

Table 5. Computed agency costs.

Item Wet shotcrete Dry shotcrete Formed concrete
€/m’ €/m’ €/m’
Hydrodemolition 1500 1500 1500

Recovery, treatment and

disposal of waste 172 172 172
Materials 1309 828 250
Labor 685 418 192
Equipments 183 210 94
Total 3848 3128 2208

Table 6. PVLCC, waste generation and,@@issions for each technique fior50 years.

Repair technique Optimization criteria
PVLCC Waste generation CO, emissions
€/m’ % kg CO/m®
Wet shotcrete 3487 210 1171
Dry shotcrete 3119 260 1431
Formed concrete 2910 315 1804
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Figure 2. (a) Agri-foodstuffs terminal. (b) Corratieeams.
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Figure 5. Beams after 80 years of exposure.
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