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Abstract

The aim of this study is to develop a new design procedure for the
durability of the Reinforced Concrete (RC) structures in aggressive
environments. The study approach developed here includes: (i) a qualitative
analysis phase to characterize the design parameters and environmental

exposure conditions of RC structures; (ii) a quantitative analysis phase, to
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establish the relationship between service life and design parameters and
environmental exposure conditions using the service life prediction model
firstly, and then to determine the most influential design parameters on
service life using sensitivity analyses; and (iii) a final design phase, to
design RC structures using some favorable values of the most influential
design parameters firstly, and then to compare the service life thus obtained
with that of RC structures designed using a standardized approach. An
application is also proposed on simulated RC structure exposed to
carbonation in Madrid (Spain). This RC structure follows the
recommendations of the European standard EN 206-1 for XC4 exposure
class. The sensitivity analysis results are discussed in detail including
influence trends, importance ranking, non-monotonic effects and parameter
interaction influences. The most influential design parameters obtained are
cement strength clas¢.,{,), water-to-cement ratiof/C) and cement type
(CEM). By usingW/C of about 0.4,f., of about 52.5 MPa and CEM I
cement type instead of their limiting value as recommended by EN 206-1,

the service life of the RC structure is significantly improved.

Key words: Carbonation; Durability design; Corrosion; Service life.

Morris analysis, Sobol indices.

1. Introduction

In the literature, two basic approaches are proposed for the design of the

durability of Reinforced Concrete (RC) structures in aggressive
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environments [1]: a prescriptive approach and a performance-based

approach.

The prescriptive approach is primarily based on the acquired experience in
the durability performance of existing RC structures. Because experience is
generally insufficient to allow for the quantitative requirements, most of
the requirements for durability are formulated in a qualitative and empirical
way. In the case of reinforcing steel corrosion due to carbonation or
chlorides, the prescriptive approach defines an exposure class and
subsequent prescriptions including (i) concrete composition (a maximum
water-to-cement ratio, a minimum cement content and a cement type); (ii) a
minimum 28-day compressive strength of the concrete; and (iii) a minimum

concrete cover depth for service life design [2] [3].

The key feature of the performance-based approach is to assess relevant
concrete material properties using some relevant test methods or service
life prediction models. This approach can be used to formulate
requirements as regards material properties and structure dimensions. In the
case of corrosion of reinforcing steel due to carbonation [4] [1] [5] or
chlorides [6] [7] [8], the estimation of the deterioration evolution
depending on expected influential parameters is mostly performed by
applying a probabilistic approach. This estimation makes it possible to
formulate requirements for the structural responses depending on the
service life design [3]. Then, durability design can be completed in two

ways: (i) using a fully probabilistic method, for which the concrete cover
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depth and the diffusion coefficient of GOor chlorides are usually
considered as main probabilistic design parametershe required service
life design and the reliability level [4] [1] [5]€] [7] [8]; and (ii) using the
partial factor method to determine the charactécistalues and the partial

factors for the design parameters [4] [1] [7].

The strength of the prescriptive approach liestm fiexibility to account
for experience and its easy application. The obsiomeakness of this
approach is that: (i) a simple set of general prggoons cannot be optimal
for all the different parts of a structure expostal different levels of
aggressiveness depending on the structure areaqi[Plour understanding
of service durability performance of the structurethe design stage must
be improved [1]; and (iii) it does not encouragee thse of novel materials
for durability design. The strength of the performca-based approach, on
the other hand, is its relevance for the durabiliégponses so that service
life design can be carried out in a more scientifad reliable way.
However, two main difficulties must be faced: (i)batter understanding of
the deterioration mechanisms must combine the tssuwdf both the
scientific research with long-term in-situ obsenoats; and (ii) the
uncertainty associated with deterioration mecharsismust be properly
taken into consideration in the design processsThst issue can be solved
by carrying out a sensitivity analysis of servigielin relation to modeling
parameters. The_ Sensitivity Analysis (SA) is theudst of how the

uncertainty of a mathematical model or system (nuioed or other systems)
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results can be apportioned to different sources uwfcertainty and
variability of the input parameters [10]. In thetdrature, many studies
present the SA of the simplified diffusion-basedrosion initiation model

of RC structures exposed to chlorides. This analyss conducted to
identify, among the different parameters like coeter cover depth, chloride
diffusion coefficient, chloride threshold level, drhloride concentration at
the surface, those which are the most significant][[12]. Other studies
describe the SA of corrosion rate prediction modgl8] or simplified

carbonation models [14] conducted to classify thHedent influences of
the input parameters. Some authors use the “One Atime (OAT)” SA

method [11] [12], which provides some semi-qualiNat sensitivity

information by varying one parameter at a time whKeeping the others
constant. Sensitivity is observed graphically. Qtheuthors use the SA
method based on the regression analysis [13] [T4js method quantifies

the effect of the input parameters on the modeuhss

It is sometimes difficult to distinguish between egcriptive or
performance-based design approaches. For instarfcéhe existing RC
structures on a given project site have achieveddhbjective set by service
life design, then the durability design of new R@ustures can rely on the
rational analysis of the durability measurementsrieal out on these RC
structures. Consequently, determining whether dtrie design is
specifically based on the prescriptive or the pemfance-based approach is

difficult, in this case. The experimental data dre tdurability performance



111 of the structures thus collected must be integrated the different phases
112 of the performance-based approach to determine ftheeliminary
113 dimensions of the structure [3]. Thus, both appieescare useful as regards
114 durability design and are complementary methodsthe global design

115 process.

116 The present paper reports a study conducted to Idpva new design
117 procedure for the durability of the RC structures iaggressive
118 environments. The procedure discussed here is tlesult of the
119 combination of both prescriptive and performancedxh approaches.
120 Qualitative and quantitative SA methods are intégdainto the design
121 procedure to determine durability action levers féreto definition of
122 *“action levers” inAppendiy. These are used to design the best durable RC

123 structure.

124 The new design procedure for the durability of RGQ@rustures in
125 aggressive environments is presented in Sectiodr2.application of this
126 procedure to a simulated RC structure exposed tdaraation in Madrid
127 (Spain) is described in Section 3. Some recommadpdatfor the durability
128 design according to EN 2016-1 for XC4 exposure slase discussed in

129 Section 4.

130 2. Development of the new durability design procedure

131 The durability design procedure proposed here ideks (1) a qualitative

132 analysis, (2) a quantitative analysis, and (3) aafi design procedure



133

134

135

136

137

138

139

140

141

142

143

144

145

146

147

148

(Figure 1). The purpose of the qualitative analysis is totedmine the
preliminary dimensions of a RC structure at a gahdevel within the
context of aggressive environments. It also includbe characterizations
of the design parameters and the environmental sxp®o conditions. This
analysis is carried out using a prescriptive appinaThe quantitative
analysis aims at establishing a relationship betwethe aggressive
environment and the service life of structure usegervice life prediction
model [4]. The purpose of the quantitative analysssto determine the
action levers by applying the SA method to the seevlife prediction
model. The final design phase consists in using #wmion levers to
redesign the RC structure properties in order tbhi@ee the longest service
life possible. This phase also includes a comparib@tween the service
life of a structure designed using the procedureppssed here and that of a
structure designed using the recommended limitirdues of EN 206-1

[15].

1/ QUALITATIVE ANALYSIS 2/ QUANTITATIVE

v

ANALYSIS
o Preliminary design (characterizationp
of input parameters). ~ 7] o Establishment of the
7y relationship between

the service life and

L I input parameters baseff
3/ FINAL DESIGN on the service life

prediction model.

0 Detailed design finalization by settin';_’

the action levers at their most o Determination of the
favorable value. «— —=| action levers for the
o _ service life using
o Validation of final results sensitivity analysis.
(comparison with the standardized
approach).
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Figure 1. Design procedure for durability of RC sttures in aggressive

environments.

In order to determine the action levers, suitabld ®Sethods must be
selected. They must provide the trend of actioneksvin relation to the
service life, the quantization of their influencedathe interactions with
other parameters. Thus, the SA methods used inptlesious studies [11]
[12] [13] [14] are not relevant in this context. @xequently, a combination
of two SA methods, Sobol’'s quantitative method [1@&hd Morris’
qualitative method [17] is chosen. This combinatibas been previously
used for the same purpose in environmental desigmagu Life Cycle
Assessment (LCA) [18] [19]. It can provide complem@ry information on
the influence of the input parameters on the moaslults in the decision-
making process. Sobol’'s method is used to quantifg input parameters
contribution to model result variations. Morris’ th@d, on the other hand,
provides additional information on the trend of timput parameters. Both
methods require that all the input parameters amdependent of one

another. Both methods are summarized in the nekbssations.

2.1. Sobol’s quantitative sensitivity analysis

Sobol’'s method [16] is based on the analysis of thariance
decomposition of the modef in order to quantify the contribution of

variability of the input parameteX; to the total variance of the outpit
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The individual contribution of input parametef is measured using the
first order sensitivity index;) such as:

_ Var(E[Y | X;])

i Var(Y) )

where: Var(E[Y | X;]) is the conditional variance o¥ produced by the

variation of X;, Var(Y) is the total variance of.

The individual Sobol indices lie in the interval -[J. Moreover, the
overall output sensitivity to the parametéi (i.e., including first and
higher order effects (interaction) of;) can be measured using the total
sensitivity index ST].) [20] as:

_ Var(E[Y | X))

Var(Y) @

ST]' =

where: Var(E[Y | X,;]) is the conditional variance o¥ produced by the

variation of all the input parameters exceyt

Sobol’'s method requires to have characterized tmeb®&bility Density
Function (PDF) of each input parameter. The Montl€ simulations are
carried out by varying simultaneously all the inagrameters according to

their PDF and by calculating the associated mo@sluits. In this studys;

and STj are calculated.
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2.2. Morris’s qualitative sensitivity analysis

Morris’ method [17] is one of the most popular senéng method, which
consists in developing a randomized experimentakigi® process by
varying one parameter while keeping the others tamts (OAT method)

over a certain number of repetitions (k = 1,2,...,r). Then, the variation

coefficients, called the elementary effecEEﬁk)), are obtained as:

F(X®) +e;.A) — F(XE))
A

IEIE](") ~ 3)

where: A is a pre-defined step; is a vector of zero but withrth equal £1.

The mean valueyj) of the elementary effects is calculated to detieien
the trend of input parameteX;. The algebraic sign ofy; indicates
increasing (positive sign) or decreasing (negasvgn) trends of the model
output related toX;. The standard deviation value;) of the elementary
effects is the measure of the sum of all the intéiens ofX; with the other

parameters and of all non-linear influences. Wealfin

.
1%
wy==> EEY @)
k=1

r
1 2
_ E *x _
O-j - r—1 (IEIEJ ,Ll]) (5)
k=1
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In the case of non-monotonic functions, the elemeynteffects can have
an opposite sign for the considered repetition, aihcan result in &; close
to zero if the parameter is influential. In order grevent this, Campolongo

et al. [21] recommend to use the mean value of dheolute value ;) of

the elementary effects rather than the uguyal

r

b= > Y| ©

k=1

The information about the algebraic sign pf is lost when usingu;.

However, it is a good indicator for the assessmaithe importance of the
input parameters in relation to each other. Mormséthod requires a local
interval range (minimum and maximum value) for eaclput parameter.

The number of repetitions ranges from 4 to 10 [22]. In this study;, u;

andg; are calculated.

Throughout the rest of the work, Morris and Sobokthobds serve to
identify input parameters that are major contribhgtdo the variability of
service life. More specifically, the controllableammmeters related to
technological aspects (e.g., concrete mix, size sofucture), i.e., the
“technological parameters”, are considered as actievers if they are

major contributors to the service life.



215 2.3. ldentification of action levers using sensitivity ndices

216 Based on the Sobol indices, the technological patams are identified as
217 action levers, if the value af; is higher than 10%. Moreover, if the value
218 of §; is lower than 10% but the differencéT;—Sj) is high, i.e., assumed to
219 be greater than 10%, they can also be consideregotsntial action levers
220 [18] [19]. This means that paramet&f is not individually influential but
221 has a non-negligible global contribution becausdtsfinteraction with the
222 other parameters. As regards the Morris indicexe parameters with a
223 higher u; are considered as potential action levers [17]thié parameters
224  satisfy the conditiors; > |i;|, they are considered to have a non-monotonic
225 effect. In contrast, non-influential input parametg is assumed to have
226 indicesSTj lower than 10% angi; low in relation to other indiceg;;,; of
227 input parameters(;;.;. Recall that Morris indiceg; and u; have the same

228 order of magnitude than the model response while tinst order Sobol

229 indicesS; are normalized and lie in the interval [0-1].
230 3. Case study

231 3.1. Presentation of the case study

232 The case study studied here consists of a RC giractsubjected to
233 carbonation. The structure is assumed to be locdatedMadrid (Spain)
234 because this location presents optimal environmlentanditions for

235 carbonation of concrete [23] [24]. Madrid, indeed,a place with a high
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level of carbon dioxide [25] and with an averagéatere external humidity
of about 0.56 [26]. The considered structure foltothe recommendations
of EN 206-1 for XC4 exposure class [15]: concredeekposed to the air and
the structure is not sheltered from rain. Carboomtis the only alteration
phenomenon of RC structure considered in this papée objective here is
to identify the action levers affecting serviceelifto obtain the longest
service life possible by setting the identified iact levers at their most

favorable value.

The service life of a structural component is theripd after construction,
during which all the structure properties, when tioely maintained, are
higher than the minimum acceptable values [2]. Tuli27] proposed a
simplified model for predicting the service life oRC structures,
considering the degradation due to carbonation cedlucorrosion. Service
life is divided into two periods: initiation periodnd propagation period as
shown inFigure 2 There are two periods because the mechanismdvado
are different in physical-chemical terms. The iatibn period corresponds
to the penetration of CQinto the concrete cover until the carbonation fron
reaches the reinforced layer. The propagation pkriocludes (i) steel
corrosion; (ii) cross section loss; (iii) concresearface cracking; and (iv)

spalling of concrete cover.
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—

Service life

A
\ 4

A

Figure 2. Tuuti’s service life prediction model [R7

Our case study deals with the initiation period yonThe service life of
RC structure is limited to the corrosion initiatigreriod. Thus, a model for
the initiation period is required: that model calates at any time the

carbonation depth within concrete.

3.2. Qualitative analysis: characterization of input

parameters

The service life considered here is predicted udimg carbonation model
recently developed by Ta et al. [28Figure 3). This carbonation model is
validated using data from the literature on shondaong-term natural
carbonation exposure conditions. Most of the exmemtal data concern
CEM I, CEM II, CEM Ill cement types. The predicticof this carbonation
model for estimation of carbonation depth is mocewrate than Papadakis’

model [29] and Yang’'s model [30]. This model takemny influencing
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design parameters of the carbonation process ioctm@ant and predicts the
natural carbonation depth. It is based on the amedy solution of Fick’s

law given by:

2XD X CO
xz\/ €02 2%\t (7)

a

where: x (m) is the carbonation depth within concret®y, (m?/s) is the
CO, diffusion coefficient of concret&0, (kg/nt) is the CQ concentration
in the atmospherea (kg/nt) is the amount of C®absorbed in a unit

volume of concretet, (s) is the exposure time.
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279 Figure 3. Carbonation model presented in [28] (irfpparameters are
280 detailed in the text).

281 When the carbonation depth is equal to the concceteer depth {), i.e.,

282 x =d, the corrosion initiation period ends. The steeinforcement could



283 be then corroded with the presence of, umidity and temperature as
284 defined by Tuuti’s service life prediction modeFigure 2). Service life
285 (ts.r) Can be written as:

_ d*xa (8)
Lser = 2 X DCOZ X €O,

286 The purpose then is to design a concrete struciuitle a maximum service

287 life value tg,,.

288 Many parameters are required for the calculationDgf, anda as shown
289 in Figure 3 For the application of Sobol and Morris’ methotls the
290 determination of the sensitivity af,, to input parameters, we use only the
291 expression ofDg,, and a in relation to the independent parameters. An
292 independent parameter does have a relationship wither independent
293 parameters. The dependent parameters are expredbedugh the
294 independent parameters. The time dependency ofitpet parameters is

295 not taken into account. Consequently, the expressiit,,, takes the form:

toer = f(C, w/C,S/G,S_max,CEM, feom, d,t.,T,RH, COZ) (9)
296 or
tser = f(XpXz'X3'X4'X5'X6'X7'X8'X9'X10'X11) (10)

297 where: C (kg/n? of concrete) is the amount of cement contétiyC (n.u.)
298 (n.u. = no unit) is the water-to-cement rati§/G (n.u.) is the sand-to-

299 gravel ratio,S_max (mm) is the maximum aggregate Si£Z&M (n.u.) is the



300 cement typef...» (MPa) is the cement strength clags,(days) is the initial
301 curing period,T (K) is the ambient temperatur&kH (n.u.) is the relative

302 external humidity.

303 The input parameters, including the technologicald aenvironmental
304 parameters (refer to definition of “technologicalnda environmental
305 parameters” inAppendiy, characterized by determining the variability
306 range and the PDF of each parameter as summarinedable 1 The
307 technological parameters are characterized by thmitihg values
308 recommended by EN 206-1 [15] for XC4 exposure clasd the statistical
309 analysis of the studies addressing the problem oficcete carbonation
310 found in the literature. To provide the action lesea uniform (discrete or
311 continue) distribution is usually set for the teohmgical parameters
312 because they are chosen by the designer. Thusthallvalues within the
313 distribution interval are considered equally proleb The interval is

314 determined by minimum and maximum values.

315 The environmental parameters are characterized fromather data [26],
316 which include the ambient temperaturd) (and the relative external
317 humidity (RH). The CQ concentration in the atmospher€0f) is taken

318 from [25].

319 Table 1. Input parameter characterization.

Parameter Unit Probability Density Function (PDF) Reference

Technological parameters




Group 1: concrete mix

X, c  kg/m’

X, WJ/C n.u.
X3 S/G n.u.

X, S_max mm

‘U (min = 300; mean = 404.5; max = 509)
‘U (min = 0.4; mean = 0.45; max = 0.5)
‘U (min = 0.5; mean = 1.3; max = 2.1)

‘U (min = 20 ; mean = 26; max = 32)

[15]
[15]

[15]

Group 2: cement

X. CEM n.u.

Xe feem MPa

dU (10 cement types)
dU (3 strength classes)

[15]
[15]

Group 3: concrete cover depth and initial curingipe

X, d m U (min = 0.05; mean = 0.065; max = 0.08]31] [32]
Xg t, days U (min = 1; mean = 2; max = 3) [33]
Environmental parameters

X, T K trN (mean = 287.4; CoV = 0.03; [26]

min = 272.4; max = 309.1)
X,o RH n.u. trN (mean = 0.56; CoV = 0.33; [26]
min = 0.2; max = 0.88)
X, €O, ppm tr’N (mean = 380; CoV = 0.05; [25]

min = 304.6; max = 456.8)

Notes:

1. CoV = Coefficient of VariationfrN = truncated Normal distributiorit

= Uniform distribution;d“U = discrete Uniform distribution.

2. The variability range oX,, X, andX; parameters also comes from the

statistical analysis conducted by some experimentastigations found

in the literature (detailed in the text).

Group 1: concrete mix

The requirements for concrete of EN 206-1 [15] €4 exposure class

are a maximum water-to-cement ratid/(C) of about 0.5, a minimum
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341

342

343

344

amount of cement content) of about 300 kg/hand maximum aggregate
size (S_max) within the range 20-32 mm. Previous studies [34] [35] [36]
reveal that (i) CEM | cement type concrete with ater-to-cement ratio
(W/C) lower than 0.4 has very high carbonation resisggnand (ii)
concrete using CEM | cement type has higher carbionaresistance than
the other cement types containing additions. Irstiiork, we thus assume
the minimum W /C of about 0.4 for cement types considered in orter
observe the carbonation phenomenon; however, therbocetion
phenomenon can appear félf/C values lower than 0.4 for other cement
types. Moreover, concrete casted with su¢WC is uncommon. Based on
the statistical analysis of seventeen experimeimtaéstigations on concrete
carbonation [37] [5] [38] [39] [40] [41] [42] [43]44] [45] [24] [46] [47]
[48] [1] [49] [50], the maximum cement content)(is about 509 kg/rhand

the sand-to-gravel ratioS{G) varies between 0.5 and 2.1.
Group 2: cement

In the carbonation model proposed by Ta et al. [2iBle cement type
(CEM) is considered through the following three paraerset amount of
Portland clinker inside cement, amount of calciumide per weight of
cement and cement density. Therefore, among thec@ment products
presented in [51], ten cement types are conside@M |; CEM II/A; CEM
[1/B; CEM I1Il/A; CEM 11I/B; CEM Il1l/C; CEM IV/A; CEM 1V/B; CEM

V/A; and CEM V/B. The characteristics of these certseare presented in
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Appendix(Table A). Cement strength clasg.{,) of all these cement types

is available for strength classes of 32.5 MPa, 44Pa and 52.5 MPa.

Group 3: concrete cover depth and initial curing peiod

The concrete cover depthi)( must have a minimum thickness to protect
the steel reinforcements from the g@ttack and to prevent the corrosion
of steel reinforcements [52]. This design parametaries according to the
exposure class, the quality of construction and theended service life
[52]. Combined to the requirements for concreteEd 206-1 [15] for XC4
exposure class, the minimum recommended concrevercdepth {) ranges
from about 0.05 m [31] to 0.08 m [32] for structudesign with an expected
100-year service life. Consequently,can vary between 0.05 and 0.08 m in

this study.

Because of a limited construction time, the inlitieuring period ¢.)

varies between 1 day and 3 days [33].

3.3. Quantitative analysis

3.3.1. Service life prediction and sensitivity analysis

EqQ. (10)is used to establish the relationship betweengéwrrice life €,.,)
and the input paramete’§ presented iffable 1 In Sobol’ method, the,,,
values are simulated usingqg. (10) by varying all input parameters

simultaneously according to their PDFable J).
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The first order Sobol sensitivity indexs;§ (Eq. (1) and the total Sobol
sensitivity index $Tj) (Eg. (2) are calculated as described S®ection 2.3
They are calculated by means of a bootstrap methad 500 replications

from a half-sample (5,000) taken from an initialng@le of about 10,000 as

recommended in [18].

In Morris’ method, thet,,, values are simulated using Eq. (10) by varying
each input parameter one at a time. Then the mesoev ;) (Eq. (4),
standard deviation valuesf) (Eq. (5) and mean value of the absolute value
(4;) (Eq. (6) of the elementary effects are calculated as dbsedr in

Section 2.3 They are calculated by means of discretizationtlod input
parameters(; in 10 values with a prescribed number of trajetdsrof about

30 as recommended in [18].
3.3.2. Determination of the action levers

Our results shown ifrigure 4 are related to the case study. It is important
to note that SA results depend on both PDF of inpatameters given in

Table 1and on carbonation model chosen.

Figure 4 displays the SA results.
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Figure 4. Sobol and Morris sensitivity indices.

Figure 4 shows that cement strength class,.t), water-to-cement ratio
(W/C), cement type (EM), ambient temperatureT) and relative external
humidity (RH) (in descending rank) are the most influential graeters

because theiST]. and u; values are the highest. The differen@g—sj is

around 22% for cement strength clags,t), 17% for water-to-cement ratio
(w/c), 14% for cement typeCEM), 12% for ambient temperaturd)( and
10% for relative external humidityRf{). This means that their interactions
with the other parameters are important. Paramefegss W/C andCEM are
considered the most influent with & value above 10%. They are thus
technological parameters (i.e., controllable partan®) identified as action
levers.T andRH are environmental parameters (uncontrollable paatems)

that are uncertain. The less-influential paramet(esv,§ < 10% and lowy;)

23
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are initial curing periodt(), cement content(), concrete cover depthd],

CO, concentration in the airC0,), maximum aggregate size&_fnax) and

sand-to-gravel ratioS{/G). Based on the algebraic sign pf, we observe

that an increase iRH, C, d, t.,, andS/G and a decrease iW/C, S_max, T,

and €O, result in the increase af,,. All parameters have;/u; within the

interval [0.19 — 0.39]. It indicates that the effecbhetween parameter are

monotonic. Becaus¢.,,, and CEM are discrete parameters, their algebraic

sign of u; is not significant. Finding favorable value reqgesrtesting all of

the values off,.,, andCEM. The simulation results are displayed kgure

5. We plot the service life on log scale versus k&ncontent. The service

life is represented by its mean value and standiedation.

5.5 0 fcem =32.5 MP
5l o  fcem =425 MPa |
. < fcem =52.5 MPa
% 4.5¢ / CEMVIA CEMWE
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Figure 5. Comparison of service lives of cementsgth classes and

cement types.



410 The highest service life is obtained with cementength class f.,,) 52.5
411 MPa, followed by 42.5 MPa and 32.5 MPa. The CEMndaCEM I1/B
412 cement types are the most favorable to increasestregice life with ..,
413 52.5 MPa. The CEM I11/B has lower environmental inspma These findings
414 are in line with previous study [38]. For bofh.,, 42.5 and 52.5 MPa we
415 found that service life is higher than 100 yearsatdver the cement type.
416 However, none of the service lives considering dtanl deviation obtained

417  with f..,, 32.5 MPa is higher than 100 years.

418 3.3.3. Comparison of the sensitivity analysis results tohe

419 literature

420 This section compares our SA results with the htere. Cement strength
421 class (..,,) and water-to-cement ratid{/C), two technological parameters,
422 are key parameters for the determination of theccete porosity and the
423 28-day compressive strength of concrefg (9] [53]. Both values, indeed,
424 are important indicators of the evaluation of tlesistance to penetration of
425 carbon dioxide into concrete [54]. Higher cemenesgth class f.,,) and a
426 decrease in water-to-cement rati/ (C) result in an increase of.. For a
427 given water-to-cement ratidi{/C), it has been shown that service lifg.f)
428 increases by 1.89 times when using a CEM I1I/B cemweith a cement
429 strength class ft.,,) value about of 42.5 MPa instead of 32.5 MPa [55].
430 Furthermore, the service lifety,) increases by 2.49 times when using a

431 water-to-cement ratiolf /C) of about 0.4 instead of 0.43, according to the



432 literature [56]. Previous experimental results [§5B] have confirmed that
433 service life €5,) IS more sensitive to cement strength clags,,) and
434 water-to-cement ratioW/C). In addition, a survey of the literature also
435 reveals that the carbonation resistance of concdetgends on the amount
436 of Portland clinker cement in concrete [57]. Whersing a cement
437 preparation containing more Portland clinker forncoete composition,
438 first, the 28-day compressive strength of concréfg is higher and the
439 amount of Ca(OH) and CSH increases [58]. Both observations increase
440 concrete carbonation resistance. Finally, the otieehnological parameters
441 considered here demonstrate a negligible contrdoutio the variations of
442 service life ¢5r). An increase in cement contenf)( obviously causes the
443 presence of higher amounts of Calcium hydroxide ((@4),) and _Calcium-
444  Silicate-Hydrate (CSH) inside the concrete, whielmgthens the time of the
445 neutralization reaction between Ca(QH)and CSH and C® The
446 carbonation resistance is thus higher. An increasenaximum aggregate
447 size _max) generates a decrease in the carbonation resistanite use of
448 a bigger aggregate size, indeed, induces (i) acado in the tortuosity of
449 the flow path, which increases permeability, and) (@ possibility of
450 internal water bleeding, which increases concreteopity [59]. As regards
451 the initial curing period f.), many previous studies [56] [60] [41] have
452 underlined that the longer the curing period ise thigher the resistance of
453 concrete to carbonation is. An increasetinprovides a higher degree of
454 hydration and a lower concrete porosity. As regattle concrete cover

455 depth @), it is widely accepted that service lifey,.) is proportional to the
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square of concrete cover deptH)(as shown inEqg. (8) An increase in
sand-to-gravel ratioS/G) in one cubic meter of concrete mixed increases
sand content, which is responsible for the reductia air permeability.

There also, the carbonation resistance is incre§sgp

As regards the environmental parameters, previoxjgeamental results
[23] [24] have shown that the highest carbonati@teris observed for a
relative external humidity KH) around 57%. We observe that the
carbonation rate increases when relative externahildity (RH) increases
from 0% to 57%, and decreases when relative exiemanidity (RH)
increases from 57% to 100%. This is consistent aodresponds to the
highest g;/u; of relative external humidity RH) (Figure 4) that is
highlighted by the present sensitivity analysisulés. The carbonation rate
also increases with increasing ambient temperat{ite due to increased
molecular activity [61] [62]. Finally, the carbonah depth is proportional
to the square root of carbon dioxide concentrationhe air €C0,) (Eq. (7).
The presence of carbon dioxide is necessary for taebonation of
concrete. However, relative external humidityRH) and ambient
temperature ) play the most important part in the carbonati@aer within

all the environmental parameters.

The influence trend of parameters is consistenthwtite literature. The
important influence of parameters correspondingtheir range variation

studied corroborates with previous experimentadsts.



478 3.4. Final design

479 Based on the SA results, the action levers of thsecstudy are cement
480 strength class ft.m), water-to-cement ratioW/C) and cement typeCEM).

481 The final design is carried out by setting the aatilever at their most
482 favorable value to increase the service lifg,) (Table 3. As found
483 previously, the most favorable values of the thestion levers consist of
484 minimum W/C (about 0.4), highel,., 52.5 MPa and CEM | or CEM II/B
485 cement type Kigure 5. The other parameters are randomly generated
486 according to their PDF presented ihable 1 This scenario is called

487 recommended scenario

488 A reference scenario, calleEN 206-1 scenaripis also developed by
489 setting the action levers at the limiting valuecommended by EN 206-1
490 [159], i.e.,W/C equal to 0.5f.., 32.5 MPa and CEM | cement typddgble

491 2). The other parameters are randomly generatedrdotg to their PDF as

492 with therecommended scenario

493 We compare the distribution oft,,, of EN 206-1 scenarioand
494 recommended scenariovith CEM | cement type inFigure 6. The
495 recommended scenariwith CEM [I/B cement type is not illustrated in
496 Figure 6 as itstg,, distribution is very close to that of CEM | cemetype.
497 The meant,,, of recommended scenariwith CEM II/B cement type is of
498 about 9,253 years. The distribution Qf, is simulated using a Monte Carlo

499 simulation with a sample size of 100,000.
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Table 2. Values of action levers for both desigisednarios.

Parameter Symbol  Unit Recommended EN 206-1
scenario scenario
Water-to-cement ratio W/C n.u. 0.4 0.5
Cement strength class f.., MPa 52.5 32.5
Cement type CEM n.u. CEM I CEM I

I EN 206-1 scenario (meay), t= 93 years)
Il Recommended scenario (mean= 9766 years)

5007 1

4007 1

30071 ]

Frequency (n.u.)

N
o
o

I
Al

‘||I|. Lo
3

1 2 4 5

log, ((t,.,) (vears)
Figure 6. Comparison between service litg,() distributions of both

designed scenarios.

As shown inFigure 6, thet,,, of therecommended scenarie 105 times
higher than that of theEN 206-1 scenario Both distributions of
probabilities are completely separated. The calmdadifferences are
significant. The simulation results confirmefg.,,,, W/C as being effective
action levers. Therecommended scenarigorresponds to concrete with
higher carbonation resistance. We consider the highcrete cover depth

(d) between 0.05 m and 0.08 m, that is another redeoriinding the mean
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service life of therecommended scenariaf about 9,766 years. This finding
corroborates with previously experimental resuldd [34] [35] [36]. For
example, Houst et al. [34] reveal that more tharefyears of exposure to
the atmosphere of CQ concrete withW/C = 0.3 is carbonated only to a
depth of 0.2 to 0.3 mm. Another study on ultra-highrformance fiber-
reinforced concrete (porosity about 5%) [63] shothat thet,,, is more
than 12,000 years. One can assume that this highgrs not only due to
the individual influence of action levers but aldo the non-negligible
interactions between the action levers and otherampaters (revealed

previously through the differenc&}. —5; > 10%).

The simulation results of theecommended scenarieveal that a durable
RC structure can be obtained by setting the actiewers at their most
favorable values. The durable RC structure is iredegjent on the values of
the other technological parameters, which are satad randomly within
their variability range given infTable 1 In short, if the RC structure is
designed using therecommended scenariothe risk for corrosion of
reinforcing steels due to carbonation is eliminatbdoughout the 100-year
service life design. In addition, concretes wjth,, 52.5MPa and witi¥//C
of about 0.4 are appropriate for the other cemegpes Figure 5. On the
contrary, if the RC structure is designed by segjtthe action levers at their
limiting values as recommended by EN 206-1 [15]maintenance system

could be established in order to ensure the intednt@0-year service life.
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3.5. Advantages and limits of the design approach

In this particular case, the cement conterl) (does not individually
contribute to service life (witl§; around 1%), i.e., the service lifegf) is
independent of cement conter®)(for a given water-to-cement ratid/(/C).

A previous study has revealed that the carbonati@h concrete is
independent of cement conten€)((from 221 to 450 kg/f) for a given
water-to-cement ratio W/C) [64]. The present finding, achieved in
association with the literature, raises the probleiattempting to impose a
minimum cement contentC} of 300 kg/ni for XC4 exposure class in EN
206-1 [15]. The model developed does not consideatta high cement
content €) may enhance the risk of cracking because of tleathof
hydration or the drying shrinkage in the concretever. Both can result in a
poor carbonation resistance of the concrete covemthermore, from the
point of view of the environmental impacts of thencrete, cement, among
other constituents of concrete, is mainly respolesitor the release of a
huge amount of C®during the production [65]. Consequently, in thase
of an XC4 exposure class, the requirement for theimum C in EN 206-1
[15] should be re-examined whereas a maximum liafitC within the mix

should also be specified.

Our approach is a helpful tool in the life cyclesdgn for the durability of
RC structures. Our approach aims identifying actiemers for increasing
service life. Engineering designers easily increabe service life by

focusing on effective action levers.
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Results of our case study are related both to drde@nation model chosen
and to PDF of input parameters. If we use anotlagge variability of input
parameters, our results would be changed [66]. H@wxeour approach is

general and can be adapted to various servicenlideels.

In this study, carbonation is the only alteratiolnepomenon of RC
structure that is considered. However, concretédonation can be coupled
with other severe deteriorations leading to accatlerits degradation, e.g.,
the presence of a small amount of chlorides sigmifitly increases the
corrosion risk in carbonated mortars [67]. In tlatuation, the combined

effects of various alteration mechanisms integratedervice life model.

Finally, this study focuses on individual input pareters that are action
levers on the improvement of service life of RC ustiures. However,
interactions between two or more input parameteesevshown to be also

influential on service life prediction and meritritber investigations.

4. Summary and conclusion

The present study was conducted to develop a nesvgdeprocedure for
the durability of RC structures through resistartoecarbonation induced
corrosion. This innovative approach consists in bomng the techniques
of the prescriptive and performance-based approgaama in integrating the
sensitivity analysis of service life in the desigtage. The durability design

phase has focused on the most influential paranseadth a view to setting
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them at their most favorable value. With suitablalculation tools, this

proposed procedure will be easy to use by designers

Through the case study presented here, we found t¢keaent strength
class (..m), water-to-cement ratiolf/C) and cement typeCEM) are action
levers. Design engineers may take these actionriegarefully into account
during the durability design step of concrete exgbso carbonation. When
setting the action levers at their most favorabl@lues instead of their
limiting values as recommended by EN 206-1, the veer life is
significantly improved. The requirement for minimuacement contentq)
in EN 206-1 for XC4 exposure class should be reredeed in order to
reduce concrete costs and environmental impactse most influential
parameters, includin® /C, f..m,» CEM, ambient temperaturel’{ and relative
external humidity RH), should therefore be carefully considered in fetu
research works conducted to address the problencasbonation-induced

corrosion damage modeling in RC structures.

More research work needs to be carried out to ibhgase the interaction
influences between the parameters. For instance,tha case study
presented, the identified action levers have strontgractions with the
other parameters. These interactions, however, haee been examined
here. The results of studies addressing the proldénmteractions between
parameters could additionally enhance the durapitit RC structures. We
are confident that this finding will serve as a tsa$or future theoretical

and experimental works.
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Appendix: Definitions

Durability is the ability to maintain the serviceability ofsaructure over
a specified length of time, or a characteristictioé structure to function for
a given period with required safety and correspaogdicharacteristics

providing serviceability [68].
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Durability design makes sure that service life design can be conepllen

the actual local exposure conditions during theigestage.

Service life designis the service life that the designer intends foe
structures undergoing expected aggressions and iceermaintenance

according to a prescribed maintenance managemeatesty.

Service lifeis the period after construction, during which &k structure
properties, when routinely maintained, are highdrant the minimum

acceptable values [2].

Technological parameters are controllable parameters (i.e. action
possibilities). They are related to the technol@ajiaspects (e.g., concrete

mix, size of structure).

Environmental parameters are uncontrollable parameters. They are
related to the environmental open-air location (g.@ggressive agent
sources like C@ concentration, chlorides, ambient temperature, and

relative humidity).

Action levers are the technological parameter, which are major
contributors to the sensitive service life. They atetermined by carrying

out a sensitivity analysis of the service life pr&dn model.

Table Al. Cement type characterization.

Cement type Clinker (n.u.) CaO (n.u.) Cement densyt (kg/m°)

CEM | 0.98 0.64 3110
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CEM II/A
CEM I1I/B
CEM III/A
CEM I1I/B
CEM I1ll/C
CEM IV/A
CEM 1V/B
CEM V/A
CEM V/B

0.87
0.72
0.5
0.27
0.12
0.77
0.55
0.52
0.3

0.62
0.46
0.53
0.48
0.46
0.38
0.31
0.47
0.47

3000
3005
2880
2850
2750
2980
2890
2870
2870




