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Abstract Nowadays an amount of reinforced concrete
structures are presenting problems related with corrosion of
reinforcement, mainly that induced by chloride ions. So,
many studies are being accomplished to predict the nec-
essary time for chloride ions reach the reinforcement,
beginning the propagation of corrosive process. In this
paper, three models were selected for analysis to determine
their ability in properly predicting the chloride penetration
in concrete structures: the solution of 2nd Fick’s Law, the
complete solution of 2nd Fick’s Law, considering the
variation of diffusion coefficient and the superficial con-
centration of chlorides in time; and a model proposed.
Analysis of the formulations principles and assessment and
applicability of equations were made, taking into account
the adequate choice of parameters and variables involved,
the difficulty to obtain these parameters, and if the models
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represent properly the natural phenomena. In order to
contribute with the service life prediction of the structures
when inserted in saline environments, a mathematical
model was developed based in a Focus Groups analysis.
Some of the main characteristics of the proposed model are
the logic applied for its development and the application
easiness. This model was applied in a case study to verify
the answer in relation to chloride penetration in some
points of a reinforced concrete structure inserted in a saline
area. The behavior of the model was consistent with the
results of experimental investigations accomplished by
other researchers.

Keywords Concrete - Service life - Chloride penetration -
Modeling

1 Introduction

The development of new technologies, construction pro-
cesses and building materials has encouraged the con-
struction of more economical buildings. However, the high
competitiveness of the sector and the reduction of pro-
duction costs have a negative influence in constructions
quality produced in Brazil over the past years. It is com-
mon to find constructions with levels of degradation higher
than desired, with problems related to quality and dura-
bility due to execution failures and the appearance of
pathological manifestations, which affects the aesthetics,
safety, usability and the service life. In this way, several
service life models, which can adequately describe the
degradation process of reinforced concrete structures over
time, have been developed. Many of these models are
related with the corrosion of reinforcement, which is the
predominant damage that occur in concrete structures,
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which attempt to model the penetration of the main
aggressive agents responsible for the despassivation pro-
cess: the chloride ions and the carbon dioxide.

Nowadays these have been a great effort by some
researchers to model chloride penetration into concrete.
The proposed formulations vary in complexity, but most
are based on the assumption that at least some part of the
process is diffusion controlled. It is essential that the
parameters that are used in functions to predict degradation
rates can be quantified by direct measurement or by
inference [1]. Highly complex multi-variable functions that
may be scientifically accurate in modeling the process may
be limited by lack of quantifiable data for each parameter.
At the opposite, simple empirical models based on a large
number of observations may not be sufficiently sophisti-
cated to deal with conditions outside the scope of the data
used in developing the model. So, a compromise must be
reached to achieve a model that is scientifically credible, is
acceptable to practising engineers and has an accept-
able level of reliability [1].

In general, the development of models of degradation is
based in two approaches: one empirical and other phe-
nomenological or complex. Empirical models, also called
simplified models, are based on field or laboratory data
adjustments or based on the experience of specialists,
usually have analytical solutions. This group includes the
models of Hamada [2], Ho and Lewis [3], Jiang, Lin and
Cai [4], Possan [5], Andrade [6] among others. The com-
plex or phenomenological models are based on physico-
chemical laws, as the laws of conservation of mass of CO,
and water and due to their complexity require numerical
solutions. The formulations derived from these models are
created based on knowledge and analysis of mechanisms
and kinetics of degradation, especially in the Papadakis
et al. [7], Saetta and Vitaliani [8]. Other factors that dif-
ferentiate the mathematical models are presented in

Table 1 Empirical versus complex models [5]

Table 1, whose information was compiled from some lit-
erature works [9-13].

In general, empirical models are easier to apply, but
simplifications can lead at less accurate results. The com-
plex models consider a greater number of variables that
have influence in degradation process, tending to a greater
precision and generalization, but are more difficult to be
applied.

Since Collepardi [14] published his application of 2nd
Fick’s Law, his assumption has been applied in many
projects with aim of predicting chloride ingress into con-
crete [15]. This is expressed through the Eq. (1):

oc d’C
—=D—. (1)
ot ox?

Assuming the chloride surface concentration and the
chloride diffusion coefficient in concrete remain constant,

the solution of the Eq. (1) can be represented by the
Eq. (2):

C(x,t) = Ci + (Cs — Cy)erfc (L) (2)
Nz

where C(x,f) is the chloride concentration at a depth x at the
time ¢; Cy is the surface chloride concentration (%); C; is
the initial concentration of chloride in the concrete (%); t is
the time (years); D is the chloride diffusion coefficient
(cm?*/year); and erfc is the error-function complement.

However, it is observed that the diffusion coefficient
tends to decrease with time, a function of the continuous
changes in concrete structure [16, 17]. Besides, the chloride
concentration tends to increase at the surface of structural
elements in time [18, 19]. So, the chloride penetration in
concrete could be better predicted if these considerations
are incorporated in an adopted prediction form.

In this way, Mejlbro [20] solved the Eq. (1) considering
that the diffusion coefficient and the surface chloride

Aspect Empirical models

Complex models

Theoretical foundation
laboratory and field data
Input parameters
Precision Associated error may be high
Computational effort Simple, in general, analytical
Practical application Easy
Extrapolation
Generalization

gave rise to the model

Expertise from experts, historical data and

Generally simple, easy to obtain

Have influence in results reliability
Applicable to the intervals of information that

Nature laws (physical and chemical),
algebraic formulations

Usually require testing for determination—
some are difficult to obtain

Tends to reduce errors

Complex, usually numerical

Difficult

If well elaborated can admit extrapolations
Applicable to all situations governed by the

laws that comprise it
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concentration are time-dependent. The author verified that
the surface chloride concentration in concrete belongs to a
certain family of functions, being represented by the
Eq. (3):

Cy = C;i + S[(t — tox) D, (3)

where C; is the surface chloride concentration (%); C; is the
initial concentration of chloride in concrete (%); ¢ is the
time (years); t,, is the time of the first chloride exposure
(years); D, is the diffusion coefficient in function of the
time (cmz/year); and S and p is the constants determined
through experimental fittings.

The factors S and p depend basically on the chloride
levels in the environment, the cement type, and the
admixtures present in concrete. Through data obtained
from analysis in loco, the values of surface chloride con-
centration are collected and, starting from fittings, the
values of these variables are obtained. The same are nec-
essary to calculate the variation of surface chloride con-
centration in time for a certain structural element.

The variation of the diffusion coefficient in time is
modeled through the Eq. (4):

D, = Daer() ()

where D, is the initial diffusion coefficient (cm2/year); tox
is the time of the first chloride exposure (years); o is the
exponent that depends on the w/c of concrete; ¢ is the time
(years).

The value of o can be expressed through the Eq. (5)
[20]:

a=3(0.55—-w/c), (5)

where w/c is the water/cement ratio.

The initial diffusion coefficient (D,,,) denotes the value
of the chloride diffusion coefficient at time ¢ is the ¢,,, and,
if this parameter is not determined by the Test Method NT
Build 443 [21], it could be estimated from Eq. (6), obtained
from adjusts of experimental results showed in Mejlbro
[20]:

Dyer = 50000 X e(_\/:/) (6)

Thus, the model proposed by Mejlbro [20] presents the
final form expressed by the Eq. (7):

C(x,t) = Ci + S|Du(t — 1.)"P, <m> , (7)

where 1, is the function tabulated by Mejlbro [20].
However, they are not clearly specified if all cement
types obey the relationships showed above, as well as the
variation of the w/c for each cement type. It is known that
the complete solution proposed takes into consideration the

parameters varying continually with time. Even so, more
investigations should be made to verify if the relationship
proposed are more adapted to represent satisfactorily the
real phenomenon.

So, one of the principal challenges in developing a
mathematical model for service life prediction is that many
parameters, including material characteristics, climatic
environment and construction method, will affect the ser-
vice life provisions. Besides, the obtaining of some
parameters used in a great majority of proposed models
(e.g. the diffusion coefficient) is very difficult in laboratory
experiments and/or in field investigations. Nevertheless,
the aim of this investigation is to establish a usable, prac-
tical, and reliable mathematical model to predict the
chloride penetration in concrete structures.

2 Model development

Another form of evaluating the chloride penetration in a
structural element is to know the progress, with time, of the
“forehead” that corresponds to a certain chloride concentra-
tion. Thus, it would be interesting to know the progress of a
chloride concentration corresponding to 0.4% by cement mass
(C,,), that it is at the maximum amount of chloride that can is
allowed in a structural element at the reinforcement level. That
value is a recommendation, not proved totally by tests.

In principle, the exponential function is more appropri-
ate to represent the chloride penetration in time, where the
mathematical representation of this principle is shown in

Eq. (8):
Yoay = kar x 1, (8)

where y49 is the depth of chloride ions penetration
(equivalent to a chloride amount of 0.4% in relation to the
cement mass), in cm; k¢ is the chloride coefficient, in cm?/
year; b is the coefficient to be determined; and 7 is the time,
in years.

The chloride coefficient (k) represents the “first-year
ingress” of the critical chloride concentration (C.,) into
concrete. It is known that in this parameter are related
factors that have relationship to concrete characteristics
(e.g. cement type, presence or not of admixtures and exe-
cution quality) and the environment (e.g. temperature,
relative humidity, chloride presence) that influence in
chloride transport. In existing structures, the determination
of the same can be accomplished with a certain easiness
through the knowledge of the chloride profile within a
certain time #, where the kg value is easily found by
application of Eq. (8).

However, the determination of the k¢; value for planned
structures is very difficult, because the knowledge of the
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holistic effect existing between the several factors that
influence chloride penetration in a structure are quite dif-
ficult to model.

In this way, was developed a new mathematical model
to represent the chloride penetration into the concrete [6].
First was considered that the chloride penetration depends
basically of some characteristics related to concrete and the
environment, where the main factors that influence in the
chloride transport are presented in Table 2. Thus, it is
assumed that the kc; value change is a function of the
parameters presented, where the penetration would be
represented in a generic form by Eq. (9):

Yoau, = [f (fux, UR, T, CL, Ky, K, Ad)] x 1°. (9)

The chloride penetration is proportional to temperature,
relative humidity and external chloride concentration; and
is inversely proportional to concrete strength, cement type,
and type/amount of admixture. Thus, using this principle
and considering which have a multiplicative effect among
the basic variables, the general form of the model proposed
is shown in Eq. (10):

Ko x UR" x T x Cl»
Ki X fi x Ky x (1 +Ad)™

Yo.4% = ) (10)
where K| is the general constant; and b,—bg is the variable
coefficients.

The realization of a complete experimental work to
establish the coefficient values from b; to bg, and the
constant K, for all possible variable combinations (related
to concrete and environment), is very difficult due to the
great amount of resources needed and the time needed to
obtain results. It should be noted that there are several
forms of data collection (Table 3), being the focus group,
or knowledge of experts one of them. This technique is
used when there is no adequate database, as in the study
under analysis.

Since the existing experimental results of concrete
degradation by chloride ions are fragmented, implying

Table 2 Main factors that influence in chloride penetration

Symbol Unit

Concrete characteristics

Concrete strength (28 days) fex MPa

Cement type K -

Admixture type K> -

Amount of admixture Ad %*
Environment characteristics

Mean temperature (°C) T °C

Relative humidity (%) UR %

Chloride concentration (%) Cl %°

* By cement mass

@ Springer

difficulties in the generalization and modeling of data, as
well as in the transposition of these to real situations, for
the elaboration of the model proposed in this paper did
necessary to obtain/collect them. As the realization of an
experiment, which contemplated all the variables of influ-
ence on concrete degradation due to chloride ions, would
require a lot of time and resource, data collection of this
study is based on expert knowledge, using the focal group
technique to obtain the data that gave origin to the model.

Focus groups are forums that bring together a small
group of individuals to talk about a topic of interest.
Basically, it can be considered a group interview, although
not with the sense of alternation where a researcher ques-
tions and the participants respond. Instead, its essence
consists in the interaction between individuals, based on
topics that are promoted by the researcher, who usually
assume the role of moderator of the session [22].

In engineering, the works that employ this technique are
rare [5, 6, 23]. To use data from the literature, it should be
noted that there are several studies on concrete degradation
due to chloride penetration. However, it is difficult to
construct a robust database, since the studies employ dif-
ferent methodologies. Also they do not contemplate all the
variables of influence of the concrete degradation, being
that the majority of the cases are of accelerated
experiments.

The proposed model requires real degradation data or
natural test data from concrete degradation due to chloride
penetration. Accelerated data is difficult to use in practice
because the damage acceleration coefficient is unknown.

So, what took place was an experiment in focus groups,
where specialists were invited to answer some questions
about Durability of Structures. The Focus Group is rec-
ommended to give orientation for investigations or actions
in new research fields, to generate hypothesis based in
specialists perception, to evaluate different research situa-
tions and to generate additional information to a study on a
wide scale [22, 24]. This tool is used in the study of many
exploratory fields, such as Social Sciences and Production
Engineering, and has lead to very interesting results. The
first application of this methodology is been made in
Concrete Technology, where the results will be adequately
evaluated.

So, a group composed of 11 researchers from some
Universities,! specialists in Concrete Technology and
Durability of Structures fields was gathered. The collected
data were analyzed through non-linear regression, to obtain
the final model represented by the Eq. (11):

! University of Brasilia, University of Campinas, Federal University
of Rio Grande do Sul, Polytechnic School of the University of Sdo
Paulo (all from Brazil) and University of California, at Berkeley.



J Build Rehabil (2017) 2:6

Page 5of 8 6

Table 3

Potential sources of degradation data for concrete structures [5]

Information, data or indicators

Type

Origin

Observation

Objective

Accelerated material performance tests, providing
Maintenance, repair and rehabilitation performance indicators
Durability indicators

Protection performance indicators (steel paints, anodic and
cathodic protection, among others)

Aggressiveness of the environment.
In situ research, providing
The abovementioned indicators

The speed and intensity of the degradation process of real
buildings

Indicators of performance and efficiency provided by the
manufacturer or maintainer of the component, subsystem and

Information from these sources has a high potential for use.
Ideally, this information should be grouped into a database to
facilitate access to information and increase the reliability of
the results presented. These databases can be formed with data
from theses, dissertations, academic articles, case studies,
among other reliable sources. However, accelerated test data
need to be used with caution, since for prediction studies it is
necessary to use a coefficient of acceleration of degradation

This information is also useful for determining or evaluating
warranty periods.

system of the building

Subjective  Expert experience

In the absence of real data, information from expert knowledge
can be used. For this, the focus group and the Delphi method
can be employed

7.35 x URY7 x 1%1 x CI%7
Ky X fu x Ky x (1 JrAd)O'2

x V1, (11)

Y0.4% =

where yg 4¢, is the position of critical chloride concentration
(C,,) from the concrete surface (mm); UR is the relative
humidity of the atmosphere (%); T is the environmental
temperature (°C); CI is the environmental chloride con-
centration (%); K is the factor that varies in function of the
type of cement used in the concrete production; f is the
compressive strength (28 days) (MPa); K is the factor that
varies in function of the admixture type used in concrete
production; Ad is the amount of admixture in concrete (%);
and 7 is the time (years).

It can be observed that the value of coefficient bg
determined by analysis is equal at 0.5, and is consistent
with the theory that considers that the chloride penetration
as the proportional at square-root of time [15, 25]. The
factors K and K5, obtained from the Focus Groups analysis
are presented in Tables 4 and 5, respectively.

3 Application

In order to verify that the formulation properly represents
the natural phenomena, the results obtained from an
inspection analysis (chloride profiles) [26] were used to
partially validate the model. Was realized a series of
analyses in a structure located in a saline area in South of
Brazil, that presents 22 years of service life. The analyses
presented here were based on study done at two different
points, designated as P1 and P2, and were separated by a
vertical distance of approximately 1.5 m in the same

Table 4 Values of K, in func-

tion of the cement type K ASTM cement type
0.98 1 (SM)
1.05 1 (PM)
1.21 IS
1.17 P
0.95 11
e Yo o2 0 o i
1.00 Silica fume
0.97 Metakaolin
0.76 Rice husk ash

Table 6 Characteristics of the structural element and environment
[26]

Property Pl P2
Compressive strength at 28 days (MPa) 24 23
w/c ratio 0.44

Cement type ASTM Type IP
Cement content (kg/m3) 403

Mean temperature (°C) 25

Relative humidity (%) 80

element (marine pier). The concrete properties and envi-
ronment characteristics for the analyzed points are pre-
sented in Table 6, where the chloride profiles obtained
from concrete samples at the points are presented in Fig. 1.

@ Springer
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Fig. 1 Chloride profiles in analyzed points

Table 7 Surface concentration
and diffusion coefficient for the

analyzed points P1 3.45 0.06
P2 3.99 0.13

Point C, (%) D (cm*/year)

—&—P1 - Fick's Law
—aA—P2 - Fick's Law
—>— Mejlbro

-—--0,40%

Chloride content (% in cement mass)

0,0 O, 1,0

1,5 20 25 30 35 40

Distance from surface (cm)

45 5,0

Fig. 2 Profiles obtained from best fit adjust from 2nd Fick’s Law and
the Mejlbro [20] formulation

The values of the surface chloride concentration and
the diffusion coefficient were obtained by fitting the
profiles found by the least square method, being used for
Eq. (2). The best fits results for each analyzed point are
presented in Table 7. With the values presented in
Tables 5 and 6, the theoretical penetration profiles were
calculated through fittings in the expressions of Fick
(Eqg. 2) and Mejlbro [20] (Eq. 7), as can be observed in
Fig. 2.

Comparing the Figs. 1 and 2, it is observed that the
adjustment achieved by 2nd Fick’s Law represents a good
agreement with the analyzed points. However, the fit done
through the model proposed by Mejlbro [20] presents a
good agreement only for the point P1. In the case of the
2nd Fick’s Law, individual values for Cy; and D for each
analyzed point were obtained, where a clear variation
exists between the surface concentration and the diffusion
coefficient for each individual point. In Mejlbro [20]
model, the variation sources are related to environmental
parameters (S and p) and the w/c of the concrete. As the
analyzed points meet very close, it is assumed that the
concrete characteristics don’t vary significantly, and the
parameters that are necessary for the resolution of the
model are the same ones for the two points, leading to the
same curve format.

An attempt was made evaluate the depth reached by a
chloride concentration equal at 0.4% in relation to the
cement mass, considering the models presented previously.
The data presented in Tables 5 and 6 were used, with the
results shown in Table 8.

It can be observed that the results of the proposed model
(Eq. 11) show values near those measured in structure.
Possan and Andrade [27] using Markov chain, obtained
similar results. The small variation found can be considered
as acceptable, because the same happens mainly due to the
inherent variability existent in measures of the chloride
concentration in structural elements.

It is highlighted that the model made use of data
obtained from expert knowledge, however its validation
was conducted with real degradation data, indicating that
the construction/modeling process has scientific rigor.

4 Conclusions

This paper shows some considerations about some models
used to predict the chloride penetration in concrete. The
models proposed by Fick and Mejlbro [20] are extremely
useful, but are applicable only for analysis of existing
structures where the data collected through inspections
give information for service life predictions. However, for
a structure under construction, the prediction of service life
realized through these models still has a low reliability.
There are so many constants involved in analysis, where
the correlation about them is very questionable.

Table 8 Penetration depth of

2nd Fick’s Law (Eq. 2)

Mejlbro [20] (Eq. 7)  Model proposed (Eq. 11)

the critical concentration of Point  yoag (cm)

chloride ions (C,,) calculated by Measured in situ

the presented models
P1 2.55 2.55
P2 3.63 3.87

225 2.94
2.25 3.25
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To improve this prediction a penetration model is pro-
posed that considers the concrete characteristics and the
environmental conditions associated with chloride trans-
port. A basic characteristic of this model is its easy
application, where the variables incorporated in formula-
tion are easily obtained through data collection and/or by
direct measurements.

Comparative analysis was made among the models in
order to verify the penetration of chloride ions into con-
crete. A structure located in a marine atmosphere in Brazil,
that presents 22 years of service life, was used as a case
study. The chloride profiles at two different points from the
structure were compared, and the results showed that the
proposed model gives values of chloride penetration sim-
ilar to those determined by inspections of the structure.

Thus, the proposed model can be used to estimate the
service life of reinforced concrete structures. However, the
lack of available data is a problem found to complete
validation of the model. During the inspection in a struc-
ture, some data related to specific micro-environmental
conditions are not generally collected, and just a charac-
terization of the macroenvironment is made. Also
researchers often do not have access to data from the
construction period for their analysis, such as the cement
type used or compressive strength of concrete (at 28 days).
In this way, it would be interesting that the presented
model be used by a great amount of researchers, and be
refined in the future to give better predictions.

The proposed model is easy to apply, however it presents
uncertainties regarding the inherent variability of concrete
and its degradation. However, the model can be used as a tool
to approximate the reality of concrete degradation due to the
action of chloride in the design for durability.

For future studies, it is suggested the acquisition of new
natural degradation data for calibration of the coefficients of
the model. Data can be obtained by performing experimental
designs such as fractional factorial design, split-plot, 2k, or
by compiling experimental data from real structures or non-
accelerated tests in the literature. These data can be modeled
in order to refine the model coefficients via linear or non-
linear modeling, artificial neural networks, among other
techniques available for complex modeling.
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