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Abstract : In recent years, much research work has been performed on durability design and long-term performance of concrete
structures in marine environments. In particular, the development of new procedures for probability-based durability design has
been shown to provide a more realistic basis for the analysis. This approach has been successfully applied to several new concrete
structures, where requirements for a more controlled durability and service life have been specified. For reinforced concrete struc-
tures in a marine environment, it is commonly assumed that the dominant degradation mechanism is the corrosion of the rein-
forcement due to the presence of chlorides. The design approach is based on the verification of durability limit states, examples
of which are: depassivation of reinforcement, cracking and spalling due to corrosion, and collapse due to cross section loss of rein-
forcement. With this design approach the probability of failure can be determined as a function of time. In the present paper, a prob-
ability-based durability performance analysis is used in order to demonstrate the importance of the durability design approach of
concrete structures in marine environments. In addition, the sensitivity of the various durability parameters affecting and controlling
the durability of concrete structures in a marine environment is studied. Results show that the potential of this approach to assist
durability design decisions making process is great. Based the crucial information generated, it is possible to prolong the service

life of structures while simultaneously optimizing the final design solution.
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1. Introduction

In recent years, much research work has been carried out in
order to define an approach to long-term performance of rein-
forced concrete structures due to environmental actions. In partic-
ular, the development of new procedures for durability design of
reinforced concrete structures has shown to provide a more realis-
tic basis for the durability performance analysis.l'5 This design
approach is crucial in order to obtain more controlled durability
performance of new concrete structures; however, it also provides
a very valuable basis for condition assessment of existing concrete
structures in marine environments.

For reinforced concrete structures in a marine environment, it is
commonly assumed that the dominant degradation mechanism is
the corrosion of the reinforcement due to the presence of chlo-
rides. In this paper, the modelling of chloride penetration is based
on Fick’s Second Law of diffusion, adapted to take into account
certain modifications that better simulate the real phenomena,
such as time dependant diffusion coefficient, varying surface chlo-
ride concentration, effects of temperature.g'10 Since all parameters
both for concrete durability and environmental exposure typically
show a high scatter, a probability-based approach provides a very
powerful basis for durability performance .':ulalysis.l’é’7 The design
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approach is based on the verification of limit states. Examples of
limit states for durability are: depassivation of reinforcement,
cracking and spalling due to corrosion, and collapse due to cross
section loss of reinforcement.” With this design approach the prob-
ability of failure can be determined as a function of time. For new
concrete structures, this provides an appropriate basis for estab-
lishing overall durability criteria for the structure in question.11
However, for existing concrete structures, where the chloride front
has still not reached the embedded steel, the approach can be used
for estimating the probability of failure after a certain period of
time."

In following paper the approach to durability design of rein-
forced concrete structures in marine environment applied with a
probabilistic method is described and applied in order to demon-
strate the sensitivity of the various durability indicators and model
parameters affecting and controlling the durability of concrete
structures in a marine environment. In addition, the potential for
generating crucial information to aid the durability design decision
process is demonstrated.

2. Description of model for durability
performance analysis

The model presented describes the performance of reinforced
concrete structures in marine environment with regards to the ser-
viceability limit state of reinforcement depassivation and conse-
quently corrosion initiation due to the presence of chlorides. There
are many models exist, some quite elaborate,” with different
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parameters and different approaches to corrosion initiation. How-
ever, the intention in this paper is not to describe a specific model
in detail, but to demonstrate the procedure for durability design
and the benefits thereof. For that purpose, a simpler model, with
fewer parameters, is used.

For the chosen serviceability limit state the modelling of the
chloride penetration into concrete, particularly for marine struc-
tures, is performed according to Fick’s Second Law of Diffusion:

dC(x, 1) _ . dC(x.1)
" Do =3 M

where C(x,?) is the chloride ion concentration at a distance x from
the concrete surface after being exposed for a period of time #, and
D is the chloride diffusion coefficient. By solving this differential
equation for predefined boundary conditions,” the following
equation is obtained:

Cx,1) = CO(CSfCO)[lfer](Z x ‘ﬂ @)
.

where Cs is the chloride ion concentration on the concrete surface,
C) is the initial chloride concentration of the concrete mix, and erf
is the error function.

The time dependency of the diffusion coefficient is well known,
ever since Takewaka presented an equation to model this behav-
jour.® Much research has been done on this topic,l’m'18 and, it has
shown that the diffusion coefficient variation with time is depen-
dent on various factors, the most important being the w/c ratio of
the mix and the cement type and content, and exposure conditions.
The time dependent variation of the D is introduced by the fol-
lowing equation 2

Det) = Do) 3

0

where D, is the diffusion coefficient at a given time #), and the
exponent » represents the time dependence of the diffusion coeffi-
cient or the increased ability of the concrete to resist chloride pene-
tration over time.

For temperature levels above freezing, the temperature is a deci-
sive factor regarding the rate of certain phenomenon. This factor
alone makes warmer climates considerably more aggressive than
temperate climates.

The temperature dependence of the viscosity of water is mainly
important for other effects such as the concrete’s resistivity and
diffusion processes. Diffusion processes are strongly dependent on
temperature. In the case of chloride diffusion the situation is some-
what more complicated, because in the diffusion process the
chemical and physical interaction of chloride with the cement
paste must also be taken into consideration.

Based on the Nernst-Einstein relation, values for the diffusion
coefficient at ambient temperature (21°C) are correlated to values
at standard temperature according to: 19:20

= Dy~ exp[-E(1 L
Petl) = Dooux 363 exp[ R(T 294” @

where 7 is the temperature in Kelvin, £, the activation energy, R
the gas constant, and D,y the diffusion coefficient at the refer-
ence temperature (21°C).

By substituting Eq. (3) and Eq. (4) into Eq. (2), an expression is
obtained the model equation for the prediction of chloride penetra-
tion based on the time and temperature dependent diffusion coeffi-
cient, given by:

C(x,1) = Co(Cg—Cy) *
- erf 52 Do 51y o[ 2 ) |(0)° H

)

It should be noted that the rate of chloride penetration may also
be controlled by other mechanisms such as capillary suction or
crack penetration. However, based on current knowledge and con-
cerning concrete structures in marine environments, it is assumed
that diffusion is a dominating transport process for chloride pene-
tration. However, there is still a lack of relevant data and informa-
tion on many parameters used in durability design. Therefore,
experience with the design procedure is important as well as a crit-
ical interpretation of obtained results and sound engineering
judgement.

To demonstrate the potential of the probabilistic analysis
approach, it is implemented with a Monte Carlo Simulation
method.*' The physical process is simulated directly by use of the
modified Fick’s Second Law of Diffusion. The only requirement
is that all the model parameters be described by a probability den-
sity function. Once the probability density functions of the various
model parameters are known, the probability of failure i.e. corro-
sion initiation, is calculated based on the evaluation of the limit
state function for a large number of trials. Since the accuracy of
the Monte Carlo Method depends mainly on the number of trials
undertaken, 1e6 simulation where perfor“med.22

3. Influence of model parameters on the
durability performance - sensitivity analysis

3.1 Definition of the durability parameter

The objective of the sensitivity analysis is to understand the
influence of durability parameter on the probability of corrosion
initiation at the end of a 50 years service life. The sensitivity analy-
sis is performed by varying a model parameters over a relevant
range of values while maintaining the others constant. The param-
eters analysed were: diffusion coefficient, Dy; critical chloride ion
concentration, ccg; concrete cover of reinforcement, x; surface
chloride ion concentration, cg. For comparative purposes a refer-
ence case was defined, as shown in Table 1. In addition, the range
of variation for the model parameters is also given in Table 1.

3.2 Results and discussion of the sensitivity
analysis

Figure 1 shows that as the diffusion coefficient increases, so
does the probability of corrosion initiation. This is expected as
higher diffusion coefficients indicate easier chloride diffusion
through concrete. The probability of corrosion initiation can be
reduced by more than 90% if the diffusion coefficient is reduced
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Table 1 Range of parameter values for sensitivity analysis.

Parameters Base case Range of values
D, (e-12 m/s) N(4.74, 0.47) [1~20]
ccr (%o wt. of concrete) N(0.48, 0.15) [0.25~1.25]
Xc (mm) N(50.0, 5.0) [40~90]
cs (% wt. of concrete) N(@3.4,034) [1.0~7.0]
t/ty (years/days) 50/28 Not varied
a N(0.39, 0.07) Not varied
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Fig. 1 Sensitivity analysis of the diffusion coefficient on
probability of corrosion initiation after a 50 year
service life.

from 10.0 x 107 m?/s (moderate resistance to chloride diffu-
sion)™ to 2.0 x 10" m?/s (extremely high resistance to chloride
diffusion).23 The diffusion coefficient is a very influential parame-
ter. An efficient way of controlling the diffusion coefficient is the
proper selection of cement type and water/binder ratio.”*?*

In Fig. 2, the influence of varying concrete covers on the proba-
bility of corrosion initiation is shown. For concrete cover less than
60 mm it appears that the probability of corrosion initiation rapidly
increases indicating that concrete cover is also a influential dura-
bility parameter. This is obvious as the concrete cover increases
the distance the chlorides have to diffuse in order to reach the rein-
forcement does too. However, to obtain adequate performance
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Fig. 2 Sensitivity analysis of the critical chloride concentration
of corrosion initiation after a 50 year service life.

large concrete covers are necessary. Whilst improving concrete
cover above 60 mm results in small gains in probability of corro-
sion initiation, an improvement from 40 mm to 60 mm results in
an decrease of 50% of the probability of corrosion initiation.

Figure 3 shows that as the surface chloride concentration increases,
so does the probability of corrosion initiation. The high chloride
concentration on the concrete surface will yield a high driving gra-
dient for the chloride diffusion, and therefore anticipate a shorter
diffusion period.

From Figure 4 it can be seen that as the concentration of chlo-
ride ions needed to initiate corrosion increases, the probability of
corrosion initiation decrease. The need for a higher chloride con-
centration next to the reinforcement require more time. The critical
chloride concentration depends mainly on the binder type.24’25 The
analysis indicates that the critical level of chloride concentration is
a sensitive durability parameter, and therefore the choice of binder
type is of the utmost importance.

From this analysis, the influence certain parameters have on the
durability performance can be better understood. The comprehen-
sion of these geometrical, material or environmental parameters
has a direct consequence on the durability performance of the rein-
forced concrete structure.
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Fig. 3 Sensitivity analysis of the surface chloride concentration
on probability of corrosion initiation after a 50 year
service life.
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Fig. 4 Sensitivity analysis of the concrete cover on probability
of corrosion initiation after a 50 year service life.
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4. Evaluating the durability performance of
design options

To demonstrate the potential benefit of the design approach,
several design scenarios are studied. The designer should select
appropriate concrete mixtures and adequate concrete cover in
order to fulfil the defined serviceability limit state. In order to
obtain the necessary information for the basis of the decision mak-
ing process, the influence of four different model parameters on
the durability performance is studied, for a service life of 50 years
the serviceability limit state for corrosion initiation is defined ( =
1.3, pr= 10'1). Material, geometric and environmental parameters
are based on published literature.

For the first example, the concrete cover is varied. In the second
example, the cement type used in the concrete mixture was analy-
sed whilst in the third example, the influence of temperature is
analysed. In the final example, the effect of using surface hydro-
phobation coatings is analysed.

4.1 Quantifying durability indicators and parameters

The main difficulty associated with the implementation of this
approach is the quantification of the model parameters. This is
even more noticeable when the parameters are stochastic in
nature. The lack of pertinent information can hinder the analysis,
however, several proposals for some of the suggested parameters
can be found in literature.>"*** The designers must rely on their
experience, on data obtained from existing structures and from
published data, so as to quantify the necessary parameters. There-
fore, the model parameters for the durability analysis were quanti-
fied considering that:

- the exposure period to the marine environment (service life)
was establish at 50;

- the surface chloride concentration was based on measurement
on surrounding structures. A normal distribution was assumed
with an average value of 3.4 % by weight of cement with a coeffi-
cient of variation (CoV) of 10%:;°

- the nominal reinforcement concrete cover for a XS3 environ-
mental class of exposure according to the EC2% is 60 mm. How-
ever, taken into account the quality of the workmanship, a
normally distributed concrete cover with an average of 50 mm and
10% CoV was adopted;

- the diffusion coefficient was determined based on accelerated
laboratory testing,,28 of a concrete with a cement CEM 1 42,5 R
and approximately 420 kg/m3 and a water/binder ratio of 0.45, at
28 days. It is normally distributed with an average of 10.5 and
10% CoV;

- the critical chloride concentration is based on existing experi-
ence,”* witha normally distributed value of average 0.48 and stan-
dard deviation of 0.15, for the cement type chosen;

- the age factor for time dependence of diffusion coefficient is
based on published literature. An average of 0.39 and a standard
deviation of 0.07 were adopted, for the cement type chosen;'

- the reference temperature is considered deterministic with the
value of 21°C.

4.2 Influence of concrete cover on durability
performance

A durability analysis was carried out in order to understand out
the effect of increased concrete cover above the nominal mini-
mum requirement of 60 mm. The concrete depths of 50 (base
case), 60, 70 and 90 mm were analysed. As can be seen from Fig. 5,
the concrete cover is of great importance for the probability of cor-
rosion initiation. While a nominal concrete cover of 50 mm would
only provide a service life of approximately 5 years, an effective,
nominal concrete cover of 90 mm would provide a service period
of more than 26 years. This is still not enough to fulfil the required
service life of 50 years, and therefore other changes are necessary
to improve the durability performance. In practical terms, it may
be difficult to used concrete covers larger than 70 mm. A partial
replacement of the conventional reinforcement with stainless steel
reinforcement could be used in order to obtain a substantial
increase of the effective concrete cover. As a result of the durabil-
ity design, the concrete cover can be changed and therefore the
recalculation of the structural design is necessary.

4.3 Influence of cement type on durability performance

In order to study the effect of cement type four different cements
were analysed. The durability indicator (diffusion coefficient) for
the concrete mixes based on four types of cement is taken from lit-
erature.” The types of cement included a high-performance port-
land cement (CEM I 52.5), a blended fly-ash cement (CEM II/A-
V 42.5), a blast-furnace slag cement with approximately 70% slag
(CEM III/B 42.5), and a high-performance portland cement
(CEM 1 52.5) mixed with 10% silica fume. The effect of cement
type on the observed diffusion coefficient (mz/s) is shown in Table
2, where the adopted values for # are also included."”

As can be seen from Fig. 6, the type of cement has a significant
effect on the probability of corrosion initiation. The large differ-
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Fig. 5 Influence of concrete cover on the probability of corrosion
initiation.

Table 2. Parameter values for different types of cement.

Cement type CEM 1 CEM 11I/B CEM I/A-V CEM 1 +SF
Dy (102 m?/s)1* N(10.5; 0.66)* N(5.3; 0.59) N(10.1; 0.81) N(4.74; 0.51)
N () N(0.37; 0.07) N(0.60; 0.15) N(0.51;0.07) N(0.39; 0.07)

* N- normal distribution (average, standard deviation)
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Fig. 6 Influence of cement type on the probability of corrosion
initiation.

ence in resistance against chloride penetration between the blast
furnace slag cement and the pure Portland cement is in accordance
with previous e><perience.25’28 For the pure Portland cement, the
probability of corrosion initiation would be exceeded within a
period of approximately 4 years, while for the blast furnace slag
cement, this level of risk of corrosion would only be exceeded
within a period of 42 years. For the fly ash cement and the combi-
nation of the Portland cement with silica fume, the corresponding
risk for corrosion would be exceeded within a period of approxi-
mately 13 and 17 years, respectively. For the same concrete mix,
varying only the cement type from portland to blast-furnace slag, a
85% improvement in the probability of corrosion initiation is
obtain after 50 years.

44 Influence of temperature on durability performance

The dependency of most degradation mechanisms on physical
and chemical phenomena, which in turn are temperature depen-
dant, should be taken into account in the durability design process.
A durability analysis was carried out in order to understand out the
effect of temperature on the durability performance of concrete
structures in marine environment. The average annual temperature
of three locations where taken into account: Bergen, Norway — 8°C,
Lisbon, Portugal — 18 °C, and Kuwait City, Kuwait — 25°C. These
parameters were used in the analysis deterministically. Figure 7
demonstrates the influence of temperature on the probability of
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Fig. 7 Influence of temperature on the probability of corrosion
initiation.

corrosion. Considering the same quality of concrete (same perfor-
mance in same conditions) but in different environments (subject
to different temperature ranges), the variation in performances is
significantly different. Designing a reinforced concrete structures
at a reference temperature might result in the under-performance
of the structure with regards to durability, and consequently the
shortening of its service life. On the other hand, for cooler cli-
mates, the design might result in an over-performance unnecessar-
ily increasing the cost of construction.

4.5 Influence of surface hydrophobation on durability
performance

The influence of surface hydrophobation on durability perfor-
mance was performed assuming that the efficiency of the hydro-
phobation coating was effective for 7~10 years. In order to simulate
this performance, a gradual decrease of the permeability of the
surface coating is simulated. Two situations are analysed: the first
in which a single coating is applied, and the second in a second
coating is applied 7 years after the first. From Figure 8 it can be
seen that the hydrophobation coating delays the degradation for
the effective period for the durability performance. This approach
in addition with others might prove to be very useful in fulfilling
the required service life.

5. Conclusions

The durability design approach described in this paper is applied
to a hypothetical situation, however, the parameters are based on
published data. This approach is based on models of degradation
processes, and as in any similar situation, care should be taken in
the interpretation of the results.

With this design approach the probability of failure, i.e. corro-
sion initiation, can be determined as a function of time. For new
concrete structures, this provides an appropriate basis for estab-
lishing overall durability criteria for the structure in question.
However, for existing concrete structures, where the chloride front
has still not reached the embedded steel, the approach can be used
for estimating the probability of corrosion initiation for the remain-
ing service life.

The potential benefit of the durability design approach is dem-
onstrated by several design scenarios where useful information for
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Fig. 8 Influence of hydrophobation coatings on the probability
of corrosion initiation.
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the decision making process is obtained. The influence of four dif-
ferent parameters on the durability performance is studied: con-
crete cover, cement type, temperature and surface hydrophobation
coatings.

The results show that, for the serviceability limit state for corro-
sion initiation adopted, the type of cement directly influences the
durability indicator (diffusion coefficient) and therefore the proba-
bility of failure. Changing from Portland cement to slag cement for
the same composition results in an improvement of 85% in the
probability of failure.

It is also shown that larger concrete covers benefit the durability
performance. However, concrete covers greater then 60 mm result
in small improvements in the durability performance for the
defined service life.

In addition, the effect of temperature on durability design is
demonstrated by the variation of the probability of failure by an
interval of 10 years. Durability design should take into consider-
ation the effect of temperature. If not, for warmer structures under
performance could result in premature degradation, while in
cooler climates, over performance results in unoptimized solutions
for the structure.

It is also shown that the hydrophobation coatings can benefit the
service life for as long as they are efficient. This option can be
optimized in combination with other solutions to prolong the ser-
vice life.

In conclusion, it is demonstrated that the durability design can
benefit from applying this approach to different design scenarios
and how the information generated can provide the designer with
useful design options. Only by performing the different scenario
simulations can an overall view of the structural durability perfor-
mance be obtained.
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