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Abstract

This paper investigates the recommendations given in the European Standard for
concrete specification BS EN 206-1, and the complementary UK standard, BS 85001
regarding specification against carbonation and carbonation-induced corrosion. Within
Europe, the newly drafted concrete standards provide ‘exposure classes’ for
deterioration mechanisms such as carbonation, depending on the macro environment in
which the concrete performs. A variety of cement types are now available for use in the
UK however, the long-term performance of concrete containing these cements is
relatively unknown. To enable sustainable and economic reinforced building
construction, reliable determination of the carbonation rate of hardened concrete is
essential to allow design decisions to be made. A previous study by the authors had
developed a simulated natural carbonation test to examine the effect of constituent
materials and environmental conditions on natural carbonation and subsequent potential
for carbonation-induced corrosion [1]. The current study formulated a probabilistic
analysis using a selection of published deterministic models pertaining to long term
carbonation of concrete. The outcome of the probabilistic analysis determined the
minimum concrete requirements to resist the progress of carbonation and subsequent
carbonation induced-corrosion for a minimum period of 50 years.

1. INTRODUCTION

Carbonation-induced corrosion is one of the main factors affecting the durability of
reinforced concrete structures. A large proportion of concrete produced is used in
residential, commercial and industrial structures and, given adequate environmental
conditions, these structures will be at risk from carbonation-induced reinforcement
corrosion. It could, therefore, be argued that the potential service life of many
structures is governed by carbonation-induced corrosion [2, 3]. The traditional attitude
to specifying concrete is changing in the UK and Europe with a shift towards
performance-based specifications. Durability is now being considered explicitly as
specifications consider the construction process and a balance between buildability and



satisfactory performance requirements [4]. To implement such an approach, careful
consideration and revision of test methods and specifications is necessary and the
European Committee for Standardisation (CEN) adopted a framework which provided a
rigorous route to specifying concrete [5]. Work at the University of Dundee has already
developed a simulated natural carbonation test to examine the effect of constituent
materials and environmental conditions on natural carbonation of concretes [6] and
further work is investigating the use of other test methods to estimate the long term
carbonation resistance of concrete.

Within Europe, the newly drafted concrete specification standard BS EN 206-1 [7], and
the complementary British standard BS 8500-1 [8], provide ‘exposure classes’ for
deterioration mechanisms such as carbonation based on the macro environment in
which the concrete performs. Although specification is moving towards a performance-
based approach, these codes still adopt a prescriptive approach by limiting compressive
strength, water/cement ratio and cement content, regardless of the cement type used.
However, the philosophy of BS EN 1990 [9], the current European standard for the
design of concrete structures is based on a probabilistic approach to resistance against
deterioration mechanisms such as carbonation-induced corrosion. In this study, the
authors investigated the recommendations of BS EN 206-1 and BS 8500-1 and
compared them with a probabilistic analysis using a selection of published deterministic
models pertaining to long term carbonation of concrete.

2. REVIEW OF UK AND EUROPEAN STANDARDS

BS EN 1990 [9], the European standard for designing structures states implicitly that all
civil engineering structures should be designed for a specific minimum intended
working life. In the case of many commercial and domestic structures, the minimum
intended working life is 50 years during which the structure is assumed to perform
adequately during (and beyond) this period. Bridges and monumental building
structures have a minimum intended working life of 100 years however, for the purpose
of this paper, the authors concentrated on concrete for commercial and domestic
structures, those most likely to be affected by carbonation —induced corrosion.

A total of 27 cement combinations are now available for use in BS EN 197-1 [10] the
new European cement standard. These designations are summarised in Table 1. In the
UK, permitted cement combinations are CEM I, CEM II and CEM III as well as
specific mixer-blended cement combinations of pfa, ggbs and silica fume.

A comparison of recommendations for concrete properties relevant to prevent
carbonation-induced corrosion in BS EN 206 and BS 8500-1 are given in Table 2. The
Exposure Classes reflect the corrosion risk to concrete elements subjected to
carbonation with exposure XC3 and XC4 requiring more stringent control over
specifications due to the potential for cyclic wetting and drying of concrete elements.
BS EN 206-1 gives provision for use of CEM I type cements as stated in BS EN 197-1
[10] however the complimentary standard BS 8500 has made provision for the use of
pulverized-fuel ash up to 55% (limited to 35% in XC3 and XC4) and ground granulated
blastfurnace slag up to 80%. The main difference between BS EN 206-1 and BS 8500
is the concept of ‘trade-off' between concrete quality and cover to reinforcement in
Exposure Classes XC3 and XC4, as shown in Table 2.



Table 1 Cement types permitted in BS EN 197-1 and BS 8500

Cement Main Constituents Limitations on non clinker

Designation composition (# % by mass)

Cement types permitted in EN 197-1

CEM1 Portland Cement

CEM II Blastfurnace Slag 35%
Silica Fume 10%
Natural Pozzolan 35%
Pulverized-fuel Ash (siliceous and 35%
calcareous) 35%
Burnt Shale 35%
Limestone 35%
Composite (mix of above constituents) 35%

CEM 111 Blastfurnace Slag Cement 95%

CEM IV Pozzolana Cement 55%

CEM V Composite Cement 50%

Cement types permitted in BS8500 (combinations manufactured in the cement plant)
CEM 1 Portland Cement

CEM II Silica Fume 10%
CEM III Blastfurnace Slag Cement 80%
CEM IV Pozzolanic Cement 55%
Cement types permitted in BS8500 (combinations manufactured in the mixer)

CIl Limestone Fines combination 20%
Ccl Pulverized-fuel Ash combination 35%
CIII Blastfurnace slag combination 80%
Clv Pulverized-fuel Ash combination 55%

Table 2 Comparison of Exposure Classes, Concrete Requirements and Cement types
permitted for use in XC Exposure Classes in BS 8500-1 and BS EN 206-1 to achieve a
minimum intended working life of 50 years.

Exposure Class XC1 (dry or XC2 (wet, XC3 (moderate humidity)
permanently wet) rarely dry) or XC4(cyclic wet and dry)
BS8500 EN206 BS8500 EN206 BS8500 EN206

Minimum C20/25 C20/25 C25/30 C20/25 C25/30 C28/35 C32/40 C40/50 C30/37

Strength Class"

Maximum 070 065 0.65 065 065 0.60 0.55 045 0.65

w/c ratio

Minimum Cement 240 260 260 260 260 280 300 340 300

Content (kg/m®)

Minimum Cover to 15+Ac? ¥  25+Ac ¥  35+Ac 30+Ac 25+Ac 20+Ac

reinforcement (mm)
Permitted Cement ~ All CEMI All CEMI  All cementtypesexcept — CEM I
Types CEM IV/B (PC with fly ash

content of 36-55%)

' €20/25: 300x100mm cylinder / 150mm cube compressive strength (N/mm?)
2 Ac = acceptable tolerance to accommodate fixing precision, typically in the range of 5mm to 15mm
¥ Refer to BS 8500-1



The number of cement types now permitted for use in concrete has increased in the UK
and the rest of Europe, allowing the engineer greater scope for efficient and durable
design, however, limitations in terms of compressive strength, water/cement ratio and
cement content are still the governing factor in specifications. The long-term
performance of many of these new cement types are relatively unknown and, other than
full-scale testing, can only be determined by probabilistic means.

3. ESTIMATING CARBONATION OF CONCRETE

Predicting concrete's potential to resist carbonation involved the use of deterministic
models obtained from empirical relationships derived from experimental data. The work
presented here estimated the potential carbonation resistance of concrete using
deterministic models obtained from empirical relationships derived from reliable
experimental data. The main limitation of this method of analysis was that, although
the models studied described the relationships between specific data sets, they were
only applicable to the variables being studied and do not generally describe the
deterioration processes involved, the variability of these factors involved in these
processes. The vast majority of models used to estimate the progress of carbonation
take the form:

x=At"t b (1)

where: A = a constant describing the material properties
t = period of exposure, years
n = a constant dependant on the exposure conditions
b = a regression constant

All of the parameters in Equation 1 possess a degree of variability and in particular,
parameters ‘A’ and ‘n’. The level of uncertainty of these parameters was investigated
using a probabilistic analysis based on probability distribution functions to describe the
level of uncertainty existing within each parameter. The output from the probabilistic
analysis takes the form of a probabilistic curve that provides levels of risk which
particular limitations, in this case limiting concrete properties, are exceeded. The merits
of such an analysis are that it enables the designer to determine the levels of risk that
may be tolerated for a particular situation and design accordingly [11 - 13].

The probabilistic analysis carried out here used a Latin Hypercube sampling technique
rather than a standard Monte Carlo simulation. The main difference between the two
methods is the number of iterations required for sample values to approximate the input
distributions. Monte Carlo sampling typically requires a larger number of samples to
approximate, especially if the input distirubtion is highly skewed or some outcomes
have a low probability [14]. The Latin Hypercube sampling technique forces samples
drawn to correspond more closely with the input distribution and therefore converges
more quickly on the true statistics of the input distribution. The key to Latin Hypercube
sampling is the stratification of the input probability distributions, which divides the
cumulative curve into equal intervals on the cumulative probability scale (ranging from
0 to 1). A sample is then taken randomly from each interval (stratification) of the input
distribution. Sampling is then forced to represent values in each interval converging
quickly on the input probability distribution.



4. PROBABILISTIC ANALYSIS OF CARBONATION DATA

The probabilistic approach employed in this study focussed on selected UK studies
which produced reliable carbonation data [15-17]. Equations in the form of Equation 1
were obtained based on a simple regression analysis of the data. A log normal
distribution function of the following form was then used to model the uncertainty of
the three variables ‘A’, ‘n’ and ‘b’:

1 (nx- )
S(x)= Yy GXP( 20, j 2)
where, 2
n “—] 3)
g [\/02 + i
o+ i
o, = ln[ 7 j (4)

Where u; and o) are the mean and standard deviation respectively.

The outcome of this analysis of data and subsequent empirical relationships showed
that, for a similar cement group, the main factor influencing the performance of
concrete against carbonation is ‘A’, the parameter dealing with constituent material
properties as seen in the Tornado diagram, Figure 1.

A 0.89

CEM II Concrete,
b 0.09 Outdoor Exposure.
Sheltered from Rain

Constants of Regression for Equation 1

| | | |
0.0 0.2 0.4 0.6 0.8 1.0

Regression Coefficient Value

Figure 1 A regression sensitivity plot of the regression coefficients of the sensitivity
analysis on the coefficients in Equation 1



With this in mind, a deterministic model was obtained from the literature, which
differentiated between the different parameters which constituted the variable ‘A’. A
suitable model based on data drawn from long term exposure in both UK and Europe
was proposed by Parrot [18] having the form:

ak0.4tin (5)

c 0.5

x[

where: a = constant of 64
x = the depth of carbonation, mm
k = air permeability, 10-16 m?
t = initiation period, years
¢ = CaO content, kg/m? of the hydrated cement matrix.

Equation 5 was used to simulate the probability of carbonation-induced corrosion
causing serviceability failure of a concrete element having a nominal cover of 30mm
being fully carbonated over a time period of 50 years (ie initiation and propagation of
corrosion). In addition to Equation 5, further relationships between concrete strength,
air permeability and water/cement ratio are given in [18] and these were incorporated
into the simulation. The output parameter of the simulation was chosen as 28 day
compressive strength as this was deemed to represent a suitable indicator of concrete
quality, with respect to resisting carbonation [19]. This parameter also allowed
comparison between the limiting values of UK and European standards.

In addition to the log normal distribution function (Equation 2), a triangular distribution
function was also applied, having the following mathematical form:

F(x)=0 if x<d (6a)
F(x):ﬂ ifd<x<e (6b)
(e-d)(f-d)
F(x):l—% if e<x< f (6¢)
F(x)=1 if f<x (6d)
where: d = the minimum value

e = the most likely value
f'= the maximum value

The triangular distribution function is commonly used to model expert opinion and has
the advantage of requiring only three parameters, as shown in Equation 6a-d.
Determination of the exact period of the propagation period of carbonation-induced
corrosion is very difficult, especially under XC3 and XC4 conditions when cyclic
wetting and drying of the concrete takes place and in this study, a range of propagation
periods of 25, 30 and 35 years were the three parameters used in Equation 6a-d.



Equation 5 was simulated for three groups of cements CEM 1, II and III to investigate
the probability of a 30 mm cover being carbonated for different grades if an intended
minimum design working life of at least 50 years is sought in an exposure equivalent to
XC3/XC4. The outcome of the analysis is the cumulative plot shown in Figure 2. From
this cumulative, the minimum grade of 37 N/mm? is shown to give probabilities of 2.5,
10 and 20 % for CEM I, II and III respectively for a 30 mm cover being carbonated
within this exposure period. The minimum specified in BS 8500 for the same cover
depths is 35 N/mm? and this corresponds to 10, 32 and 42% probabilities for the same
cover depth namely 30 mm.

If a minimal risk is sought, for example 2.5% for each cement group then Figure 2
shows that a minimum strength class of 37 N/mm?, 39 N/mm? and 40 N/mm? are
required for CEM I, CEM II and CEM III concrete respectively.

Figure 3 shows that for the trade-off concept between compressive strength and cover
depth, the minimum strength may not be adequate to resist carbonation and carbonation-
induced corrosion. The exception to this is that the lowest permissible cover depth of
20mm where the compressive strength of 50 N/mm? should be adequate to provide a
minimum intended working life of 50 years.

BS8500 specifies a single minimum strength class regardless of cement type depending
on cover depth and it may be prudent to revise this minimum strength class in the cases
of CEM I, CEM II and CEM III concretes.
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Figure 2 Probability plot of simulated strengths based on
Equation 5 for CEM I, CEM II and CEM III concrete.
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Figure 3 Probability plots of simulated strengths based on Equation 5 for the CEM II
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for different cover depths for an XC3/XC4 exposure conditions.

Figure 4 shows data normalised to 35 years from long-term exposure in an environment
similar to Exposure Class XC3/XC4 [3]. The Figure shows that for the cement types
considered in this paper, a minimum standard compressive strength of 40 N/mm? is

required to produce carbonation depths not greater than 30mm.
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Figure 4 Long term carbonation data in an XC3/4 exposure normalised to 35 years
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4. CONCLUSIONS

A probabilistic analysis was carried out to examine the minimum concrete properties
required to resist carbonation and carbonation-induced corrosion for a minimum
intended working life of 50 years. The advantage of this analysis was that it considered
the uncertainties surrounding variables that are most likely to influence the progress of
carbonation.

Using a suitable deterministic model, the study showed that for the minimum cover
depths permitted in the UK concrete standard BS 8500-1, the minimum concrete
strength class may not be adequate to resist carbonation and subsequent carbonation-
induced corrosion for CEM I, CEM II and CEM III concretes. The probabilistic
analysis suggests that the minimum concrete strength classes may be rationalised for
each cover depth to ensure that the proposed minimum intended working life is
achieved.

Further work is however required to verify these findings, in particular with respect to
corrosion rates and in particular the initiation period associated with this exposure.
Insufficient reliable field data exists to predict corrosion rates of steel in carbonated
concrete and, moreover the difficulties in assessing the minimum corrosion required to
cause visible cracking of the concrete cover means that precise design recommendations
could not be developed from a purely scientific basis.
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