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Abstract

Carbonation of concrete is strongly affected by the climate conditions but degradation models do not take
this into account. Based on historic data of the Dutch weather stations, it was found that in addition to
increasing CO, concentrations, the relative humidity is decreasing. Both effects have been added to the
carbonation model. In addition, the resistance against carbonation has been modelled in more detail to
include the principal concrete composition parameters and the effect of the relative humidity. The climate
effects have been demonstrate by mean values calculations for three type of cement, indicating a
significant increase in carbonation depth for binders that already dry out under the current relative
humidity but the change is dramatic for those cements that are currently are saturated at the prevailing
relative humidity, but will dry out due to the lower RH as a consequence of climate change. Their
carbonation rate increases so much that the service life in many cases will be compromised. This first
assessment of the climate change effects on carbonation, couples to the drive towards low or no clinker-
based binders warrants urgent further research towards the effect of these binders at the current and
climate change.
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1. Introduction

Concrete structures have a technical service life that often exceed their design service life of 50 years or
more. These structures then may be left in service for a longer period of time than designed for. Other
structures may still have a sufficiently long remaining service life but may go out of service because their
functionality has become insufficient. The components of such a structure (or even the structure as a whole)
may be reused rather than demolished. In contrast, there are also structures that do not reach their design
service life as they degrade faster than predicted when designed. In all mentioned cases, an accurate
prediction of the remaining service life would be required for an assessment of the possibility to leave, reuse,
repair or recycle the structure.

The service life of a structure is determined by that degradation mechanism that fails its requirement(s)
soonest. These requirements in general are written down in the form of limit states, e.g. with respect to
carbonation it states that the probability P that the depth of carbonation exceeds the cover depth within the
required service life should be smaller than P:

P{Xc(tSL) - dc>0} < Pacc :(D(_B) (1)

In which P, the a-priori agreed upon probability of corrosion initiation, x; is the carbonation front, d. the
cover depth and ts the service life. The rate with which the carbonation front reaches its limit state is
described by a degradation model. Thus, one of the prerequisites of a reliable degradation model is that it
contains all variables that have a noticeable effect on the rate of degradation. In the case of the carbonation
process, it is known that it depends both on the material properties (e.g. permeability, CO,-binding capacity)
that define the resistance against carbonation and the environmental loads such as rain fall, relative humidity
and temperature.

Portland cements are known to have a high resistance against carbonation due to their high CO,-binding
capacity (1-3). With the drive towards more sustainable cements, however, Portland cement use in concrete
is reducing as it is tried to have blends with as high amount of secondary binders such as fly ash, slag and
calcium carbonate as possible. Recently also calcined clays and other lower CO,-generating supplementary
materials are used. These materials have in common that they have lower calcium-content which results in
less of no formation of calcium phases that can carbonate, such as Ca(OH), (3). On the other hand, these



materials in general have a smaller pore size, which results in higher degrees of saturation of the concrete
at similar ambient relative humidity. Saturated pores prevent CO, to penetrate the concrete, as the transport
of CO, through water is much slow (more than ca 10.000, see e.g. https://en.wikipedia.org/wiki/
Mass_diffusivity ). However, climate change results in many areas in long(-er) dry periods at low relative
humidity , resulting in faster drying out of concrete and thus at a higher carbonation rate. Performance of
materials cannot be deducted from past experience anymore but have to be amended for the new
environmental load conditions. This paper explains how the environmental loads influence the service life
and how this affect the sustainability of the concrete structures, as this low CO,-binder choice and climate
load changes are in obvious conflict. An illustration of the effect is given on the basis of an average value
calculation.

2, Degradation model for carbonation
The carbonation depth at any point in time, x.(t), is expressed by:
x,(t) = W) k(@) ()

with W(t) the weather function, k is an empirical factor and t the exposure time. This model is used in the fib
MC2010 (Chapter 5.1.13, on properties on durability). With reference to fib Bulletin 34 (2006), the empirical
factor k is are further specified as being:

k= x/ke kc(ktRcc_zrlb + SI.“)Cs (3)
in which cs is the CO,-concentration, Rq.r the resistance against carbonation and &, is the uncertainty in the

test results when not using a Natural Carbonation test. The three k- factors are curing factor kg,
environmental factor k. and test factor k;. In this paper, only k. will be discussed further.

2.1 The CO, concentration at the surface c,
The CO,-concentration in the ambient air is still increasing due to climate change and can be described by
a linear function (see also Figure 1):

cs(t) = Cs(Tref) + Acs(t) (4)
under assumption that the increase in CO, cannot be put on hold (worse-case scenario). With the current

CO; level cs(Tref = 2023) being 414 ppm (Figure 1), and A, = 1.9 ppm/year , this would mean that in 50
years, the CO, concentration is already 508 ppm.
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Figure 1  Predicted CO, increase on earth for the coming decennia (data from
ftp://aftp.cmdl.noaa.gov/products/trends/co2/co2_annmean_gl.ixt , accessed 20230215)

2.2 The environmental function

The environmental function k. actually includes only the effect the relative humidity of the environment has
on the carbonation of the concrete. This makes it a material parameter, rather than an environmental
parameter. It does contain, however, also the local relative humidity as variable. In the fib MC2010, the
relative humidity - carbonation rate dependency has been modelled with help of an empirical model that has


https://en.wikipedia.org/wiki/

no physical explanation and no choices in the values are offered in the model codes. Therefore, the
(empirical) relationship between the carbonation rate and the relative humidity is replaced by a parabolic
relationship, eq. (5) and visualized in Figure 2. The parabolic relationship is well described by:

(RH(t) - RHyc)® (RHyef - RHye)?
- > 1- ——) V RH<RHy
B (RHyc) (RHy¢)
ke(RH) = (RH(t) - RHuc)> (RHyop - RHyc)’ (5)
(1- . - ~)V RH > RHyc
(RHgar — RH () (RHga; — RH )

In which RH(t) is the yearly average relative humidity at year t and RHg, denotes the relative humidity at
which the concrete becomes fully saturated and carbonation thus stops. RHyc is the relative humidity at
which the carbonation rate is maximum. The function is scaled to its value at a RH,s = 65 %, at which the
natural carbonation test is executed so that at this standard condition, k. = 1, as required. The fit-curves
are empirical models that have been derived from laboratory experiments (data from (4-6)).
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Figure 2  Carbonation rate as function of the relative humidity function, eq. (10) —normalized on the maximum rate (left);
and normalized the rate at RH = 65% to have ke=1 at the NC-condition of RH=65 %.

The local relative humidity determines whether carbonation will take place and how fast: in a dry
environment, the carbonation will go much faster for most binders than measured at the laboratory relative
humidity of 65 %. It can be taken from the nearest local weather station. A prediction of the (yearly mean)
relative humidity can be obtained from the 20-year running means relative humidity as shown in Figure 3
at three different weather stations in the Netherlands showing the same decrease in RH. Based on this
20-year running average, the (20-year running) yearly mean relative humidity iscan be modelled as

RH(£) = RH(Tyef) = Apit (6)
With T,=2023, RH(Tref) =79.1 and Ary = 0.17 %/year for the Schiphol location, for instance. If it is assumed

that the historic trend will continue the next years, the RH will drop at Schiphol from 79 % to 70 % in 50
years.
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Figure 3 20-yr running mean of the yearly mean relative humidity of 3 Dutch weather stations (data
from: Climate Explorer: Running mean (knmi.nl))
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2.3 Weather function
The weather function W (t) is a decaying function according to:
to w/2

wo =(3) (7)

With t, being the reference time, usually taken as the age of which exposure starts, and t is the exposure
time. The factor w is called weather exponent and takes the local weather (meso-climate) into account:

w= (PwindPrainporientation)bw (8)
with Puwing = the probability of a windy day > 2 m/s at a location [-]
P:ain = the probability of more than 1 mm rain at a location [-]
Porientation = the probability of prevailing wind on surface in a 120 degree wind window [-]
b,, = exponent of regression [-]

The probabilities are real numbers between 0 and 1. P, is the period in which sufficient wetness is fallen
to likely saturate the concrete. When wet, carbonation cannot progress. It is defined here as the probability
that during a day more than 1 mm rain falls, regardless orientation of the surface. It is based on historic data
from the nearest weather station at a certain location. Similarly, P4 is the period in which the wind blows
sufficiently hard to drive the rain towards a surface. ‘Sufficient’ has been defined as a wind speed of more
than 2 m/s. Also this probability can be determined from historical data from the nearest weather station.
For the Schiphol area, the probability of wind > 2 m/s is 0.96, the probability of a rainy day > 1mm is 0.28.
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Figure 4 Example of the distribution of the amount of rain per day (a) and average wind speed per day (b) between 1990-
2020 at the Schiphol weather station

The probability of wetting a surface depends on the orientation of the facades to the wind. Figure 5 shows
the probability of a prevailing wind direction in the Netherlands at the Schiphol weather station. As a practical
rule, the driving rain is taken into account for the wind direction perpendicular to the fagade, +/- 60 degrees,
as rain driven more or less parallel to the surface also will hardly wet the surface. For the Schiphol area,
this means that e.g. North orientated facades have only half the change of getting wet than at the S-SW
orientation (0.25 versus 0.5). In addition, horizontal surfaces always get wet, so Pgientation = 1 for horizontal
surfaces and 0 for sheltered or indoor locations.
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Figure 5 Example of the probability of wind on fagade at the three Dutch weather station depending on the wind orientation;
example for south orientated fagade at driving rain from west to southwest to east south east wind directions,
wind direction 0 degrees = North

The model implies that the rainy days, windy days and prevailing wind are independent. This is in general
not the case. The prevailing wind at Schiphol can be seen to be west-south west. Since the wind comes
then comes from the North sea, it can be expected to bring most of the time rain. Winds from the east blow
more often without rain. A full coupling of the databases of the rainfall > 1mm, wind speeds > 2 m/s and
orientation thus is required, but as a as a first assessment, the probability of driving rain is taken as the
products of three parameters as indicated by eq. 7. On the basis of the historical data at the weather station,
no trend can be observed with respect to changes in prevailing wind direction, mean daily wind or daily
precipitations. The probability of driving rain and time of wetness are therefor taken as time independent.

The final parameter in the weather function is the regression parameter b,,., which is basically the calibration
factor that ultimately finetunes the square-root time behavior to the actual carbonation front progress for a
certain local climate, according to eq. (5). The resulting time dependent carbonation behaviour, including
dry and wet periods is limited: for w=0, there is no weather effect. This situation applies for indoors or
outdoors / sheltered situations. The carbonation front then describes its ‘classical’ square-root time
progression with time. For w=0, there is no carbonation from progress with time. This situation applies to
permanent wet conditions. In all other cases, it is expected that the square-root behaviour is reduced, which
implies that O0<w<1. The regression parameters b,, is therefore a positive number. The input for the weather
function is given in Table 1.

Table 1 Input table for the weather function w

Orientation Porient

Indoors w=0 -

Outdoors / sheltered w=0 -
Horizontal=1

Outdoors / unsheltered

w from eq. (8) and Table 2 Vertical from Figure 5

w=1 -

submerged

Table 2 Input table for the location dependent parameters

Region NL location Time dependent RH Puwind P rain
RH_ref A RH

North Leeuwarden 82.0 0.13 0.962 0.290

Mid, coast Schiphol 79.1 0.17 0.964 0.287

South, land | Maastricht 75.6 0.19 0.940 0.262

2.4 The resistance against carbonation R,
The resistance against carbonation is measured in a so-called Natural Carbonation (NC-) test (in the
laboratory), at which specimens are conditioned at 65 % relative humidity and 20 °C but otherwise ambient
air. The resistance measured in this environmental load is chosen as the standard resistance. The
carbonation depth equation in the NC-test becomes:

cst

xC(t) = Rearp (9)

with Rean, being the resistance of the material against carbonation in the NC test being equal to:
a

(10)

In which a is the CO,-binding capacity (determined by the amount of calcium that can be supplied by the
cement paste to neutralize the penetrating CO,, given the chemical equilibrium conditions) and D¢o; is the
diffusion coefficient of CO, in the carbonated concrete. Amongst others, the resistance against
carbonation of concrete depends on the type of cement and the water-to-cement ratio (see Figure 6).

Rcarb = Dcarp
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Figure 6 Measured carbonation conductivity Rcarb' =D,v/a; data from GD (7) and MC (8)

The resistance against carbonation can also be calculated from eq. (10), in which the CO,-binding
capacity a can be estimated from the cement content per cube of concrete and the relative amount of
calcium in the cement (%CaO) by means of :

a=k,%Ca0=0.7 C Ca (11)

With k. is a conversion factor ((kg Ca/ m?® concrete)/(%CaO/kg cement)), to convert the relative calcium
content (in %CaO0 / kg cement) to the CO,-binding capacity (in kg Ca/m?3 concrete), depending on the
amount of cement used per m3 concrete (280 kg/m?3 to 450 kg/m3). The factor can be estimated from the
concrete composition, taking all calcium in the cement into account but excluding phases already present
as calcium carbonate. It can also be measured from the amount of CO, that concrete can taken up.

The diffusion coefficient of CO, in carbonated concrete can be measured directly (or indirectly by e.g. N,
see Error! Reference source not found.). The diffusion coefficient with respect to CO, is for the
carbonated concrete, since CO, diffuses to the carbonation front through already carbonated concrete. To
first order, all cement types have the same relationship between diffusion coefficient and the water-to-
cement ratio:

Dcarp = Drepexp A(wer — weryer) with 0.4 < wcr < 0.75 (12)

With the averaged fitted model, choosing wcr as 0.4 resulting in increasing diffusion coefficients for CO,
in the carbonated concrete, ranging from 8 108 m?/s for CEM | and 44 10-® m?/s for CEM IlI/B (Figure 7).
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Figure 7 Relationship between diffusion coefficient in the carbonated concrete and wcr-wcer.s = wer-0.4
and fit parameters according to eq. (18), for estimated a on the basis of cement type and
average cement amounts for MC of 400 kg/m? and GD of 450 kg/m? for GD as reported; data
from GD (7) and MC (8)

The influence of the concrete composition as function of the cement type on the buffering capacity and the
diffusion coefficient is shown in Figure 8, based on eq. (11) and (12), from the data from Figure 6 and
Figure 7. In the figures, it can be seen clearly that the buffering capacity of the low clinker binders is
greatly reduced while at the same time the diffusion coefficient increases.
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and fit parameters according to eq. (18), for estimated a on the basis of cement type and
average cement amounts for MC of 400 kg/m? and GD of 450 kg/m? for GD as reported; data
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In addition to the wcr, the diffusion coefficient of CO, in concrete can be expected to depend on the ratio
cement paste / aggregates, with higher amount of paste giving thus higher amounts of pores. To first order
this effect can be introduced by a scaling factor like, e.g. the cement /aggregate factor. However, by
expressing both the diffusion coefficient and the CO, binding capacity per cubic meter concrete, this effect
is eliminates in the resistance of concrete against carbonation (eq. 9). Hence, in addition to the measured
resistance against carbonation, it can be estimated by:

with 0.4 <wcr < 0.75 (13)

The input table for various binders is given in Table 3.

a

Rcarb = Dyerexp A(WCr = ey, f)

Table 3 Input table for binder parameters; range of wer = 0.4-0.75 and kg cement/m? concrete = 280 — 400 kg/m3

Binder CaO (Wt-%) | Dy (108 m?/s) A(-) RHuc RHaat

CEMI 65 9 11177 65 100

CEM II/A-M 55 14 9.3 65 100

CEM II/B-M 46 22 9.6 65 100

CEM III/B 48 44 11 40 85
3. The influence of climate change on the carbonation rate

To demonstrate the influence of the climate change on the carbonation rate as well as the increasing use
of binders on the carbonation rate of concrete, the progress of the carbonation front on the basis of
average values have been run for illustration, taking into account the changing environmental parameters,
most notably the increase of the CO,-concentration cs and the decrease in relative humidity, RH. Figure
9a shows the results for CEM | and CEM II/A-M, indicating that the carbonation for both types of cements
increases as a consequence of the climate change. However, the effect is more or less similar for the two
types of cement, mostly due to the fact that the cements have the same relative humidity for which the
carbonation rate is maximum and the same relative humidity for which the concrete becomes saturated
(and carbonation thus stops). Figure 9b shows the impact on the carbonation depth for CEM IlI/B, which
have a relative humidity for which the concrete is saturated that is close to the average relative humidity in
the Netherlands: 85 %. Hence, most of the time the blast furnace slag cement concrete is fully saturated
9due to its small pore sizes when uncarbonated0 and thus does not carbonate. When the average relative
humidity becomes lower that the saturation relative humidity, the blast furnace slag cement start to dry out
for much longer periods and thus ia able to carbonate; this effect accelerated with time due to the ongoing
decrease in RH, as shown in Figure 3. The effect is devasting: instead of a carbonation resistance in
service that is close to that of CEM I, it becomes incredibly much worse.

4. Conclusions
It has been demonstrated in this paper that carbonation of concrete is strongly affected by the climate
conditions. On the basis of the historical data of the Dutch weather stations, it was found that the long-



term average of the mean annual relative humidity is steadily decreasing. If this decrease will continue,
the average relative humidity in the Netherlands is substantially decreasing over the next 50-100 years for
which the currently to be build infrastructures is mend to serve. At the same time, there is a drive towards
the use of cement with less Portland clinker of even cementless binders. Most of these binders have a
much lower CO; buffer capacity and in general show also an increase in pore size and porosity after
carbonation.
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Figure 9 Average carbonation depth progress with time with and without climate change included. Model
calculations based on the Schiphol climate data, South facade (a): CEM | and CEM II/A and (b)
CEM IlI/B. CC= scenario’s with climate change included
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As a consequence, the resistance against carbonation is low. The model calculations that have been
presented as illustration show for instance that for OPC after 50 years, the carbonation depth is 14-18 mm
of OPC concrete at a wer of 0.45 depending on the cement content and for a relative dry south fagade.
Climate change has little effect: 4-5 mm additional increase in carbonation depth after 50 year. The
resistance against carbonation for CEM II/A is much lower (30-38 mm), and the effect of the climate
change as a consequence higher (8-10 mm in addition after 50 year). The most dramatic effect is however
for those binders that up to now remain saturated under the current climate conditions but will dry out if
the climate change is not stopped. Then, their low resistance against carbonation takes effect.

This first assessment of the climate change effects on carbonation, couples to the drive towards low or
no clinker-based binders warrants urgent further research towards the effect of these binders at the
current and future state of the climate.
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