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Abstract: With steadily rising CO2 concentrations in the ambient air and fast-changing concrete
compositions with reduced clinker contents, the availability of reliable and accelerated concrete
carbonation tests is of crucial importance to design durable structures. This paper focuses on the
effects of moisture under accelerated conditions and the effects of different CO2 exposure conditions.
Mortar prisms incorporating three different cement types were cured and stored at either 50% or
65% relative humidity (RH). Afterwards, the prisms were carbonated at different ambient humidities
(50, 57 and 65%), different CO2 concentrations (0.04, 1 and 3 vol.%) and complemented by a series
of tests at increased gas pressure (2 barg). High-resolution test methods were used to explain the
underlying carbonation mechanisms. The results show that pre-conditioning for two weeks—as
currently suggested by the European Standard—seems to be too short because the initial inner
moisture content severely affects the carbonation rate. Relative humidity during carbonation of
57% led to higher carbonation rates compared to 50% and 65%. In addition, climate data needs to be
periodically (preferably permanently) recorded in research experiments and in laboratory testing to
ensure fair interpretation of experimental results.
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1. Introduction

Concrete carbonation is still a crucial field of research. On the one hand, CO2 is ab-
sorbed from the atmosphere, reducing the global warming potential of concrete (see [1]).
On the other hand, carbonation might significantly reduce the durability of reinforced
concrete structures due to lowering the pH value of the pore solution and thus increasing
the risk of reinforcement corrosion. Under natural conditions, carbonation progress is very
slow due to the low CO2 content in the atmosphere. Therefore, testing the carbonation
resistance of concrete at an atmospheric concentration of CO2 takes a significant amount of
time. With the introduction of DIN EN 12390-12:2020-04 [2], the accelerated carbonation
procedure is regulated by applying an increased CO2 concentration of 3 ± 0.5% by volume
at atmospheric pressure (1.013 mbar at 25 ◦C) and 20 ± 2 ◦C at a relative humidity of
57 ± 3%. For the accelerated carbonation test, samples are cured for 28 d at room tem-
perature under water, pre-stored for 14 d under natural carbonation exposure (laboratory
air conditions) and then carbonated for up to 70 days under accelerated conditions. The
carbonation progress is measured after 7, 28 and 70 days. As this procedure deviates from
existing international regulation and standards, the effects of pre-storage and ambient
conditions during carbonation is further investigated here.

When CO2,g diffuses inside the air-filled pore structure, carbonic acid is formed with
water and a reaction with different phases of the hardened cement paste takes place [3,4].

Different parameters affect carbonation (Figure 1). Note that the concrete quality
changes with time. As the binder type, CO2 concentration, pressure and relative humidity
are further investigated, they are discussed shortly, in the following.
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Figure 1. Parameters affecting the carbonation propagation of cementitious materials. Here, only 
the bold parameters marked in grey are investigated and therefore explained in more detail. 

Concerning the type of binder, the main parameters affecting carbonation are the 
binder-specific alteration of the pore structure, the exact chemistry of the phase composi-
tion, the degree of hydration, and the water retention. Consequently, indirect test methods 
(compressive strength, permeability, etc.) show no or minor correlation to the carbonation 
resistance [3], which is why direct performance tests are required. 

Increasing the CO2 concentration should theoretically lead to higher carbonation 
rates only depending on the CO2-concentrations; Equation (1):  
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BK, theor Theoretical acceleration factor; 
dN, dS Carbonation depth under natural („N”) and accelerated (“S”) conditions; 

KN 
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KS = KඥሾCO2ሿS; ሾCO2ሿN Natural CO2–concentration [vol.%]; ሾCO2ሿS Accelerated CO2–concentration [vol.%]. 

However, the experiments show that increasing the CO2 concentration leads to a 
higher deviation from the theoretical acceleration. To compensate for that, Gehlen sug-
gests a conversion factor of 1.25 for experiments at 2 vol.% [5]. Furthermore, Hunkeler et 
al. determined correction factors of 1.17 and 1.36 for 1 and 4%, respectively [6]. Theoreti-
cally, the phase formation is independent of the CO2 concentration. However, the for-
mation of vaterite and aragonite was found to be favored by accelerated carbonation [4]. 
Furthermore, the carbonation of C-S-H might be favored by accelerated carbonation [7] 
and increased moisture release might also have a retarding effect on the accelerated car-
bonation [6]. However, there is a general census that accelerated carbonation is possible 
and does not change the ranking of different concrete compositions [3,6,8]. 

The accelerated carbonation is less common due to increased ambient pressure. Un-
der natural conditions, overpressure exists, for example, in civil engineering structures, 
such as landfills for nuclear waste [9]. According to Zou et al. [10] overpressure can like-
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Figure 1. Parameters affecting the carbonation propagation of cementitious materials. Here, only the
bold parameters marked in grey are investigated and therefore explained in more detail.

Concerning the type of binder, the main parameters affecting carbonation are the
binder-specific alteration of the pore structure, the exact chemistry of the phase composition,
the degree of hydration, and the water retention. Consequently, indirect test methods
(compressive strength, permeability, etc.) show no or minor correlation to the carbonation
resistance [3], which is why direct performance tests are required.

Increasing the CO2 concentration should theoretically lead to higher carbonation rates
only depending on the CO2-concentrations; Equation (1):

BK, theor =
dS

dN
=

KS

KN
=

√
[CO2]S
[CO2]N

(1)

BK, theor Theoretical acceleration factor;
dN, dS Carbonation depth under natural („N”) and accelerated (“S”) conditions;

KN Carbonation coefficient under natural conditions
[
mm/d0.5

]
; KN = K

√
[CO2]N;

KS Carbonation coefficient under accelerated conditions
[
mm/d0.5

]
; KS = K

√
[CO2]S;

[CO2]N Natural CO2–concentration [vol.%];
[CO2]S Accelerated CO2–concentration [vol.%].

However, the experiments show that increasing the CO2 concentration leads to a
higher deviation from the theoretical acceleration. To compensate for that, Gehlen suggests
a conversion factor of 1.25 for experiments at 2 vol.% [5]. Furthermore, Hunkeler et al.
determined correction factors of 1.17 and 1.36 for 1 and 4%, respectively [6]. Theoretically,
the phase formation is independent of the CO2 concentration. However, the formation of
vaterite and aragonite was found to be favored by accelerated carbonation [4]. Furthermore,
the carbonation of C-S-H might be favored by accelerated carbonation [7] and increased
moisture release might also have a retarding effect on the accelerated carbonation [6].
However, there is a general census that accelerated carbonation is possible and does not
change the ranking of different concrete compositions [3,6,8].

The accelerated carbonation is less common due to increased ambient pressure. Under
natural conditions, overpressure exists, for example, in civil engineering structures, such
as landfills for nuclear waste [9]. According to Zou et al. [10] overpressure can likewise
be caused by wind, although an effect can only be observed above an average velocity of
6 m/s and is amplified by fluctuating currents. During overpressure, CO2 transport occurs
by both diffusion and advection.
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For concrete carbonation to occur, moisture is needed for CO2 to form carbonic acid.
Steiner et al. studied the carbonation of C-S-H, portlandite and ettringite at 57% and
91% RH [11,12]. C-S-H carbonation is significantly faster at high RH (91% compared to
57%), while portlandite carbonates only partly at 57% RH and the formation of metastable
vaterite and aragonite is promoted at RH of 57%, while at 91% calcite was directly produced.
On the other hand, the diffusion coefficient Dc of CO2 is severely reduced with increasing
RH. Dc in water is 0.8·10−12 m2/s to 5·10−12 m2/s, while in air-filled pores Dc is up to
1.5·10−8 m2/s. Consequently, the optimal carbonation speed under natural conditions is
between 50 and 70% RH [13].

For accelerated conditions, Papadakis [14], Leemann et al. [15], Russel et al. [16],
De Ceukelaire [17] and Elsalamawy et al. [18] carried out experiments at different pre-
conditioning and different carbonation conditions. This makes a direct comparison of these
studies difficult or even impossible. However, the optimal RH for carbonation seems to
be around 50% as 70% already led to reduced carbonation rates. Therefore, the current
paper chose RH of 50%, 57% and 65% to identify the optimum carbonation conditions in
the range of 50% to 70% RH. Furthermore, current standards suggest CO2 concentrations
between 0.04 (natural) and 50 vol.% (in France) [19] while varying preconditioning and
RH during carbonation. Soja et al. [20] showed a change in microstructure due to drying
at moderate relative humidities without carbonation and highlighted the importance of
separating drying effects from carbonation effects on the microstructure. As RH during
pre-conditioning might affect the carbonation results and differs in research and stan-
dard tests mainly between 50 and 65% RH, this range was chosen for the experiments
on pre-conditioning.

2. Materials and Methods
2.1. Materials and Pre-Storage

All experiments were carried out on mortar prisms incorporating three different
cement types (see Table 1). As the w/b ratio directly affects the diffusion and thus the
carbonation rate, all mixes had an equal w/b ratio. Note that the water/clinker ratio is
different in the mixes. With the aim of generating clearly measurable carbonation depths
and, at the same time, covering the normative range, the limit value recommended in EN
206:2021-06 [21] for XC3 of w/c = 0.55 was chosen. A fine aggregate (0/2) complemented
the mortar mixtures (water/sand ratio = 0.234).

Table 1. Mortar types and properties.

Cement Type Cement Label Air Content 1 Consistency 2 Mortar Density
Fresh State/28 d

28 d Compressive/
Tensile Strength Mixture Label

[-] [vol.%] [mm] [kg/m3] [MPa] [-]

OPC CEM I 42.5 N 1.9 192 2200/2210 57.6/7.7 M1

Portland Composite
Cement (with

limestone filler)
CEM II A-LL 42.4 N 1.5 246 2180/2230 41.7/6.7 M2

Granulated blast
furnace slag cement CEM II/B 42.5 N 1.5 226 2180/2150 51.4/7.2 M3

1 Determined with an Air Entrainment Pressure Balance Meter according to DIN EN 12350-7:2019-09. 2 Determined
with the Haegermann equipment according to DIN EN 1015-3, Mai 2007.

From each mortar composition, prisms (160 × 40 × 40 mm3) were cast (Figure 2a),
covered with a moist burlap cloth and demolded after 1 d. From each series, three prisms
were cast with a metal tube (diameter of 5 mm) in the middle and at a height of 35 mm to
replace the tube later with an RH sensor (Figure 2b).

Prisms from M1, M2 and M3 were used to determine the effect of RH during pre-
conditioning and accelerated carbonation (3 vol.% CO2 concentration). Additional prisms
of the M2 mix were used to further investigate the effect of different carbonation impacts
(1 vol.% CO2 concentration and the addition of pressure and natural carbonation up to
84 d).
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After demolding, the prisms were cured for another 27 d in a lime-saturated solution at
20 ± 0.5 ◦C. This long curing period was chosen to study the effect of RH while minimizing
the effect of ongoing hydration during the experiments. The prisms were then stored in
argon flooded, ventilated chambers at 20± 0.5 ◦C and RH of either 50% or 65%, respectively,
for another 12 d. To reach equilibrium conditions over the whole specimen height, the
samples were then sealed with cling film and dried for 48 h at 40 ◦C, unsealed and re-stored
at either 50% or 65% RH, respectively, for at least another 21 d (age 42 d). This procedure
aimed to moderately dry the core of the specimens. The pre-conditioning was carried out
in a CO2-free atmosphere. In addition to filling the chambers with argon, KOH pellets were
placed inside the chambers as CO2 catchers.
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Figure 2. (a): Manufacture of test specimen; (b) tubes as placeholders for humidity sensors; (c,d): mor-
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RH sensors (FHAD 46-C2 from Ahlborn) were placed inside different specimens after
curing and data on temperature and RH were logged every 5 min. Figure 3 shows the
measurements of RH during pre-storage of 7 w after the samples were intermittent dried
at 40 ◦C at the age of 21 d. The inner RH is not significantly changing. However, instead
of 65% outer RH, 61%, 50% and 57% were measured, indicating that there is only minor
difference in the RH inside the samples.
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2.2. Carbonation Exposure

Natural carbonation was carried out at 20 ± 1 ◦C and 65 ± 2% RH and 0.04% CO2.
The CO2 concentration was only selectively measured but showed rather constant values
of 0.04% excluding times when the chamber was opened and up to 4 h after placing the
first samples where the concentration was lower.

Accelerated carbonation was carried out at 20 ± 1 ◦C, either 50, 57 or 65 ± 2% RH
and 1 ± 0.05 or 3 ± 0.05% CO2. In addition, one series was carbonated under 2 barg
overpressure (=3 bar) using the autoclave HR-28L of Berghof (Figure 4 left). The autoclave
was modified to measure CO2 concentration, RH and temperature.
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Figure 4. (Left): Autoclave HR-28L of the company Berghof; (Middle): RH, Temperature; (Right):
Pressure and CO2 concentration during accelerated carbonation at planned conditions of 2 barg (=3
bar), 20 ◦C and 3 vol.% CO2.

The ambient conditions were regularly monitored (Figure 4 middle and right). The
temperature was on average 22.6 ◦C, total pressure 2.9 bar, CO2 concentration 3.1 vol.-%
and RH 61.6%.

2.3. Methods

Table 2 shows the measurements that were regularly undertaken.

Table 2. Summary of Methods.

Method Aim of Method Preparation Description Reference

Color indicator spray test Determination of
carbonation depth

Lateral breaking of
prisms, dry cleaning

of dust

Spraying color indicator
solution on freshly broken
surfaces; 5 readings were

taken per side

[2,22,23]

Capillary suction
Information on change
in capillary porosity on

the surface

Drying at 40 ◦C for 7 d
Lateral sealing

Specimens are placed on
spacers of 5 mm in

demineralized water with a
height of 7 ± 1 mm

[24,25]

Mercury intrusion
porosimetry (MIP)

Determination of total
porosity and pore size
distribution (1.7 nm to

0.5 mm)

(Carbonated) edge zone
was cut, solvent

exchange method was
used and samples with
visually low amount of
aggregates were used

Mercury is injected into the
sample under increasing

pressure. The total porosity
is determined from the total
intruded volume. The pore

size distribution is
determined by the amount
of mercury intruded at a

given pressure level

[26,27]

Thermo-gravimetric analysis
(TGA)

Determination of
chemical changes due to

carbonation

Same as for MIP, the
broken pieces were

fine-grinded

Changes of mass are
determined as a function of

the heating temperature
[7,28,29]
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The color spray test is an indirect but very fast and easy method to determine the
carbonation depth [22,30]. The carbonation depth was indirectly determined by 0.1 phe-
nolphthalein solution. According to [31], the turnover range for phenolphthalein (solution
with a concentration of 1%) from red to colorless is between pH 8.2 and pH 9.8. The
readings were taken 60 ± 5 min after spraying on all four sides every 5 mm up to 10 mm to
the edge. Consequently, five points were taken per side, resulting in twenty measurements
per age and prism.

CO2 diffuses through the capillary pore system into the samples at the selected relative
humidities. The determination of capillary suction is therefore a simple test to estimate the
permeability of the pore system for CO2. For capillary suction, the weight was measured 0.2,
0.5, 1, 2, 4 and 24 h after placing the specimens in demineralized water at room temperature.
Before weighting, the specimens were taken out of suction and placed for 2 s on a paper
towel. After 30 s, the sample was returned to capillary suction. The water uptake was
determined using the following equation:

Water uptake = ∆m/A
∆m: mass of sucked water in kg

A: Exposed surface (40 × 40 mm2) in m2
(2)

The water uptake was then plotted against the square root of the immersion time. The
slope of the straight line corresponds to the sorption coefficient S.

TGA is a reliable test method to determine the amount of CH and calcite within a
sample quantitatively. The TGA measurements were carried out with STA 449 F3 Jupiter
from Netzsch. With the heating rate 20 K/min, the samples were heated from 25 ◦C to
1050 ◦C. The evaluation was carried out with the program Netzsch Proteus. For evaluation,
the mass loss between 400 and 500 ◦C was assigned to the dehydration of portlandite.
Furthermore, the mass loss at a temperature ranging from 600 to 800 ◦C was assigned to
the decomposition of calcite.

In order to compare the amount of portlandite (Ca(OH)2) and calcite (CaCO3) inde-
pendent of the amount of free water, the percentage share of the two phases is related to
the amount of hardened cement paste with the following equations.

Ca(OH)2 =
M(Ca (OH)2)

M(H 2 O)
· ∆w400–500◦C
100−w110◦C

·100 =
74.0927

18.01528
· ∆w400–500◦C
100−w110◦C

= 4.11· ∆w400–500◦C
100−w110◦C

(3)

CaCO3 =
M(CaCO 3)

M(H 2 O)
· ∆w600–800◦C
100−w110◦C

·100 =
100.0869
1.01528

· ∆w600–800◦C
100−w110◦C

= 5.56· ∆w600–800◦C
100−w110◦C

(4)

3. Results and Discussion
3.1. Effect of Pre-Conditioninge and RH during Accelerated Carbonation

Figure 5 shows the carbonation depth after 7 d. The label of the x-axis describes
the binder type used (M1, M2 or M3), then the first number gives the RH percentage of
pre-conditioning and the second number gives the RH percentage of accelerated carbon-
ation. It can be stated that pre-conditioning at 50% RH led to higher carbonation rates
compared to 65% RH (Figure 5 top). This is true for all test series, except M2 exposed to
57% RH during accelerated carbonation (Figure 5 top, middle green columns). However,
the variation in the carbonation depth of M2 exposed to 57% RH during accelerated car-
bonation for pre-conditioning at either 50% and 65% RH is in the range of the scatter of
individual measurements (see related error bars in Figure 5 top) and can thus be neglected.
Furthermore, it can be stated that the effect of increased carbonation depths when pre-
conditioning performed at 50% RH was more pronounced for specimens with OPC (M1)
and slag (M3) than for binders with limestone fillers (M2), which is in line with the general
conclusions of Leeman et al. [15]. The high scatter results from the well-known side-effect
of mortar prisms: the side without formwork shows higher carbonation rates than the
bottom side; see [32]. Eliminating the top and bottom sides would lead to less scatter and
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to an even more pronounced distinction between different RH during pre-conditioning
(Figure 5 bottom).
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Figure 6 shows the carbonation depth up to 28 d under accelerated conditions for
mortars with different binders (readings were taken on all four sides of the freshly broken
specimen surface). The effect of pre-conditioning did not change over time. The mortar
incorporating slag showed a slight deviation from the square-root time law. These results
showed that pre-conditioning plays an important role in accelerated carbonation testing.
Fourteen days, as suggested by [2], might be too short to reach equilibrium condition,
especially for concrete and mortar specimens with low w/c ratio. Soja et al. [20,33] found
that the pore structure is severely affected by storage conditions. This is indirectly con-
firmed by the sorption coefficients shown in Table 3. Pre-storage at 50% RH led to higher
sorption coefficients, which further increased due to carbonation. Soja et al. [20], therefore,
recommended to subtracting the effect of drying from the effect of carbonation.
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Table 3. Sorption coefficients (kg/(m2·h0.5)) before and after accelerated carbonation at 57% RH,
3 vol.% CO2, 20 ◦C and ambient, pressure, ACC = accelerated carbonation.

Exposure M1 50–57 M1 65–57 M2 50–57 M2 65–57 M3 50–57 M3 65–57

Before carbonation 0.76 0.48 1.58 1.09 1.20 1.07

7 d ACC 0.85 0.63 2.43 2.21 1.46 1.49
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Figure 6. Carbonation depth of mortars with different binders pre-conditioned at either 50 or 65% RH
and carbonated under accelerated conditions at 57% RH, 3 vol.% CO2, 20 ◦C and ambient pressure.

To discuss the effect of relative humidity during accelerated carbonation, the series
pre-conditioned at 65% RH are further analyzed.

Figure 7 shows the changes in pore size distribution for all three mortars before and
after 7 d of accelerated carbonation at 50% and 65% RH. For M1, the total porosity decreased
from 12.9% to 10.3% and 10.5%, while, at the same time, a slight coarsening of the pore
structure is observed as the peak of the pore size distribution clearly shifts to the right
(see arrows in Figure 7a). For the mortar M2 with limestone filler, the same trend was
observed. However, here, 65% RH led to increased coarsening while the effect of reduction
in total porosity and the coarsening was more pronounced for the specimens stored at
50% RH during carbonation for the mixes with slag and OPC. As the mix with limestone
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filler had the highest initial porosity, the findings of Leeman et al. [15] concerning capillary
condensation as the reason for the different behavior can be confirmed. The impact of
porosity also displays the carbonation depth. However, while the MIP measurements show
a decrease in total porosity, the sorption coefficients increase for 50% RH and 65% RH (see
Table 4). This could be due to near-surface micro-cracking due to carbonation shrinkage.

Table 4. Sorption coefficients (kg/(m2·h0.5)) before and after accelerated carbonation at 50% and 65%
RH, 3 vol.% CO2, 20 ◦C and ambient pressure, ACC = accelerated carbonation.

Exposure M1 M2 M3

Before Carbonation 0.48 1.09 1.07

7d ACC 3% CO2 and 50% RH 0.53 1.76 1.72

7d ACC 3% CO2 and 65% RH 0.57 1.84 1.24
CivilEng 2022, 3, FOR PEER REVIEW 9 
 

 

  

  

Figure 7. Pore Size Distribution before and after 7 d accelerated carbonation at atmospheric pressure 
and 3 vol.% CO2: (a) M1 (mortar with OPC); (b) M2 (mortar with limestone); (c) M3 (mortar with 
granulated blast furnace slag. 

Table 4. Sorption coefficients (kg/(m2∙h0.5)) before and after accelerated carbonation at 50% and 65% 
RH, 3 vol.% CO2, 20 °C and ambient pressure, ACC = accelerated carbonation. 

Exposure M1 M2 M3 
Before Carbonation 0.48 1.09 1.07 
7d ACC 3% CO2 and 50% RH 0.53 1.76 1.72 
7d ACC 3% CO2 and 65% RH 0.57 1.84 1.24 

Table 5 shows the chemical changes observed with TGA. M1 incorporates 14% calcite 
before carbonation and almost 17% portlandite. Significant amounts of portlandite remain 
after a complete color change is observed with the spray test. Galan et al. [34] explain this 
phenomenon with the coating of portlandite crystals with a calcite film. Interestingly, 
within M3, portlandite is hardly consumed at all and the carbonation of C-S-H is pre-
dominant. 

  

0.00

0.06

0.12

0.001 0.1 10 1000

dV
/d

Lo
g 

(D
) [

m
L/

g]

Pore Size Distribution [µm]

ACC 3 Vol.%; 20°C; 7d; M1

Before Carbonation (P=12.9)

ACC 3% 65-50 (P=10.3)

ACC 3% 65-65 (P=10.5)

0.00

0.06

0.12

0.001 0.01 0.1 1 10 100 1000

dV
/d

Lo
g 

(D
) [

m
L/

g]

Pore Size Distribution [µm]

ACC 3 Vol.%; 20°C; 7d; M2 

Before Carbonation (P=16.5)

ACC 3% 65-50 (P=15.9)

ACC 3% 65-65 (P=13.7)

0.00

0.06

0.12

0.001 0.01 0.1 1 10 100 1000

dV
/d

Lo
g(

D
) [

m
L/

g]

Pore Size Distribution [µm]

ACC 3 Vol.%; 20°C; 7d; M3

Before Carbonation (P=17.4)

ACC 3% 65-50 (P=15.5)

ACC 3% 65-65 (P=16.4)

(a) (b) 

(c) 

Figure 7. Pore Size Distribution before and after 7 d accelerated carbonation at atmospheric pressure
and 3 vol.% CO2: (a) M1 (mortar with OPC); (b) M2 (mortar with limestone); (c) M3 (mortar with
granulated blast furnace slag.

Table 5 shows the chemical changes observed with TGA. M1 incorporates 14% calcite
before carbonation and almost 17% portlandite. Significant amounts of portlandite remain
after a complete color change is observed with the spray test. Galan et al. [34] explain this
phenomenon with the coating of portlandite crystals with a calcite film. Interestingly, within
M3, portlandite is hardly consumed at all and the carbonation of C-S-H is pre-dominant.
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Table 5. Comparison of mass loss and amount of portlandites and calcite at different ambient
humidities for accelerated carbonation (3 vol.%) at pre-storage humidity 65%; 7d.

Mass Loss (%) % of Hardened
Cement Paste<110 ◦C 110–400 ◦C 400–500 ◦C 600–800 ◦C 20–1110 ◦C

Water Ettringite,
C-S-H Portlandite Calcite Total Mass

Loss CH CaCO3

M1

Before Carbonation −2.7 −3.8 −1.7 −1.4 −10.2 7.2 8.2

ACC 50% RH −1.9 −2.8 −1.0 −5.6 −12.5 4.2 31.6

ACC 65% RH −0.4 −2.6 −0.9 −5.3 −9.9 3.5 29.4

M2

Before Carbonation −1.2 −3.0 −1.4 −2.5 −9.2 5.8 13.9

ACC 50% RH −1.4 −2.7 −0.8 −7.3 −12.6 3.3 41.3

ACC 65% RH −1.4 −2.4 −0.7 −8.0 −13.0 3.0 45.2

M3

Before Carbonation −2.0 −2.4 −0.6 −1.4 −6.5 2.6 8.0

ACC 50% RH −1.8 −2.5 −0.7 −3.1 −8.7 2.9 17.3

ACC 65% RH −1.4 −2.5 −0.8 −4.1 −9.6 3.4 23.2

As expected from the literature [12,35], high RH during carbonation promotes the
formation of CaCO3 from CH. The results are in line with the physical changes due
to carbonation.

3.2. Effect of CO2 Impact

The effect of different level of CO2 exposure is investigated using natural carbonation
after 84 d, 1 vol.% CO2 after 7d, 3 vol.% CO2 after 7 days and 3 vol.% CO2 at 2 barg after
7 d, whereas all other exposure conditions are identical. The average values and the respec-
tive standard deviations of the carbonation depths of M2 read from the phenolphthalein
indicator solution are shown in Table 6. The effect of additional gaseous pressure on mortar
mixes 1 and 3 was not investigated.

Table 6. Carbonation depth of M1, M2 and M3 under different CO2 exposures (RH during accelerated
carbonation: 65%).

Natural Carbonation
84 d

Accelerated
Carbonation 7 d,
1 vol.% CO2

Accelerated
Carbonation 7 d,
3 vol.% CO2

Accelerated
Carbonation
7 d, 3 vol.% CO2
and 2 Barg

µ σ µ σ µ Σ M σ

M1—50–65 0.8 0.5 1.0 0.7 2.4 0.6 - -
M1—65–65 1.1 0.4 0.8 0.7 2.1 0.8 - -
M2—50–65 1.4 0.4 2.3 0.9 4.5 1.0 6.8 1.2
M2—65–65 1.5 0.4 2.4 0.5 4.4 1.1 6.4 1.1
M3—50–65 1.9 0.7 2.1 0.6 4.2 1.2 - -
M3—65–65 1.7 0.6 1.9 0.5 3.6 1.3 - -

Pre-storage at 50% RH did not always lead to higher carbonation rates. However, the
results are close together, indicating that interpretation is difficult here. With an increased
CO2 concentration and pressure, the relative humidity during pre-storage becomes more
significant. Note that at the same time, the readings are also more accurate since the
carbonation depth is deeper and, therefore, easier to measure. Consequently, pre-storage at
50% instead of 65% has the advantage that different carbonation resistances due to a mixed
design can be more reliably distinguished.

The accelerated carbonation shows greater carbonation depths after 7 d than natural
carbonation after 84 days. Thus, the increase in CO2 concentration brings the desired
effect, independent of the CO2 content. Increasing the CO2 concentration from 1 vol.% to
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3 vol.% produces greater carbonation depths by a factor of 1.67 on average, which is close
to the theoretical acceleration of 1.73. Additionally, adding 2 barg of pressurization to the
same CO2 concentration (3 vol.%) produces a further increase by a factor of 1.5. Increased
carbonation impact led to higher carbonation of C-S-H and portlandite (Table 7). Here,
portlandite also remained present in all samples.

Table 7. Comparison of mass loss for natural (“NAC”, 0.04 vol.% CO2), and accelerated carbonation
(“ACC”, 1 vol.% CO2, 3 vol.% CO2 and 3% plus 2 barg) at pre-storage at 65% RH; and 65% RH
during carbonation.

Mass Loss [%] % of Hardened
Cement Paste<110 ◦C 110–400 ◦C 400–500 ◦C 600–800 ◦C 20–1110 ◦C

Water Ettringite,
C-S-H Portlandite Calcite Total Mass

Loss CH CaCO3

Before Carbonation −1.2 −3.0 −1.4 −2.5 −9.2 5.8 13.8

NAC, 84 d −1.6 −2.4 −0.8 −7.3 −12.6 3.2 41.0

ACC, 7d, 1% −1.7 −2.6 −0.9 −6.4 −12.1 3.7 36.3

ACC, 7d, 3% −1.4 −2.4 −0.7 −8.0 −13.0 3.0 45.2

P_ACC, 7d, 3%,
2 barg −1.9 −2.4 −0.8 −8.4 −14.0 3.1 47.5

Based on the carbonation depths of the accelerated test series read by the color spray
test after 7 days and the depth of the samples carbonated under natural conditions, the
acceleration factors Dc,is and correction factors in Table 8 were obtained.

Table 8. Carbonation coefficient kNAC, theoretical and determined carbonation depth and correction
factors for M1, M2 and M3 under different CO2 exposure and varying pre-conditioning of either 50%
or 65% RH.

kNAC Dc,corr, 1%=kNAC ∗
√

7
365 ∗

√
1

0.04 1.17 Dc,is,1% Dc,corr, 3%=kNAC ∗
√

7
365 ∗

√
3

0.04
Dc,is,3%

Correction Factor
3% (NAC–ACC)

M1 50–65 1.67 1.3 1.3 1.97 2.4 1.22

M1 65–65 2.29 1.8 1.6 2.71 2.1 0.77

M2 50–65 2.92 2.3 2.3 3.45 4.5 1.30

M2 65–65 3.13 2.5 2.4 3.70 4.4 1.20

M3 50–65 2.92 2.3 2.6 3.45 4.2 1.22

M3 65–65 2.50 2.0 2.4 2.96 3.6 1.22

The theoretical acceleration factors according to Equation (1) for 1 vol.% and 3 vol.%
CO2 are 5.00 and 8.66, respectively. As can be seen in Table 8, using the correction factor of
1.17 proposed by [6] led to satisfying correlations for M1 and M2, while for M3, 1 vol.%
CO2 led to higher acceleration, and therefore, the correction factor might not be necessary.
According to our results, a correction factor between 1.22 and 1.30 seems suitable for
accelerated testing at 3 vol.% CO2 and 65% RH. However, to determine and validate a
correction factor suitable for concrete with SCMs, further studies should investigate a wide
variety of concrete mixes at 3 vol.% CO2 with the same boundary conditions as proposed
in the standard. As the relative humidity affects the carbonation, the correction factor
might increase.

4. Conclusions

For cementitious materials, carbonation usually leads to a reduction in total porosity
and to an increase in strength. Carbonation depends on the amount of CO2 partial and
gaseous pressure and the relative humidity. The results on the ambient conditions during
accelerated carbonation mainly confirm the results of earlier experiments and the resulting
implementation in standards. The main objective of accelerated carbonation tests is to
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receive reliable results in a short period of time and to overcome the long testing times
required under natural conditions. New conclusions can be drawn based on this work
regarding the pre-storage and the duration of the experiment.

Preconditioning for only the 14 d provided in DIN EN 12390-12:2020-04 was found
to be too short of a time period to properly dry samples so that the effect of drying can
be neglected. It is therefore recommended to increase this period and to shorten the
curing time to receive reliable carbonation coefficients. During accelerated testing of the
carbonation resistance, a relative ambient humidity of 57% is recommended since the
highest carbonation rate is achieved here irrespective of the other conditions. The resulting
higher carbonation depths are subjected to higher reading accuracy under otherwise
identical measurement conditions. Regarding the duration of carbonation, the results of
this work indicate that measurements after 7 d are always on the safe side and are therefore
sufficient if the subsequent course is calculated according to the

√
t law. Thus, the duration

of 70 d, as suggested by the current standard, can provide more precise information about
the progress over time but is not necessary for a reliable classification of the carbonation
resistance. Based on the results, a shortening of the test is an option. The comparison of
the theoretical and the calculated acceleration factors shows the greatest correspondence
at a CO2 concentration of 1 vol.%. One advantage of higher acceleration, on the other
hand, is the higher carbonation depths and thus easier readings. Changes in chemical
composition and pore structure are comparable to the mere increase in CO2 concentration.
The results of the test specimens with pressurization also show reliable results, which
encourages further research in this area. As minor deviations in temperature, RH and
CO2 concentration severely affect the results, data recording is recommended for fair
interpretation of measurements.
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