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ABSTRACT

An experimental study was carried out on concretes designed with an ordinary Portland
cement (CEM I 52.5 N), blended cements containing 23 wt.% fly ash (CEM II/B-V 32.5 R) or
82 wt.% ground granulated blast-furnace slag (CEM III/C 32.5 N), and partial substitutions of
CEM I with fly ash (30 wt.%) or ground granulated blast-furnace slag (30 and wt.75 %).
Measurements were carried out on @11X22 cm specimens after 10.8 years of exposure, under
indoor and outdoor exposure, to determine their carbonation rates and degrees of carbonation.
The objective was to compare CO; uptake calculated with the parameters measured
experimentally to that calculated with parameters defined by a standardized model commonly
used by construction engineering (EN 16757 model). The comparison showed that the model:
(i) underestimates the carbonation rate (up to 61 %), (ii) underestimates the degree of
carbonation under indoor exposure (up to 49 %) and overestimates it under outdoor exposure
(up to 78 %), and (iii) considerably underestimates the maximum theoretical CO» uptake (up
to 77 %) for high ground granulated blast-furnace slag content. Consequently, the model
underestimates the CO» uptake under indoor exposure (up to 86 %). However, the comparison
showed a better correlation under outdoor exposure. Based on these results, some adjustments
to the parameters defined by the standardized model were suggested to better account for
effects of exposure conditions and supplementary cementitious materials, which should

improve the CO uptake assessment.

Keywords: Cement substitution; Supplementary cementitious material; Low-carbon concrete;

Indoor/Outdoor exposure; EN 16757 model; CO uptake assessment



1. Introduction

Cement industry is a major contributor to global anthropogenic emissions of greenhouse
gases (GHGs), especially carbon dioxide (CO») [1,2], which are the main source of global
warming [3,4]. This industrial sector accounts for approximately 7.4 % of global CO;
emissions [1,2,5-8] since production of 1 kg of cement releases 0.5 —0.7 kg of CO> into
atmosphere [2,4]. As cement is an essential component of concrete, its production is
responsible for at least 70 % of GHGs from manufacture of concrete [9].

To mitigate CO> emissions from concrete manufacturing, cement and concrete industries
have implemented several solutions such as using supplementary cementitious materials
(SCMs) as partial substitution of clinker, the main component of Portland cement, during
cement production, or cement during concrete manufacturing [4,6,9—11]. The use of industrial
by-products, such as fly ash (FA) or ground granulated blast-furnace slag (GGBFS), which are
among the most widely used SCMs in concrete [10], limits both systematic use of natural
resources and landfill by recycling these by-products, and reduces CO> emissions from
manufacture of concrete by up to 22 % [12].

From a life cycle assessment (LCA) point of view, considering only CO> emissions from
concrete manufacturing has become insufficient to establish a more complete carbon footprint
since concrete binds CO» through the process of carbonation. With its ability to sequester
atmospheric CO», carbonation constitutes an important carbon sink that should be better
considered in life cycle inventory of concrete [5,7-10,13-20].

Carbonation of a cementitious material is a natural aging phenomenon that has been widely
studied in literature [9,13,14,17,18,21-29]. It is a process during which CO; diffuses from the
atmosphere into the porosity of the material and reacts with carbonatable products. The latter

are essentially hydration products, whose nature and structure depend mainly on nature of



binder, such as calcium hydroxide (Portlandite), different structures of calcium silicate
hydrate (C-S-H) and ettringite, and some anhydrous phases of clinker, namely tricalcium
silicate (C3S) and dicalcium silicate (C,S) [25]. Chemical reactions occurring during
carbonation can be described, for simplicity, as a conversion of calcium oxide (CaO) to
calcium carbonate (CaCOs3) [7-9,13,14,17-20,23,25,26,29]. According to durability of
reinforced concrete, chemical reactions involving CO» lower the pH of concrete pore solution,
which increases the risk of rebar corrosion. In this case, carbonation is considered as a
degradation phenomenon [7,9,13,17,18,20,23,25-29]. According to environmental impact, the
chemical reactions bind CO; within the concrete. In this case, carbonation is considered as a
phenomenon that allows mitigating CO> emissions from concrete manufacturing [5,7-10,13—
20].

Carbonation process of a cementitious material depends on a multitude of parameters that
can be classified into two categories: intrinsic parameters which are characteristics (such as
nature of binder [23-25,27-29]) and properties of the material, and extrinsic parameters
relating mainly to the surrounding environment, such as duration and type of curing
conditions [14,22-29], and carbonation conditions [13,17,18,26-29]. Interactions between all
these parameters determine their actual effect on carbonation.

Curing a cementitious material consists in keeping it, at early age, at temperature and
humidity conditions, such as under water, that favor the hydration of its binder
[14,22,23,28,29], and thus lead to a material with low porosity [22,23,28], fine microstructure
[23,28], and high amount of carbonatable products (hydration products) [28] within the
surface layer (the skin). This slows down the progress of carbonation front (carbonation rate)
[14,22,28,29] but enhances the carbonation reactions (bound CO> content and degree of
carbonation) within the carbonated zone [13,17,18]. Moreover, resistance against carbonation

increases with increasing curing duration [14,22-29], especially for materials with GGBFS



that are very sensitive to curing [14,23-25].

Carbonation conditions are known to significantly affect carbonation process
[13,17,18,26-29], thus CO, uptake [13,17,18]. Compared to indoor exposure, outdoor
exposure was found to decrease carbonation rate due to precipitation that keeps concrete
porosity often close to saturation [28,29], and to increase bound CO; content and degree of
carbonation because of high humidity in porosity due to precipitation [13,17,18].

In literature, there are some empirical calculation methods for determination of CO» uptake
by cementitious materials [8]. However, the most used model, especially by European
construction engineering, is the standardized model “EN 16757 model” [10,13,14,16-20,30].

The latter allows assessing CO» uptake, denoted Uptake, occurring during a period t by using

Eq. (1):

Uptake(t) = kvt.B.U.D (1)

with: k is the carbonation rate. B is the binder content. U is the maximum theoretical CO>
uptake in totally carbonated concrete. D is the degree of carbonation. The model defines k and
D as tabulated values by considering exposure conditions and some concrete properties, and U
by assuming that only CaO supplied by clinker reacts with CO,. However, this approach for
the definition of U is not consistent with literature which shows that CaO supplied by SCMs,
especially GGBFS, also reacts with CO» [13,17,18]. Moreover, the tabulated values of both k
and D should be checked with experimental values measured over a realistic and sufficiently
long period, especially on concretes with SCMs.

The novelty of this work consists in: (i) readjusting the definition of U by assuming that all
CaO supplied by binder, i.e., both clinker and SCMs, reacts with CO,, and (ii) measuring

values of k and D through an experimental campaign over a relatively long period. The study



was carried out on concretes designed with an ordinary Portland cement (CEM I), blended
cements containing FA (CEM II/B-V) or GGBFS (CEMIII/C), and partial substitutions of
CEM I with FA or GGBFS. Concretes were demolded 24 h after casting and exposed under
indoor and outdoor conditions for 10.8 years. During the exposure period, progress of
carbonation front was monitored by regular carbonation measurements by phenolphthalein
spraying to assess k. At the end of the exposure period, bound CO; content was determined by
thermogravimetric analysis (TGA) to assess D. Finally, Uptake calculated with the parameters
measured experimentally was compared to that calculated with the parameters of the
standardized model. The objective was to suggest adjustments to the model, which should

improve the CO> uptake assessment.

2. Materials

2.1. Raw materials

The six concretes studied were designed with three cements as per [31]: an ordinary
Portland cement CEM I 52.5 N from Lafarge France, a fly ash cement CEM II/B-V 32.5 R
from CCB Belgium, and a ground granulated blast-furnace slag cement CEM III/C 32.5 N
from Calcia France. Two SCMs were used: a silico-aluminous fly ash (FA) from Surschiste
France as per [32], and a ground granulated blast-furnace slag (GGBFS) from Ecocem
Netherlands as per [33]. Other components were used: a siliceous sand (0/4 mm) and two
crushed diorite gravels (6/10 and 10/14 mm) from HeidelbergCement France as per [34], and
a polycarboxylate superplasticizer Fluid Optima 206® from Chryso France as per [35]. Some
physical properties and chemical composition of the cementitious materials used are shown in

Table 1.



Table 1

Some physical properties and chemical composition [wt.%] of the cements and SCMs used.

CEM I CEM II CEM III FA GGBFS
Blaine surface [cm?/g] 3400 3247 4280 4050 4500
Density [g/cm?] 3.11 2.89 2.90 2.21 2.89
Clinker 95 73 15
Limestone 5 4 3
SCM 0 23 82
CaO 64.8 48.9 45.1 5.2 41.5
SiOs 20.5 27.4 32.0 55.3 333
ALO3 4.5 9.0 10.3 25.2 12.5
Fe>O3 2.7 34 0.8 6.4 0.4
SO3 3.5 2.8 2.9 0.5 0.2
MgO 1.5 2.0 6.1 0.9 7.0
K20 0.8 1.3 0.5 0.6 0.5
Na>O 0.1 0.2 0.2 0.1 0.3

2.2. Concrete mixtures

Table 2 summarizes the proportions used in the six concrete mixtures studied. C I was
designed with CEM 1 as per a usual industrial composition whose mix proportions were
adjusted to achieve a minimum slump of 160 mm and a minimum characteristic 28-day
compressive strength of 25 MPa, i.e., a consistency class S 4 and a compressive strength class
C 25/30 as per [36]. The other five mixtures were designed from C I by varying the nature and
amount of binder. Moreover, their compositions were readjusted to achieve the same
consistency and compressive strength classes than C L. C II was designed with CEM 11, C III
with CEM III, F30 with 30 wt.% substitution of CEM 1 with FA, S 30 with 30 wt.%
substitution of CEM I with GGBEFS, and S 75 with 75 wt.% substitution of CEM I with

GGBFS.



Concrete mixtures were cast into @11X22 cm molds (4 molds per concrete) as per [37] and
stored in a room at 20 £ 1 °C and 55 £ 5 % RH for 24 h, one of the durations usually used on

construction sites.

Table 2

Mix proportions [kg/m?].

CIl ClI C I F 30 S 30 S 75
Cement 303 321 361 241 219 103
SCM 0 0 0 103 94 310
Sand 855 855 839 824 848 816
Gravel 6/10 211 211 207 204 209 201
Gravel 10/14 875 875 859 844 868 836
Effective water 182 175 175 182 182 170
Superplasticizer 1.36 1.00 1.00 1.75 0.26 1.89

2.3. Concrete properties

Some concrete properties required for this study are shown in Table 3. The binder content,
denoted B [Kg€pinder/M> concrete]» is the sum of contents of cement and SCM (Table 2). The
binder content, denoted b [-], is the ratio between B and the sum of contents of all
constituents. The clinker content in binder, denoted ¢, [-], is that of CEM I, CEM II and
CEM III (Table 1) for CI, CII and CIII, respectively. For F 30, S 30 and S 75, ¢ is the
clinker content in CEM I (0.95) multiplied by CEM I content in binder (Table 3). The clinker
content in concrete is the binder content b multiplied by the clinker content in binder c;. The
calcium oxide (CaO) content in binder, denoted CaOy [-], is that of CEM I, CEM II and
CEM 1III (Table 1) for CI, C1I and C III, respectively. For F 30, S 30 and S 75, CaOy, is the
sum of CaO content in CEM I (0.648) multiplied by CEM I content in binder (Table 3) and

CaO content in SCM (Table 1) multiplied by SCM content in binder (Table 3). The CaO



content in concrete is the binder content b multiplied by the CaO content in binder CaOy,.

Table 3

Some properties of the concretes studied.

CI cIl CIII F 30 S 30 S75
28-day compressive strength [MPa] 36 32 34 33 36 40
SCM content in binder [wt.%] 0 23 82 30 30 75
CEM I content in binder [wt.%] 100 0 0 70 70 25
Binder content (B) [kg/m?] 303 321 361 344 313 413
Binder content (b) [wt.%] 12.5 13.2 14.8 14.3 12.9 16.9
Clinker content in binder (¢;) [wt.%] 95 73 15 67 67 24
Clinker content in concrete [wt.%] 11.9 9.6 2.2 9.6 8.6 4.1
CaO content in binder (CaOy) [wt.%] 64.8 48.9 45.1 46.9 57.8 473
CaO content in concrete [wt.%] 8.1 6.5 6.7 6.7 7.5 8.0

3. Methods

3.1. Exposure procedure

The @11X22 cm specimens were demolded 24 h after casting and exposed under indoor
and outdoor conditions for 10.8 years. The indoor exposure was carried out in a room where
the average annual temperature was =~ 19 °C, the relative humidity = 54 % and the CO>
concentration = 0.042 %. The outdoor exposure was carried out on an experimental platform
located within the La Rochelle University campus (French Atlantic coast) where the average

annual temperature was = 12 °C, the relative humidity =76 % and the CO> concentration

~0.038 %. Measurements were carried out using a Vaisala HM 34® handheld digital

instrument for temperature and relative humidity, and a Wittgas RLA 100® instrument for

CO; concentration.



3.2. Phenolphthalein spraying

After 1, 6 and 10.8 years of exposure, for each concrete, two @11X5 cm samples, saw-cut
from the @11X22 cm specimens, were split in half, and the split sections were sprayed with a
pH indicator solution, namely phenolphthalein, to determine their carbonation depths as per
[37]. It is commonly assumed that the zone that remains colorless (pH <9) is totally

carbonated, while the zone that turns pink (pH > 9) is not carbonated (Fig. 1).
3.3. Thermogravimetric analysis

Immediately after spraying phenolphthalein at 10.8 years, concrete powders were taken by
drilling, using a @4 mm drill bit, from the center of both totally carbonated (pH < 9) and non-
carbonated (pH > 9) zones of the split sections, as shown in Fig. 1. After that, the powders
were tested by thermogravimetric analysis (TGA) using a Setaram Setsys Evolution® device.
Measurements were carried out on = 150 mg powders in argon atmosphere at 10 °C/min from
25 to 1000 °C to determine their bound CO; contents [38].

Bound CO: content expressed by mass of binder, denoted CO; [Kgco,/K8binder]: Was

determined by Eq. (2):

o _(Am) (Am) 2
2 m.b pH <9 m.b pH>9

with: Am [mg] is the mass loss of powder measured by TGA between = 530 and = 950 °C
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[39].These two temperatures were readjusted for each powder using the derivative
thermogravimetry DTG, where the main peak associated with CaCO3 decarbonation appears

at 600 — 800 °C [40]. m [mg] is the mass of powder tested by TGA. b [-] is the binder content

(Table 3). It should be noted that CO» quantified in the non-carbonated zone, i.e., (ﬁ) ,
B/ pH >9

results from decarbonation of calcium carbonate (CaCOs3) supplied by concrete constituents. It

must thus be removed to only quantify CO2 bound by carbonatable products.
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Fig. 1. Schematic representation of the powder sampling.
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4. Results and discussion

The following sections report the results obtained and discuss: (i) the comparison between
parameters measured experimentally and those defined by the standardized model, (ii) the
comparison between parameters measured under indoor exposure and those measured under
outdoor exposure, and (iii) the effect of nature of binder. It should be noted that the term
“model” will refer to the standardized model and parameters as per this model will take the

index “St”. The index “Ex” will refer to parameters measured experimentally.

4.1. Carbonation rate “k”

The model defines carbonation rate, denoted kg, [m/year®®°], by considering compressive
strength (Table 3), type of SCM used (FA or GGBES) and its content in binder (Table 3), and
exposure conditions (indoor or outdoor).

To check experimentally the tabulated values of kg, a carbonation rate, denoted kg, [m/
year®®], was determined from carbonation depths revealed by phenolphthalein, by using a
linear regression through zero, i.e., by considering a square root of time relationship, as shown

in Eq. (3):

Xc(t) = kEx‘/E (3)

with: X.(t) [m] is the carbonation depth measured at a time t [year].

A comparison between kgy and kg; is shown in Fig. 2a. kg, is higher than kg, (relative

12



deviation up to 61 %). This means that the model underestimates carbonation rate. The
tabulated values of kg; should then be readjusted (increased) to better account for effects of
both exposure conditions and nature of binder. Andrade, who assessed carbonation rates with
high dispersions compared to those introduced by the model, suggested defining adjustments
per country for kg, due to the diversity of exposure conditions and cements used [17].

Fig. 2b shows a comparison between carbonation rate measured under indoor exposure
(Kgx,,) and that measured under outdoor exposure (Kgy, .)- Kgx, is higher than Kg, .
(relative deviation up to 76 %). This means that outdoor exposure decreases carbonation rate,
which is consistent with literature [28,29]. Precipitation is known to keep concrete porosity
often close to saturation. In this case, CO; diffuses only through the pore solution, i.e., more
slowly than in air. This significantly hampers carbonation that occurs when porosity is
sufficiently dry up to the carbonation depth reached before precipitation. Hence, under
outdoor exposure, carbonation is essentially governed by length and frequency of
wetting/drying periods, while under indoor exposure, concrete porosity is often partially
saturated [28,29].

Whatever the exposure conditions, C I exhibits the lowest carbonation rate while C III the
highest one. This is expected since C I contains the highest clinker content while C III the
lowest one (Table 3). Increasing clinker content is known to increase amount of carbonatable
products (hydration products) and to densify microstructure, which enhances resistance

against carbonation.
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Fig. 2. (a) Carbonation rates measured (kgy) versus tabulated values of the model (kg;). (b)

Carbonation rates measured under indoor exposure (Kgy, ) versus values measured under

outdoor exposure (Kgx,, ,)-

4.2. Maximum theoretical CO> uptake “U”

The model introduces the concept of maximum theoretical CO> uptake in totally

carbonated concrete, denoted Usg; [Kgco,/K8binder], based on a conservative approach which

assumes that only CaO supplied by clinker reacts with CO;. Ug; is then defined as a function
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of CaO content in clinker of Portland cement CEM I, using Eq. (4):

Mco,

“)

USt =q. CaOCEMI . M
CaO0

with: ¢ [-] is the clinker content in binder (Table 3). CaO¢cgpm [-] is the CaO content in CEM 1
(Table 1). M¢o,and Mc,o [kg/mol] are the molecular weights of CO» and CaO, respectively.

According to literature, CaO supplied by SCMs, especially GGBFS, also reacts with CO»
[13,17,18]. A maximum theoretical CO, uptake in totally carbonated concrete, denoted
Ugx [Kgco,/K8binder], Was thus defined by assuming that all CaO supplied by binder, i.e.,

both clinker and SCMs, reacts with COx. Its expression is given by Eq. (5):

M
Ugy = Ca0yp . —22

®)

Mcao

with: CaOy [-] is the CaO content in binder (Table 3).

Fig. 3 shows a comparison between Ugy and Ug,. Ugy is significantly higher than Ug; for
CIII and S75 with relative deviations of 77 and 68 %, respectively. In fact, for these
concretes with very low clinker content (Table 3), considering only carbonation of CaO
supplied by clinker leads to very low values of Ug;. This means that the conservative approach

of the model considerably underestimates the maximum theoretical CO; uptake for high

GGBEFS content.
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4.3. Degree of carbonation “D”

Degree of carbonation is the ratio between carbonated and available reactive CaO. It can
be expressed as the ratio between bound CO> content expressed by mass of binder and
maximum theoretical CO; uptake in totally carbonated concrete.

The model defines degree of carbonation, denoted Dg; [-], by considering only exposure
conditions (indoor or outdoor). The tabulated values of Dg; are 0.40 and 0.85 for indoor and
outdoor exposure, respectively.

Using the maximum theoretical CO> uptake which assumes that only CaO supplied by

clinker reacts with CO», a degree of carbonation, denoted Dy, [-], was defined by Eq. (6):

Co,

DUSt = U_St (6)
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Using the maximum theoretical CO> uptake which assumes that all CaO supplied by binder

reacts with CO,, a degree of carbonation, denoted Dgy [-], was defined by Eq. (7):

(7

A comparison between Dgy and Dy, is shown in Fig. 4a. Dgy is significantly lower than
Dy, for CIII and S 75 with the same relative deviations observed with Ugy and Ug (Fig. 3).
Dy, for these concretes approaches or even exceeds 1. This suggests that CaO supplied by
GGBEFS also reacts with CO2, which is in accordance with literature [13,17,18]. The
conservative approach of the model, which considerably underestimates the maximum
theoretical CO> uptake for high GGBFS content (Fig. 3), should then be revised by readapting
the definition of Ug, at least for concretes with GGBFS, to avoid aberrant degrees of
carbonation (> 1).

Fig. 4b shows a comparison between Dg, and Dg;. Dy is higher than Dg, under indoor
exposure (relative deviation up to 49 %) and lower than Dg; under outdoor exposure (relative
deviation up to 78 %). This means that the model underestimates the degree of carbonation
under indoor exposure and overestimates it under outdoor exposure. The tabulated values of
Dg; should then be revised to better account for effects of both exposure conditions and nature
of binder.

A comparison between the degree of carbonation measured under indoor exposure (Dgy, )
and that measured under outdoor exposure (Dgy, ) is shown in Fig. 4c. Dgy,  is higher than
DEx,,. (relative deviation up to 48 %). This means that outdoor exposure decreases the degree

of carbonation, which is not consistent with the results presented by Andrade [17] who

showed that outdoor exposure slightly increases the bound CO: content and degree of

17



carbonation because of high humidity in concrete porosity due to precipitation [13,17,18]. As
mentioned previously, under outdoor exposure, carbonation process is highly dependent on
length and frequency of wetting/drying periods [28,29]. The outdoor exposure was carried out
under a moderate climate characterized by long periods of sunshine and wind. Although the
average annual relative humidity is relatively high due to the proximity to the Atlantic Ocean,
short periods of precipitation followed by rapid and frequent drying, due to sunshine and
wind, could reduce the water content from the porosity within the carbonated zone, which
could slightly hamper the carbonation reactions, thus could reduce the bound CO- content and
degree of carbonation. Porosity however remains enough saturated to slow down the progress
of carbonation front, i.e., the carbonation rate. Under indoor exposure, porosity remains often
partially saturated, which favors both the carbonation reactions (degree of carbonation) and
the progress of carbonation front (carbonation rate) [27].

Whatever the exposure conditions, C III and S 75 exhibit low degrees of carbonation
despite their high carbonation rates (Fig.2b). This suggests that there is no relationship
between carbonation rate and degree of carbonation, which is consistent with literature
[17,18]. Moreover, the degree of carbonation of C III is two times lower than that of F 30
despite their identical CaO contents (Table 3). A similar observation can be made with S 75
and C 1. This suggests that even if CaO supplied by GGBFS reacts with CO,, hydrates
produced by clinker seem to bind more CO,. According to literature, increasing GGBFS
content decreases the Ca/Si ratio of C-S-H, which hampers their carbonation reactions [41].

This could explain the low degrees of carbonation noticed with C III and S 75.
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(Dyg,)- (b) Degrees of carbonation expressed by Ugy (Dgyx) versus tabulated values of the
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model (Dg¢). (¢) Degrees of carbonation measured under indoor exposure (Dgy ) versus

values measured under outdoor exposure (Dgy, . )-

4.4. COz uptake “Uptake”

The model assesses CO» uptake, denoted Uptakeg; [Kgco,/ m? gncretel» by Eq. (8):

UptakeSt(t) = kSt\/E .B. USt . DSt (8)

with: B [Kg€pinder/M> concrete] is the binder content (Table 3).
For comparison, a CO> uptake, denoted Uptakegy [Kgco,/ m? gpcrete], Was calculated with

the parameters measured experimentally, using Eq. (9):

UptakeEX(t) = kEX\/E .B. UEX . DEX (9)

A comparison between Uptakeg, and Uptakeg; at t = 10.8 years is shown in Fig. 5a. It
should be noted that due to the aberrant Dy, shown with CIII (Fig. 4a), this degree of
carbonation was not used to determine CO, uptake.

Under indoor exposure, Uptakegy is higher than Uptakeg; (relative deviation up to 86 %).
The model underestimates the CO2 uptake because it underestimates the carbonation rate
(Fig. 2b), the maximum theoretical CO; uptake (Fig.3), and the degree of carbonation
(Fig. 4b).

Under outdoor exposure, a better compensation between the overestimated degrees of

carbonation, and the underestimated carbonation rates and maximum theoretical CO> uptakes,
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allowed a better correlation between Uptakegy and Uptakeg;, except for CIII (relative
deviation of 73 %) due to huge differences between its kg, and kg (Fig. 2a), and between its
Ugy and Ug; (Fig. 3).

As suggested previously, readjusting Dg; and kg to better account for effects of both
exposure conditions and nature of binder, and readapting the definition of Ug; (mainly for
high GGBEFES content), should improve CO> uptake assessment by the model.

Fig. 5b shows a comparison between CO> uptake measured under indoor exposure

(Uptakegy, ) and that measured under outdoor exposure (Uptakegy, ). Uptakegy, —is
significantly higher than Uptakeg, . (relative deviation up to 85 %). This means that outdoor

exposure decreases the CO> uptake, which is expected since its decreases both the degree of
carbonation and the carbonation rate.
Whatever the exposure conditions, because of its low carbonation rate (Fig.2b), CI

exhibits lower CO, uptake than C II, C IIT and F 30.
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Fig. 5. (a) CO: uptakes calculated with parameters measured (Uptakegy) versus values
calculated with the parameters of the model (Uptakeg;). (b) CO> uptakes measured under

indoor exposure (Uptakegy, ) versus values measured under outdoor exposure (Uptakegy, ).

5. Conclusions

The main findings of the study can be summarized as follows:
* Concretes with high GGBFS content (75 and wt.82 %) exhibit low degrees of carbonation
despite their high CaO content, suggesting that even if CaO supplied by GGBFES reacts

with CO», clinker seems to bind more CO,. Low Ca/Si ratio of C-S-H could explain this
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finding.

e Compared to indoor exposure, outdoor exposure decreases the carbonation rate (up to
76 %), the degree of carbonation (up to 48 %), and thus the CO; uptake (up to 85 %).

* Comparison between carbonation rates measured and those defined by the model shows
that the latter underestimates the carbonation rate (up to 61 %).

* Comparison between maximum theoretical CO» uptakes defined by assuming that all CaO
supplied by binder reacts with CO, and those defined by the model shows that the model
considerably underestimates this parameter (up to 77 %) for high GGBFS content. This
leads to aberrant degrees of carbonation (> 1) for these concretes.

e Comparison between degrees of carbonation measured and those introduced by the model
shows that the latter underestimates the degree of carbonation under indoor exposure (up
to 49 %) and overestimates it under outdoor exposure (up to 78 %).

e Comparison between CO, uptakes calculated with the parameters measured and those
calculated with parameters defined by the model shows that the latter underestimates the
CO» uptake under indoor exposure (up to 86 %). A better correlation is however shown
under outdoor exposure.

Based on these results, to improve the CO, uptake assessment, some adjustments need to
be made to the model:

e Tabulated values of carbonation rate defined by the model should be readjusted to better
account for effects of both exposure conditions and SCMs.

* Conservative approach of the model which assumes that only CaO supplied by clinker
reacts with CO; should be revised by readapting the definition of maximum theoretical
CO> uptake to avoid aberrant degrees of carbonation (> 1), mainly for high GGBFS
content.

e Tabulated values of degree of carbonation defined by the model should be revised to
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better consider effects of exposure and nature of binder. For instance, the value 0.40 for
indoor exposure should be increased, while the value 0.85 for outdoor exposure should be

reduced.
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