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Betonul este cel mai utilizat material de construc-

tii. Desi este considerat neecologic datoritd cantitatilor mari
de CO,, emise prin producerea cimentului, betonul are
proprietatea de a reabsorbi o parte din CO, emis.

Lucrarea de fata cuprinde studii teoretice si
determinari experimentale cu privire la capacitatea
betonului de a absorbi CO, prin carbonatare. Un model
original pentru determinarea adancimii de carbonatare este
prezentat, urmat de un scurt studiu documentar in domeniul
recarbonatarii betonului. In partea a doua este prezentat un
program experimental care combind metode traditionale cu
procedee originale si neconventionale. Scopul a fost
determinarea directa a absorbtiei de CO, de catre beton, din
care sa se stabileasca céat din oxidul de calciu initial se
poate carbonata. Rezultatele experimentale au fost in buna
corelatie cu modelele teoretice; s-a obtinut o valoare
corespunzatoare pentru parametrul teoretic care arata
cantitatea de oxid de calciu carbonatata.
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1. Introducere

Betonul are un rol dublu in construirea unui
viitor sustenabil. in primul rand betonul, in forma
betonului simplu, armat sau precomprimat este cel
mai folosit material de constructie. In al doilea rand
structurile din beton sunt caracterizate printr-o
durata de exploatare mare. Pe de altd parte,
betonul a fost si este considerat ca un material de
constructie neecologic, datoritd emisiilor ridicate de
CO, rezultate din fabricarea cimentului. Astazi,
cautarile specialigtilor sunt Tindreptate inspre
realizarea de structuri din beton cu un impact minim
asupra mediului Tnconjurator, dar si pe evidentierea
proprietatilor benefice ale acestui material pe durata
exploatarii constructiilor. Acest deziderat se poate
realiza prin optimizarea compozitiei betonului,
utilizarea de aditivi care s& reduca consumul de
ciment, rationalizarea transporturilor sau prin actiuni
aferente duratei de exploatare cum ar fi sporirea
durabilitatii, realizarea unor anvelope eficiente la
cladiri, prin cresterea masei termice. Un aspect
important, care nu a fost luat in considerare in
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Concrete is the most frequently used man-mad
construction material. Although it is considered non-
ecological due to the great amount of CO, emissions at
cement production, concrete can reabsorb a part of the
released CO,.

This paper encompasses theoretical work and
laboratory determinations regarding the ability of concrete
to absorb atmospheric CO, by carbonation. The
presentation contains an original model for the calculation
of carbonation depth, followed by a short overview of
existing studies in the field of CO, uptake. The second part
of the paper unveils an experimental program that uses an
original and unconventional procedure that is also
combined with traditional methods. The main aims are to
determine the CO, uptake using a direct procedure and to
obtain an adequate coefficient for the carbonation capacity
of the initial calcium oxide with a tribute to the existing
theoretical considerations. The experimental results were in
good correlation with the theoretical models and an
appropriate coefficient has been obtained.

1. Introduction

Concrete has a double role in building a
sustainable future. First of all, concrete in its plain,
reinforced or prestressed form, is the most
frequently used man-made construction material.
Second of all, concrete structures have the
potential to obtain a very long life span. For a long
time, concrete has been considered a non-
ecological building material due to the great
amount of CO, emissions arising mainly from the
manufacturing of cement. Nowadays the production
of concrete structures with a minimum
environmental impact is considered basic, but the
more important issue is to explore the many
beneficial properties of concrete during its service
life. The impacts can be limited by using optimized
concrete mixtures, cement replacement, minimizing
transport, but also by considering important factors
during its service life. The most important
parameters are durability, thermal mass, and
carbon dioxide uptake through the carbonation
process. This paper focuses on the latter aspect,
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aprecierea sustenabilitatii betonului, este absorbtia
si legarea din atmosfera de catre beton a dioxidului
de carbon.

Expus in mediul natural, betonul are
proprietatea de a absorbi si lega chimic CO, din
atmosfera prin procesul de carbonatare. Mult timp
acest proces a fost considerat numai ca un factor
distructiv intrucadt a condus la depasivarea
armaturilor si in final la corodarea acestora. Numai
cateva cercetari din ultima perioada au abordat si
absorbtia de CO, pe durata de exploatare a
constructiilor.

Lucrarea de fata are doua parti importante
ale problemei: studiu teoretic si determinari
experimentale privind capacitatea betonului de a
absorbi CO,.

2. Consideratii teoretice

2.1. Procesul de carbonatare

Modelele privind carbonatarea betonului au
la baza prima lege a difuziei, stabilita de Fick,
astfel incat adancimea de carbonatare poate fi
descrisa de formula (1) [1]:

x=k-/t (1)

in care X este adancimea de carbonatare; k este
o constanta globala, iar t este timpul de expunere.

Constanta de carbonatare k a fost studiata
de mai multi autori pentru diferite compozitii de
beton si conditii din mediul ambient [2—7]. C. Bob
[6] propune o metoda de calcul a adancimii de
carbonatare, utila si practica, care ia in considerare
urmatorii parametrii (formula 2): rezistenta la
compresiune a betonului f;; tipul de ciment c;
umiditatea relativa k pentru diferite conditii de
expunere; continutul de dioxid de carbon (CO;) din
atmosfera d.

x =2 e fmm) @

c

Influenta  rezistentei  betonului  asupra

adancimii de carbonatare x este redata in tabelul
1 pentru utilizarea unui ciment portland (CEM |
42,5) si pentru pastrarea epruvetelor in conditii
normale de expunere (interiorul constructiei si
concentratie de CO,=0,03%).

Se constata ca adancimea de carbonatare
variaza intre 3,3 si 15mm, ceea ce indica influenta
majora pe care o are rezistenta betonului. In cazul
folosirii altor tipuri de ciment portland, factorii de
influenta c, k si d sunt redati in tabelul 2.

which has been neglected during the performance
of life cycle assessments.

Exposed to natural environment, concrete
has the ability to absorb and to bind atmospheric
CO, through the process of carbonation.
Carbonation has been considered rather a
deterioration process because it lowers the pH of
the concrete, which leads to de-passivation and
finally to the corrosion of the reinforcement. Only a
few number of studies have focused on the
balance between the carbon emissions and the
carbon uptake in the life span of concrete.

This paper contains two major parts:
theoretical background and experimental
determinations regarding carbonation and CO,
uptake.

2. Theoretical background

2.1. The carbonation process - rate of
carbonation
Concrete carbonation models are based on
Fick’s first law of diffusion, according to which the
carbonation depth can be described by Eq. (1) [1],

x=k-/t 1)

where x is the carbonation depth, k represents
the rate constant, while t is the exposure time.

The carbonation rate constant has been
treated by several authors, considering a variety of
concrete  compositions and  environmental
conditions [2-7]. Bob [6] has proposed a useful
and practical calculation method of the carbonation
depth, which takes into account the compressive
strength of concrete £, but also the other important
factors such as the effect of using different types of
cement ¢, the relative humidity in different
exposure conditions k and the content of CO, in
the atmosphere d, according to Eq. 2.

x =2 e fmm) @

c

Categorized after the compressive strength,
the carbonation rate constants in normal exposure
conditions, using pure Portland cement (CEM |
42.5), which can be chosen from Table 1. As it is
visible in Table 1, the rate constant varies from 3.3
to 15, which underlines the importance of concrete
quality on carbonation.

The estimated carbonation rate constants
presented in Table 1 are valid for concrete made
from CEM | cement (95% clinker), exposed

indoors, under normal CO, concentration. The
Tabelul 1

Coeficientul global de carbonatare pentru diferite rezistente la compresiunea ale betonului, utilizand CEM | 42,5, [6]
Carbonation rate constants for various concrete cubic strengths using CEM | 42.5, [6]

Rezistenta la compresiune/ Compressive strength (MPa)

CEM 1425, 0]
C02=0.03%,

15 | 20

25 | 3 | 37 | >»>37

Interior/ Indoors

(mm//an/ year)
6 | 5

15 [ 10 | 75

| 405 | 33
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Tabelul 2

Factori de corectie pentru ciment, RH si concentratie de CO, aplicabile valorilor din tabelul 1
Correction factors for different cement types, RH and CO, concentrations to be multiplied by the rate constant provided in Table 1 [6, 7]

Tipul de ciment c Conditii de expunere K Concentratie de CO, d
Cement type Exposure Conditions CO, Concentration

CEM152.5 0.8 Interior/ Indoors 1 0.07 1.05
CEMIIA 1.2 Scoperit/ Sheltered 0.7 0.1 1.1
CEMI1IB 1.4 Expus/ Exposed 0.5 0.15 1.2
CEMIIIA 2 Umed/ Sub pamint/ Wet/ Buried 0.3 50 2.7

Din datele prezentate se constata ca prin
folosirea unui ciment de calitate superioara, cum ar
fi CEM | 52,5, cu o mai mare capacitate lianta, rata
de carbonatare descreste. Pe de alta parte,
folosirea unui ciment cu o anumitd cantitate de
adaosuri active (cenusa de termocentralda, zgura,
silice ultrafina, etc.), adancimea de carbonatare
creste; adaosurile conduc la micsorarea cantitatii
de clincher din unitatea de volum de beton si in
consecintd se reduc produsii de hidratare care se
pot carbonata (Ca(OH),) [8]: o cantitate mai mare
de adaosuri contribuie astfel la o adancime de
carbonatare mai mare.

Umiditatea betonului are de asemenea o
influenta foarte importantd asupra mecanismului de
carbonatare. Dioxidul de carbon este dizolvat in
apa din pori, formand acid carbonic. Acidul
carbonic se ionizeaza si permite astfel reactia cu
ionii de calciu din hidrocompusii matricei de beton,
formand calcit. Astfel, un beton cu sistem capilar
foarte uscat permite o rapida difuzie de CO,, insa
mecanismul de carbonatare necesita ion de
carbon, care la randul lor necesita apa [8]. Pe de
alta parte un beton foarte umed are o rata de
carbonatare lentd, deoarece porii saturati
ingreuneaza difuzia bioxidului de carbon gazos.
Aceste considerente fac ca umiditatea relativa
(RH) cea mai favorabild pentru procesul de
carbonatare sa fie intre 50% si 70%.

Continutul de CO, din atmosferd are o
influenta determinanta asupra carbonatarii in
sensul ca o cantitate mare de CO, va duce la
sporirea adancimii de carbonatare;, in consecinta
pentru testele accelerate de carbonatare, a rezultat
un factor de influentd d mai mare, asa cum este
stipulat n tabelul 2 [7].

2.2. Legarea de CO, prin carbonatare

Raportul dintre emisia si absorbtia de CO,
din beton este un subiect relativ nou si a fost tratat
in putine studii. Studiul cel mai reprezentativ in
acest domeniu a fost realizat de specialistii din
tarile nordice ale Europei [8-11]. in aceste lucrari
se prezinta o sinteza a acestor studii care trateaza
o serie de aspecte legate de procesul de
carbonatare si mecansimul de absorbtie al CO, de
beton, pe durata de viatd a acestuia. In cadrul
acestui proiect s-a propus o formula de calcul
pentru absorbtia de CO,:

Aco, =a-C-CaO-M,,/M_,, lkg/m’](3)

carbonation rate may be affected by the different
factors so the rate constant needs to be corrected.
The correction factors proposed in [6, 7] are
presented in Table 2.

If the concrete is prepared with other types
of cement, the rate constant may be affected either
positively or negatively. Using a higher quality
cement (CEM | 52.5) leads to a better binding
capacity, which decreases the carbonation rate.
The use of CEM II, mostly with limestone, but also
with other additives as fly ash, slag or silica fume,
accounting for about 15%, may increase the
carbonation rate. The additives reduce the clinker
content per united volume of concrete, which
reduces the amount of hydration product that can
be carbonated [8]. The higher is the amount of
additives, the higher will be the carbonation rate.

The relative humidity (RH) in concrete plays
also an important role in the carbonation
mechanism. Carbon dioxide is dissolved in the
pore water, forming carbonic acid. The ionization
of carbonic acid forms carbonate ion, which can
react with the calcium ions of the pore solution to
form calcite. So a concrete with very dry capillary
system permits a rapid diffusion of the CO,, but for
the carbonation mechanism to produce, carbonate
ions are needed, which in terms need water [8].
On the other hand, too wet concrete has a slow
carbonation rate, because pores are saturated and
gaseous CO, will have difficulties to diffuse. This
fact leads to the fact that most favorable RH for
carbonation is between 50 and 70%.

Finally, the content of CO, in the
atmosphere has a great influence on carbonation.
A higher amount of carbon dioxide will increase
the carbonation rate. Using the correction factors
from Table 2, the carbonation rate of accelerated
tests with a high CO, concentration can be
estimated [7].

2.2. CO; uptake through carbonation

The balance between CO, emissions and
CO, re-absorption (uptake) represents a relatively
new subject which has been approached only in a
few studies.

One of the most comprehensive studies
regarding CO, — uptake has been conducted by
the research institutes and cement industries from
the Northern countries [8-11]. The main topics of
these works were related to concrete carbonation
with special focus on the CO, absorption capacity
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Unde:

- a — procentul de CaO carbonatat (%);

- C — cantitatea de ciment portland dintr-un m°
de beton;

- Ca0 - cantitatea de CaO din ciment (%);

- M — masa moleculara.

Din acesti parametri, cantitatea de ciment
este cunoscuta din reteta de beton, cantitatea de
CaO din ciment depinde de tipul de ciment, dar o
medie de 65% poate fi considerata pentru un CEM
I, conform Taylor [12] si Lawrance [13]. Masele
moleculare sunt valori constante (Mco,=44g/mol,
Mca0=56.08g/mol), singura necunoscuta fiind
parametrul "a”, adica cantitatea de CaO care este
transformata prin carbonatare.

Lagerblad [8] a presupus ca toata cantitatea
de CaO prezent in CH, AFt si AFm si 50% din CaO
prezent in CSH se poate transforma in calcit din
betonul carbonatat. Din acest motiv el a considerat
ca 75% din CaO initial se poate consuma prin
carbonatare, parametrul "a” fiind 0,75.

Alte cercetari similare sunt prezentate de
Gajda si Miller [14] si Gajda [15]. Gajda si Miller
[14] a presupus cad numai calciul din CH
carbonateaza, considerand ”a” ca fiind egal cu
0,37. Acest coeficient a fost si mai redus, la 0,21,
in studile din [15], deoarece a fost luata in
considerare si prezenta de puzzolane in beton.

Similar cu [14], Jacobsen si Jahren [16] au
estimatat ca 100% din calciul prezent in CH se
carbonateaza, iar CaO din restul componentilor nu
se carbonateaza, ajungandu-se la un coefficient de
0,32.

Un studiu foarte recent legat de capacitatea
betonului de a absorbi CO, este publicat de Galan
si altii 2010 [17]. Pentru a cuantifica capacitatea
materialelor pe bazd de ciment de a lega chimic
CO,, s-au efectuat analize termogravimetrice,
combinate cu testul cu fenolftaleind. O serie de
epruvete realizate din mortare si betoane au fost
expuse in medii ambientale diferite. S-au obtinut
valori intre 0,02 — 0,33 pentru parametrul "a”, in
functie de raportul A/C, mediul Tnconjurator si tipul
de ciment.

Este evident faptul ca in continuare exista
neldmuriri n privinta cantitatii de CaO carbonatat.
Din acest motiv autorii au propus un program
experimental care Tsi propune sa determine printr-
un procedeu direct absorbtia de CO, si sa
gaseasca valori corespunzatoare pentru cantitatea
de CaO carbonatat.

3. Program experimental

3.1. Procedeul experimental

Programul experimental se bazeaza pe
mecanismul de carbonatare a betonului. Cand CO,
gazos reactioneaza cu unii din hidrocompusii, care
contin ioni de calciu, din pasta de ciment,
carbonatul de calciu precipita, formand un produs
solid, iar apa libera se poate evapora. Cu cat se

of cement based products throughout their life s.
Within the project, the formula (3) has been
proposed for the calculation of CO, uptake:

Aco, =a-C-CaO-M ., /M, [kg/m’] 3)

Where:

- a — is the amount of CaO available for
carbonation;

- C — is the mass of Portland cement in a m*
of concrete;

- Ca0O - is the amount of CaO in cement

(wt - %);

- M —is the molar weight of oxides.

From these input parameters, the quantity of
cement is given in the concrete mix, the content of
CaO is depending on the cement type, but an
average of 65% can be assumed for OPC (CEM 1)
based on Taylor [12] and Lawrance [13]. The
molar weights are constant values (Mco2=44g/mol,
Mc.0=56.08g/mol), while the only variable is “a”,
the amount CaO available for carbonation.

Lagerblad [8] assumed that 100% of the
CaO found in CH, AFt and AFm and 50% of the
CaO found in CSH can be transformed into
calcium carbonate in the carbonated concrete, so
about 75 % of the initial CaO content will have
carbonated. Therefore he considered that the
coefficient “a” is equal to 0.75.

Other similar researches are related to
Gajda and Miller [14] and Gajda [15]. Gajda and
Miller [14] assumed that only the calcium in CH
carbonates, so the coefficient “a” can be
considered around 0.37. This percentage was
further reduced to 21% (0.21) in the study by [15],
because he also accounts the presence of
pozzolanic materials in concrete.

Similar to [14], Jacobsen and Jahren [16]
estimated that 100% of the calcium in CH phases
carbonates, while 0% in the rest of calcium
phases. The coefficient “a” is considered 0.32.

A very recent research regarding the
absorption capacity of concrete is related to Galan
et. all 2010 [17]. In order to quantify the capacity of
cement based materials to bind COy,
thermogravimetric  analysis, combined  with
phenolphthalein tests have been performed.
Several cement pastes and concrete mixes,
exposed to different environmental conditions,
have been investigated. The obtained results for
“a” varied between 0.02 — 0.33, depending on
water to cement ratio, exposure conditions and
cement type.

It is evident that uncertainties still exist
regarding the amount of CaO available for
carbonation. For this reason the authors proposed
an experimental program, which has the aim to
determine the CO, uptake using a direct
procedure, and to obtain an adequate coefficient
for the carbonation capacity of the initial CaO.
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absoarbe mai mult CO,, cu atat se precipita mai
mult carbonat de calciu, conducand la o crestere
de volum si mas&d. in urma procesului de
carbonatare, pentru fiecare mol de CO, absorbit,
se elibereaza un mol de apa. Dioxidul de carbon,
avand o masa molara mai mare (44g/mol) decat
cea a apei (18g/mol), care se evapora, betonul
creste in masa prin carbonatare [18]. Pe baza
acestui principiu, determinarile experimentale au
presupus urmatoarele:

- cantarirea epruvetelor in stare
necarbonatatd cu o balantd de mare
precizie;

- incélzirea epruvetelor intr-un cuptor, la o
temperatura de 150°C, pana ajung la o
masa constanta, elimindndu-se apa liber3a;

- cantarirea epruvetelor uscate si introducerea
lor in apa pentru facilitarea procesului de
carbonatare;

- introducerea epruvetelor in incinte etanse la
o concentratie mare de CO; pentru
carbonatare accelerats;

- re-uscarea $i cantarirea epruvetelor dupa
30, 60 si 120 de zile de carbonatare
accelerata, pentru a masura cresterea
masei;

- determinarea frontului carbonatat;

- obtinerea absorbtiei de CO, si a

parametrului "a”.

3.2. Materiale gi tratarea epruvetelor

S-au preparat trei retete de beton, cu
rapoarte apa/ ciment de 0,6, 0,5 si 0,75. In tabelul
3 sunt prezentate caracteristicile principale ale
betoanelor studiate.

Prepararea epruvetelor de beton s-a realizat
in conditii de laborator, conform CP 012 /1: 2010
[19]. Agregatele spélate, uscate si sortate au fost
amestecate cu cantitatea de ciment stabilita si apoi
s-a adaugat apa pana la obtinerea unei paste
omogene. Materialul obtinut a fost introdus in
tipare, care au fost compactate. La 24 de ore,
epruvetele au fost decofrate si introduse in bazinul
cu apa la 22+2°C pentru hidratare. Dupa 7 zile de
hidratare, epruvetele au fost infoliate pentru a le
asigura o continuare a hidratarii, dar si pentru a le
proteja de CO,, pana la inceperea experimentelor.

3.3. Carbonatarea accelerata

in conditi normale de mediu (concentratie
CO, intre 0,03% - 0,1%), procesul de carbonatare,
ar necesita o perioada lunga de timp. Din acest

CO; by carbonation

3. Experimental Program

3.1. Experimental procedure

The experimental program is based on the
carbonation mechanism of concrete. When
gaseous CO, reacts with the hydration products of
the cement paste, calcium carbonate precipitates,
which is a solid product, and water is unbounded,
which can evaporate. The more carbonate ions are
absorbed, the more calcium carbonate
precipitates. Carbonation gives rise to volume and
mass changes. During the carbonation of Ca(OH),
1mol of water is deliberated with every mol of
absorbed carbon dioxide. Because the molar
weight of carbon dioxide (44g/mol) is higher than
the molar weight of water (18g/mol), which
becomes evaporable, the concrete gains weight
during carbonation [18]. Based on these principles,
the experiment involves the following main steps:

- weighing of the samples in the initial
phase with a high precision balance;

- drying of the samples in a furnace, at a
temperature of 150°C, until they reach a
constant mass, eliminating the free,
unbounded water;

- weighing of the dried samples and
introducing them in water to favor the
carbonation process;

- introduction of the samples in a chamber
with  high CO, concentration for
carbonation;

- redrying and reweighing of samples after
30, 60 and 120 days of accelerated
carbonation in order to measure the
increase of mass;

- determination of the carbonation profile;

- obtaining of the CO, uptake and of the

coefficient “a”.

3.2. Materials and sample pretreatment

Three basic concrete mixes, with a water-to-
cement ratio of 0.6, 0.5 and 0.75, were prepared.
Table 3 gives details of the mixt compositions and
main characteristics of the studied materials.

The preparation of the concrete samples
was conducted in laboratory conditions, according
to CP 012 /1: 2010 [19]. The washed, dried and
sorted aggregates were thoroughly mixed with the
cement; then water was added gradually and
mixed until a uniform paste was obtained. The
paste was cast in lightly oiled moulds, and then put
on a vibrating table and compacted. After 24 h the

Tabelul 3
Retetele de beton si principalele caracteristici/ Mix compositions and main characteristics of the concretes

Mix 1 Mix 2 Mix 3
Tipul de ciment/ Cement type CEM II/A-LL-42.5R CEM1-42.5R CEMI-42.5R
Raport apa — ciment A/C / Water to cement ratio W/C 0.6 0.5 0.75
Ciment/ Cement [kg/m’] 340 340 250
Densitate aparenté/ Apparent density p [kg/m’] 2300 2270 2313
Rezistenta la compresiune la 28 zile/ Compressive strength at 28 35.35 38 315
days [MPa]
Rezistenta la intindere la 28 zile/ Tensile strength [MPa] at 272 3.32 3.0
28 days [MPa]
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motiv s-a realizat un test de carbonatare accelerat.
Standul experimental este prezentat in detaliu in
[20].

Carbonatarea acceleratd s-a desfasurat in
trei incinte separate, la o concentratie de CO, de
44%. Incintele au fost tinute in conditii de laborator,
la o temperatura de 17°C+2°C si RH=55%5%.
Masurarea concentratiei de CO, din incinte s-a
facut zilnic de doua ori, iar daca a fost necesar,
continutul a fost completat, pentru a pastra un
mediu constant. S-au efectuat teste la diferite
perioade de expunere: 30, 60 si 120 de zile. La
fiecare etapa, 12 epruvete au fost investigate
conform procedeului prezentat anterior.

4. Rezultate experimentale si discutii

4.1. Uscarea

Procesul de uscare a implicat 5 faze. In
prima faza s-au cantarit epruvetele. In a doua faza
epruvetele au fost introduse intr-un cuptor cu
program setabil. Acest proces a implicat:

- incalzirea progresiva a epruvetelor la 150°C
si mentinerea constantd a acestei
temperaturi;

- cantarirea epruvetelor.

Acest proces a fost repetat pana s-a ajuns la
0 masa constanta.

La pasul trei, probele de beton au fost
introduse Tn apa si tinute timp de 24 de ore, pana
au ajuns la masa initiala. Urmé&torul pas a durat cel
mai mult. Epruvetele au fost expuse timp de 30, 60
si 120 de zile la carbonatare accelerata.

Variatia relativd de masa a epruvetelor cu
raport A/C=0,6, in cele 5 faze, este prezentata in
figura 1.
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samples were demoulded and placed in a water
tank for hydration at 22+2°C. After 7 days of water
curing, the samples were covered in polythene
foils. The aim of this pretreatment was first of all to
obtain an internal hydration as uniform as possible
and secondly to protect the concrete samples
against atmospheric CO, until testing.

3.3.Accelerated carbonation test

In normal environmental conditions (CO,
concentration of about 0.03% to 0.1%), the
evolution of the carbonation depth, including the
CO, — uptake, requires an extremely long period.
Therefore an accelerated carbonation test was
conducted. The setup and instrumentation are
presented in detail in [20].

The accelerated carbonation took place in
three separate chambers at a CO, content close to
44%. The chambers were kept in laboratory
conditions, at a temperature of 17°C+2°C and
RH=55%+5%. CO, concentration measurement
has been performed two times a day. If necessary,
the chambers were refilled with CO, in order to
keep a constant environment. The tests were
carried out at various exposure durations: 30, 60
and 120 days. At each date 12 specimens were
tested according to the method described below.

4. Experimental results and discussions

4.1. Drying process

The entire procedure implied 5 phases. In
the first phase the initial mass of the samples was
registered. In the second phase the samples were
placed in an electrical heated furnace, with
resettable program modes. This process implied:

Legend:
w/c= 0.6 1- Masa initiala/ Initial weight
102% 2 - Masa init. const/ Init. const. weight
shm 14 3 - Masa dupa rehidratatre/ Weight
3 after rehydration
00% . . 4 - Masa dupa carbonatare/ Weight
& % £u/: :\ after carbonation
; 999 | : 5- Masa const. finala/ Final constant
&b “\\ \ // L \\ weight —&— after 120 days
g 98% l : —— after 60 days
o \&\ \K // : I \& —&— after 30 days
B 97% 1
= |
=R m\g\w Il Mﬁ =65 o009
|
95% i S
2|
“1 5
94% e

I Drying Process+
Rehydration

T

Carbonation

e

II. Drving Process
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Fig. 1 - Schimbarea relativa de masa a epruvetelor in timpul experimentului/ Relative weight change of the samples during the

experiment.
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Se constatd ca masa constanta finala este
mai mare decadt masa initialda. Aceste date
subliniaza fenomenul care sta la baza
experimentului si anume cresterea masei prin
carbonatare. Considerand valorile absolute ale
diferentelor de masa, se poate determina
cantitatea de CO, absorbit.

in timpul perioadei de uscare s-a constatat
un alt efect al carbonatarii. in prima faza, betonul a
avut o structura poroasa, care a permis evaporarea
apei intr-o perioda relativ scurta, timpul de uscare
fiind de aproximativ 100 de ore.

Dupa carbonatare, porii din betonul
carbonatat s-au inchis partial, structura devenind
foarte densa si aproape impermeabila [21]. Acest
fenomen a marit timpul de uscare, dar a condus si
la cresterea rezistentei la compresiune cu 11% -
26%. Pentru a se realiza o masa constanta, timpul
de uscare a epruvetelor a fost in functie de durata
de carbonatare astfel: 135 de ore pentru 30 zile de
carbonatare si 190 ore pentru 120 de zile de
carbonatare.

4.2. Adancimea de carbonatare

Profilul de carbonatare a fost investigat in
urma proceselor successive de uscare si de
cantarire a epruvetelor carbonatate; procedurile de
investigare au fost cu traditionalul indicator de
fenolftaleina si prin difractie cu raze X. Folosirea
primului procedeu de masurare a carbonatarii,
bazat pe testul cu fenolftaleind s-a facut in
concordantd cu standardul roménesc SR CR
12793 [22]. Pentru efectuarea acestui test
epruvetele cubice au fost, initial, despicate cu
ajutorul masinii de Tncercare la compresiune, dupa
care pe suprafetele rezultate prin despicare s-a
pulverizat, uniform, o solutie alcoolica de
fenolftaleina, 1%. Adancimea de carbonatare a fost
determinatd prin masurarea cu un subler
electronic, cu precizie de 0,5mm, a distantei de
separare a culorilor in cinci puncte de pe fiecare

| Hi > . 1

CO, by carbonation

- warming up the samples progressively to
150°C and maintaining the temperature
constant;

- weighing the samples.

The process has been repeated until the
mass of the samples reached a constant value.

In the third phase the concrete specimens
were introduced and kept in water for about 24
hours, to regain their initial mass. The next phase
was the most time consuming. The samples were
exposed to accelerated carbonation for 30, 60 and
120 days.

The relative weight changes of the samples,
with a w/c=0.6, at the 5 phases, are represented in
Fig. 1. It is visible that the final constant weights
are higher than the initial ones. The data
underlines the phenomena that represented the
basis of the experiment, namely that during
carbonation the concrete samples increase in
mass. Considering the absolute values of the
weights, the quantity of the absorbed CO, can be
determined.

During the drying period there was another
effect of carbonation that appeared. In the initial
phase the concrete presented a porous structure,
which permitted the evaporation of the free
unbounded water relatively fast. Under the
conditions presented above, the effective drying
time of the first process was about 100 hours.

After carbonation, the pores in the
carbonated area were partially closed, so the
surface of the concrete became very dense and
almost impermeable [21]. This phenomenon led to
the extension of the drying time, but also to the
increase of the compressive strength from 11 to
26%. While the samples exposed for 30 days of
carbonation needed about 135 hours of drying, the
ones exposed for 120 days it took about 190 hours
to reach a constant mass.

Fig. 2 - Masurarea adancimii de carbonatare utilizand metoda traditionala si cea prin procesarea de imagine / Measurement of the

carbonation depth using traditional method and image processing.
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laturd a suprafetei cercetate, fiind facutd media
aritmetica a celor 20 de masuratori (fig. 2a). Pentru
a determina aria de carbonatare cu o precizie mai
ridicata, s-a folosit o altda procedura mai
performantd, procesare de imagine a suprafetei
carbonatate. Utilizdnd un program de editare de
imagine, s-a detectat fiecare "pixel” de aceeasi
culoare, s-a tras conturul de margine a zonei
carbonatate si s-a calculat aria zonei carbonatate
pe baza numarului de “pixeli” detectati in functie
de numarul lor total (fig. 2b). Pentru calculul
volumului de beton carbonatat, s-a considerat
aceeasi adancime de carbonatare si pe directia
perpendiculara in raport cu fetele despicate.

In scopul confirmarii rezultatelor obtinute prin
determinarile cu testul de fenolftaleina, probe sub
forma de praf de beton au fost prelevate din
epruvetele cercetate, prin sfredelire de la diferite
adancimi si au fost supuse analizei cu raze X.
Rezultatele acestor analize sunt illustrate in figura
3, din care se constata prezenta a patru faze
cristaline principale: cuartul (SiO;), feldspatul,
Ca(OH), si CaCOs. Intrucat cuartul si feldspatul
sunt proprii agregatelor, ele sunt prezente in
fiecare epruveta. Pe de alta parte, Ca(OH), si
CaCO; variaza in functie de adancimea de
carbonatare. Se constatd prezenta Ca(OH), 1in
zonele ne carbonatate (fig. 3a), in timp ce prezenta
CaCO; este limitata, el fiind adus in principal, de
calcarul din ciment. Pe de altd parte, in zonele
carbonatate, lipseste Ca(OH),, care a fost in
totalitate consumat prin carbonatare si transformat
in CaCO; care a fost decelat in cantitate cu mult
sporita (fig. 3b).

Rezultatele adancimii de carbonatare functie
de perioada de expunere pentru cele trei serii de
epruvete din beton sunt redate Tn figura 4. Se
constatd cd existd o concordantd multumitoare
intre valorile experimentale si datele teoretice,
calculate cu formula (2), conform tabelelor 1 si 2.

4.2. Carbonation depth

Following the drying process and weighting
of the carbonated samples, the carbonation
profiles were investigated. For this procedure there
were two experimental methods that have been
used: the traditional phenolphthalein indicator and
the X-Ray diffraction.

The measurement of the carbonation depth
using the phenolphthalein indicator has been
performed according to SR CR 12793 [22]. The
cubic specimens were loaded through round steel
bars in a compression testing machine, in a
manner similar to that when conducting an indirect
tensile splitting test. A solution of 1%
phenolphthalein was sprayed uniformly on the
freshly broken surface. The carbonation depth has
been measured on five points on each side, with a
precision of 0.5mm, using an electronic sliding
gauge. The average carbonation depth was the
arithmetical average of the 20 individual values,
rounded at the nearest 0.5mm (Fig. 2a).

To determine the carbonated area with a
high accuracy the image of each concrete surface
was scaled and edited. Using adequate image
editor software, each pixel with the same colour
range has been detected. The outline of the
carbonated zone has been drawn and so the
carbonated area was calculated, based on the
number of detected vs. the total number of pixels
(Fig. 2b). To obtain the volume of carbonated
concrete, the average carbonation depth was
considered in the perpendicular direction.

In order to confirm the results obtained with
the above presented method, concrete powdery
samples have been drawled from each mixture
from different depths and then analysed by using
XRD.

As shown in Fig. 3, the X-ray test results
indicate four main crystalline structures in the
concrete samples: Quartz (SiO;), Feldspar,
Ca(OH), and CaCO3;. The Quartz and the feldspar
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CO; by carbonation

Legend:

Experimental
----- Theoretical

—=— W/C=0.75
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Fig. 4 - Adancimea de carbonatare, experimentala si teoretica, functie de timpul de expunere / Experimental and theoretical carbonation

depth vs. exposure time.

Epruvetele avand un raport apa/ ciment mai
mare prezinta un front superior de carbonatare fata
de epruvetele cu un raport A/C mai mic si
rezistentele la compresiune similare, care au o
carbonatare inferioara.

4.3. Absorbtia dioxidului de carbon

Faza finala a programului experimental este
rezervata determinarii de CO, absorbit de beton si
propunerii unei valori proprii a parametrului "a” din
formula (3).

in literatura de specialitate nu exista, pana la
aceasta data, rezultate pentru stabilirea directa a
absorbtiei de CO,; numai prin aplicarea relatiei (3)
a fost posibili a se compara rezultatele
experimentale cu cele teoretice. Datele
experimentale obtinute de autori sunt prezentate in
figura 5, in care pe axa y s-a luat absorbtia de CO,
iar pe axa x s-a reprezentat produsul

that came from the aggregates are present in
every sample. However, the presence of Ca(OH),
and CaCOQOj; varies depending on the carbonation
depth. In the noncarbonated zone (Fig. 3a), the
presence of Ca(OH), is visible, although there is
also a low content of CaCO3; which results from the
addition of limestone in the cement. In the
carbonated zone, Ca(OH), have been fully
consumed and converted to CaCO; (Fig. 3b).

The results of the carbonation depth versus
carbonation period for the three batches of
concrete mixes are represented in Figure 4. The
experimental results show similar behaviour to the
theoretical values, obtained by using Eq.2 and the
values from Table 1 and 2. As expected, the
samples with the highest w/c ratio showed the best
carbonation profile, while the other two mixes, with
similar compressive strength were set under these
values.

180 =
160 Legend:
o o w/c=0.6
_140 o
g__ 120 -0 75 _ ..-"'"'---_ o w/c=05
g __.-—“"--. ,055 o
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O 40 Experimental
o
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Fig. 5 - Valori teoretice si experimentale ale absorbtiei de CO, / Theoretical and experimental values of the CO, uptake.
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CaO-C-M oy /Mo In vederea  reprezentarii

parametrului "a”. Din figura se constata ca valoarea
parametrului, rezultata experimental, este a=0,55,
mai mica decat cea teoretica a=0,75 [8], dar care
este similara cu cea dedusa de alti autori folosind
calcule teoretice sau determinari experimentale.
Noi date experimentale pot conduce la modificarea

variatiei si valorii parametrului studiat.
5. Concluzii

Din studiile teoretice si determinarile
experimentale a fost stabilita abilitatea betonului de
a ’recupera” o parte din CO, emis in timpul
fabricarii cimentului. Legarea de dioxid de carbon
depinde de conditile de expunere si de
caracteristicile  betonului. Pentru  stabilirea
absorbtiei de CO, sunt necesare rezolvarea a doua
probleme: adancimea de carbonatare si cantitatea
de oxid calciu care se carbonateaza (parametrul
"a”). Numeroase cercetari au fost dedicate
adancimii de carbonatare dar numai cateva
abordeaza al doilea aspect.

Lucrarea de fatda are ca obiect important
studii teoretice si determinari experimentale privind
carbonatarea si legarea de CO,. Urmatoarele
concluzii pot fi subliniate:

1. Este prezentat un model original pentru
calculul adancimii de carbonatare. Modelul
poate fi util pentru ingineri intrucat este
introdusa rezistenta la compresiune a
betonului si da posibilitatea folosirii unor
factori de corectie pentru o concentratie
superioara a CO,. Rezultatele experimentale
obtinute in conditi de carbonatare
accelerate araté o corelatie buna cu modelul
teoretic. Adancimea de carbonatare a fost
determinata prin testul cu fenolftaleina si cu
difractie de raze X.

2. Legarea dioxidului de carbon s-a determinat
direct prin  folosirea unei  metode
experimentale neconventionale si originale:
epruvetele au fost uscate si cantarite pana la
masa constantda, fTnainte si  dupa
carbonatare. Profilul de carbonatare a fost
stabilit in urma testului cu fenolftaleina prin
procesarea imaginii obtinute prin acest test.
Rezultatele experimentale privind absorbtia
CO, sunt in concordantd cu studiile
teoretice, subliniind astfel eficienta si
valabilitatea procedeului experimental
propus.

3. Valoarea experimentala a gradului de
carbonatare a fost obtinuta, ca o contributie
importanta la acest subiect.
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Aceasta lucrare a fost realizata cu sprijin partial din grantul
strategic POSDRU/88/1.5/S/50783, Proiect ID50783 (2009),
cofinantat din Fondul Social European "Investeste in
oameni", in cadrul Programului Operational Sectorial
Dezvoltare Resurse Umane 2007-2013";

4.3. CO, uptake

The final phase of the experimental program
represented the determination of the CO, uptake
of concrete and the proposal of an adequate
coefficient “a”.

In the specialized literature, no experimental
values have been available for direct CO, uptake.
Only by applying Eq. (3) was it possible to
compare the experimental result with the
theoretical  consideration. Representing the
experimental results of the authors on a diagram
(Fig.6), where the y axis represents the CO,
uptake, and the x axis is the product of
CaO0-C-M o, [M o, the near value of the

parameter “a” can be obtained. The experimental
value of the coefficient, a=0.55, is smaller than the
theoretical one, a=0.75 [8]. Similar conclusions
were established by other authors using theoretical
calculations or experimental determinations. It is
possible to obtain new variation and values of the
studied parameter from new experimental data.

5. Conclusions

From the theoretical studies and
experimental determinations, the ability of
concrete, to recover a part of the CO, emitted
during the manufacturing of cement, has been
established. /Both the theoretical studies and the
experimental determinations shown that the ability
of concrete to recover a part of the CO, emitted
during the manufacturing of cement has been
established. The CO, uptake depends on the
exposure conditions and on the concrete
characteristics. To obtain the CO, uptake two
problems /issues need to be solved: the
carbonation depth and the amount of the initial
CaO that can be converted into CaCO; during
carbonation (coefficient “a”). Several researches
have been dedicated to the carbonation depth, but
only a few to the secondary aspect.

The present /current paper presented the
important theoretical studies and experimental
determinations regarding carbonation and CO,
uptake. Thus the following conclusions can be
underlined:

1. An original model for the calculation of the
carbonation depth has been presented. The
model may be useful for engineers, because
of the fact that it introduces the compressive
strength of the concrete and offers a
correction factor for high CO,
concentrations. The experimental results
under accelerated carbonation conditions
showed a good correlation to the theoretical
model. The phenolphthalein indicator and
the XRD procedures were used to
determine the carbonation depth.

2. The CO, uptake has been determined
directly, using an unconventional and
original experimental method. Samples have
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