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SYNOPSIS

This paper highlights carbonation as one of the major causes of concrete
deterioration. Large amounts of field data were collected and accelerated
carbonation tests were carried out in the laboratory. This led to many formulas
describing carbonation rate. However, most of them contain water—cement ratio
and time as the only parameters affecting carbonation. Intuitively, carbonation
would seem to be affected by CO2 concentration and environmental conditions,
also. Hence, in this research, the effects of CO2 concentration on the
carbonation rate of concrete are clarified through experiments. Along with a
comparative study of the data available in the literature led to the
introduction of a new equation for the carbonation rate. This equation
considers, as parameters, the concentration of CO2 and the temperature in
addition to the water~cement ratio. The equation is employed in correlating
accelerated and natural carbonation, and good performance was verified.

keywords; durability, carbonation, carbon dioxide, concentration,
temperature, water~cement ratio
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1 . Introduction

The reinforcing bars in concrete structures ape generally protected by the
str)one alkaline environment Within the concrete; however.,whencarbon dioxide
(CO2) diffuses from the atmosphere into the concrete, the concrete itself is
gradually car.bonatedfr- the surface inwards. Whenthis extends to the vicinity
of reinforcing bars in the interior, the bars becomesusceptible to corry)sion.
Hence, the progress of capbonation in concrete is extremely important when
studying the durability of a concrete structure, and there have been numer)ous
investigations in Japan and abroad on this subject. The effects of factor,s
r'elated to materials and mixproportions on carbonation r.ate, such as the water,-
cement patio, the type of cement and aggregate, the type and dosage of
admixtures, the cur.ing conditions} and the deer.ee of consolidation etc. have
been considerably clarified. Kishitanif s, ShirayamaTs, and YodaTs carbonation
rate equations take these factors into account[l ][2][3].

Withconventional carbonation rate equations, the depth of carbonation belowthe
concreteTs surface is expressed by the equation given below; that is, the
carbonation depth is proportional to the square root of elapsed time[4].

X-AJT .-------. (l)

where, x=carbonation depth, t =elapsed time} and A=carbonation coefficient.

Fquation (l) is called t.he Square-Root1 -hw, and is used quite generally. A
IS a coefficient expemmentally obtained from various factors affecting the
?arbonation rate. The example of Kishitani' a equation -the most commonlyused-1S Shown here.

X-R(W/C-0.25) /0.3 (l.l5 +3 W/C). JT (W/C2;0.6)

X-R(4.6 W/C-l.76) /7.2. JT (w/cso.6)

where, x=capbonation depth (cm), W/C=water-cementratio' t =pepiod (years) of
carbonation to x, and R is a constant determined by the type of cement, the
type Of. aggregate, and the type of admixture (air-entraining agent, air-
entr%inlng-WaterLreducingagent).

Shipayamafs equation has the same form as KishitaniTs equation while Yodafs
equation is also sometimesused. These capbonation rate formulas ape based on
Japanese environmental conditions} and since the CO2COnCentration in the
atmosphere is constant at all times no CO2COnCentrationfactor is included;
neither. ape the influences of temperature ort humidity -other environmental
factors- taken into account. Someresear,ch reports, however, have shownthat
whenthe temperature is varied, capbonation pry)gpessesmore rapidly the higher
the temperatur'e[5][6]. Consequently, it can be said that the conventional
carbonation rate formulas use experimentally evaluated coefficientsl and give
estimates of a gener,al nattpe expr,essedas ftmctions of the water-cementratio.
Since carbonation is a very slow process in a natural environment, accelerated
carbonation tests with increased CO2COnCentrationand higher temperatures are
Performed when evaluating the durability of concrete. However,, in these
accelerated tests carried out at various research institutions, test conditions
such as COBCOnCentration, temperature, and humidity differ according to the
individual institution, and no standar,d testing methodhas been established.
Thus it can be said that the effects of environmental conditions, and
Particularly CO2COnCentr,ation,temper.aturel and humidity1 0n the carbonationrate of-concr,ete ape not clear.
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In this paper} having exper.imentally evaluated the effects of CO2COnCentr,ation
on carbonation rate in the case of-plain concrete, wePrqPOSea Carbonation rate
equation. Weused plain concrete because it has been r'eported that concrete
with an air content of ar.ound h7o(using an air-entraining agent or air-
entr,aiming water I,educing agent) has roughly the sue carbonation ra.te as plain
concr,ete; the susceptibility to carbonation resulting from the increased air'
content is off.set by the change in density due to dispersion of' the cement.
This correlation commonly acknowledged today[7]. Using our equation,
comparisons were made with test results obtained frIOmVarLious r.esearch
institutions and a car.bonation r.ate for.mula. including the eff'ects of'
temperature and water.-cementr.atio as well as CO2COnCentr.ationwas proposed.
Results indicate that the corLrelation between accelerated carbonation at the
various research institutions and the progress of' carbonation under natural
indoor conditions carl be explained to a cer)Lainextent.

2. Outline of experiments

2 .l Materials aridmixproprtions of- concr'ete

The cementused was ordinary portland cement; the coarse aggregate was Crushed
stone fr.om Ryogami, Chichibu, Saitama Prepecture (SSDspecif'ic gr'avity: 2.69;
FM: 6.80), and the fine aggr.egate was rLiver, sand (SSDspecific gravity: 2.60;
FM: 2.86). Pla.in concr,ete with a slump of 8cm and constant unit water' content
was used, while the water-cement r,atio was varied between 0.70, 0.60, and 0.50.
The mix pr,opoptionsof the concrete are shownin Table l.

Table l MixPr,opor.tionsof Concrete

2.2 Carbonation tests

The specimens were cylinders of' diameter lOcmand height 20cm. After str'ipping
Lt8hours af.tep casting, these were initially cured in water f'op periods of- 0 to
5 days. After initial cur.ing in water., the specimens were left standing in
environments with CO2COnCentrationsof 0.077o(natural indoor exposure) ' l.0%,
and lO7o(accelerated carbonation) , as measuredin the laboratory under constant
temperature (20oC) and relative humidity (557o). The carbonated depth was
measur,ed by splitting the specimens after compressive str,ength tests in a

lox 20cm, which were immedia.tely
Any uncolored area was taken as

taken at f'ive points from ea,chedge
and the average of these was taken

manner; this yielded f-racture surfaces of'
sprayed with l7ophenolphthalein solution
carbonated. Measurementsusing calipers were
of- the split surface, a. total of-20 points'
as the carlbonateddepth.
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W /C s/a
- 7m

Cem ent Water.  Coar se Atw . Fine ALqE!. Ini tia l

BSF in.5(kg / m3 )

0 .7 0 49 263  1 84     978    908 0

0 .60 Ll7 307  1 8LL     996    854 and

0 .50 LIB 368   1 8LL     l 005    795 5 days



3 . Eqx3rimental results and discussioni@
Figure (l ) shows the results of compressive strength tests with different CO2
cone?ntpations. Strength increases with higher CO2COnCentration and age.
Specimens Subjected to accelerated capbonation with CO2COnCentrations l7oand
lO%had greater strength whencompar.edwith standard curing. Specimenssubjected
to?atLml indoor exposur,e, although under,goingslow carlbonation, did not show
an increase in strength due to capbonation; howevert,after the age of 8 weeks,
theirl Str'ength becameroughly constant or decreased.

Figure (2) shows the results conceming weight loss of concrete due to
differ,ences in CO2COnCentration. =n spite of identical tempepatur.e and
humidity, lower, weight loss was seen with higher. CO2COnCentration. This is
thought to be because diffusion of moisture within the specimens is inhibited
whenthe compressive strength of carbonated portions increases at higher COB
COnCeru'ations' aB Shown in Fig.(l) [8].
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Time-dependentchanges in carbonation depth by water.-cementratio for differ.ent
CO2concern?ations are shown in Fig.(3). As indicated by Eq.(l ) , the capbonation
depth is prvpoptional to the square root of elapsed time, and despite variations
in COBCOnCentration, it was ascertained that carbonation depth was roughly in
PPOPOrltion to the square r.oot of. elapsed time. Further,, f.ort the same
concentration, it can be seen that carbonation rate increases with higher
water-cement ratio. The eff'ect of. water-cement ratio on car,bonation rate is
gr'eaterl than usual because the conventional carbonation rate for.mulas are
expressed in terms of functions of the water-cement ratio. Concerning the
effects of initial cur,ingl specimens not cured at all exhibited considerable
Progress Of carbonation comparedwith those cured for, 5 days in water; at the
same age, the carbonation depth of specimens with zero initial curing was
approximately l.9 to 2.4 times that of those cured for 5 days. Further, it is
knownthat wheninitial curing extends for nor,e than 5 days, the effects of the
curing period on caTbonationdepth are relatively small [9]. The water-cement
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r,atio deter,mines the density of-concpete and, as we know, it is
difficult for. COBtO diffuse in dense
concrete strtuctur'es.

Figure (3) shows the relationship
between COB COnCentration and
carbonation coefficient fop various
concretes by the least squares method.
Table 2 shows the level of
capbonation. According to the table,
the cor.relation coefficient is beter
than 0.95 f'or. all the concpetes. On
looking at the ef'fects of CO2
concentr,ation, the time taken f'or
carbonation to reach the same depth
as in the caLSeOf' accelerated tests
with a CO2COnCentr.ationof lO%is 33
to LL9times f'or' speciments naturally
exposed indoors, and 7 to ll times fop
specimens accelerated at l%.

Table 2 Carbonation coefficient
in study

( ) - Ccef-f'icient of. corT'elation

Figur.e (LL)Shows the relationship between capbonation coeff'icient and
concentr,ation of CO2tmderLnatWal indoor exposure. This coefficient is moreor
less constant rLegar,dless of the water'-cement ra.tio and the initial curing
conditions. This means that the acceleration is constant at all times,
regardless of the water-cement ratio, initial curing conditions, and type of'
concrete. Since these are exper.imental results f-or fixed tempepaturle and
humidity conditions, it may be said that this ratio is effect of the COB
concentr,ation on carbonation rtate.
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initial cur ing  W/C 0 .70 initial curling W/C 0 .60 initial cur ing W/C 0 .50

0 days 0 days 0 days

in itial cur ing W/C 0 .70 initia l cur ing W/C 0.60 initial cur ing W/C 0 .50

5 days 5 days 5 days

In it ia l

c urli ng

rx2r'i cd

(day )

W/C

Ca rbon a tion coe ffic ien t
( tm 1/Jii66 k )

C O B COn Centr71t ion (7o)

0.07
( in doo r)

l .0 lO

0

0 .7 0 1.78 4 .63 1 l. 0
(0 . 977) (0 . 99 5) (0. 9 96)

0 .6 0 1.23 3 .29 7. 05
(0. 9 94) (0 . 99 7) (0. 9 94)

0 .5 0
0. 67 1.87 4. 14

(0 . 972) (0 . 97 8) (0. 9 88)

5

0 .7 0 0 .79 2 .62 5.5 1
(0 . 98 8) (0. 98 3) (0. 9 85)

0 .60 0. 62 I. 60 3 .6 l
(0 . 92 4) (0. 99 9) (0. 9 98)

0 .5 0 0.2 7 0 .82 1.72
(0 . 82 4) (0. 9 59) (0. 9 92)
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4 . Influence of vapiow factors on cwbonation rnte

Ll.l Ef'f'ect of COB COnCentr'ationon concrete carbonation rnte

The following equation is valid if it is assumedthat carbonation occLPSdue to
diffusion of a CO2COnCentrLation(C) steadily through the concrete[lO][l l ].

dX/dt-k. C/X.-------.(2)

where, x=carbonation depth, t=elapsed time, k =coeficient of proportionality,
and C=CO2COnCentration. On solving this diferential equationl the follwing
equation applies whentime is 0 ( t -0), with carbonation depth as x-0:

X-kJm .---------. (3)

The conventional carlbonation r,ate formula is for natural conditions. Since the
concentr'ation in the atmosphere is constant value at all times, no temn for. CO2
concentrLation is included. The conventional formula results if ( C ) is madea
constant in Eq.(3). Onthis basis, wherethe pry)per,ties of the concr,ete do not
vary according to dif'ferences in COBCOnCentrationl it is considered that the
capbonationdepthof concreteis proportionalto Jm andthe proportional
coeficient k , whenthe depth for natural indoor exposure is taken as l. The
results arte shown in Fig.(5). As shownby this figure, the value ofk is not
constant and becomessmaller with higher CO2COnCentr.ation.This is becalWethe
quality of the concr,ete thr,ough which CO2has passed varies due to differences
in CO2COnCentration; this can be seen in the compressive strength results in
Fig.(l ) and the results of weight loss measurementsin Fig. (2).

This led us to hypothesize that the value of k l aS a term dependent environ-
mental conditions, could be expressed in terms of CO2COnCentration (k co2) ,
t?mperature (k T ), and humidity (kH ), Plas a term dependent on mater,ials and
mixPrOPOr'tions,such as waterLCementratio, (k w ).
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k-kco2.kT.kH.kw .--------.(Ll)

Here, with r,egard to kT , kH , and kw , these are constant values since the
conditions ar,e constant. On the other hand, since k cog is not constant f-or the
r.easons given earlier, its value was expressed by the empirlical equation
relating it to the CO2COnCentr'ation.

where, k=l when the COBCOnCentr.ation C is 0.077o.

kco2-(0.7LL2-0.22Lt logC) .----------. (5)

Adopting the above r,elationship, the carbonation rate for'mula becomes the
following:

X -(0.7u2 -0.224 1ogC) A

-(2.804 -0.847 1ogC) AJm

¥ t

whey,e, X=carbonation depth (mm),C=CO2COnCentration (7o), t =elapsed time
(weeks),and A=carbonation coefficient under natural indoor exposure conditions
(in this case, C=0.077o)

In past accelerated carbonation tests, the part of' the pry)portional coeff-icient
dependent on CO2concentration was incorporLatedin the coeff-icientA given in
Eq.(6) , so it was unclear howmanytimes faster the accelerated tests pr'oceeded
compared with actual conditions. Further, Eq.(6) is aLfor'mula f'orLthe case of
indoor natural exposure -CO2COnCentration 0.077o-and the time r'equir'ed fort
carbonation to r.each the same depth as in an outdoor envir'onment (CO2
concentrLation0.035lro[12]) is approximately l.8 times. However',this dif'ference
is strictly dependent on CO2COnCentra.Liononly, the assumption being that
temperature and humidity, the other- envir'onmental f-actors, are the same as in
acceler,abed carbonation tests. Actually, concrete in exposed outdoors will be
subject to variations in temper'ature and humidity, as well as repeated wetting
and dr.ying due to rtain and other factorLS, and it is knownthat progr'ess of
carbonation is even morer.estrTainedin these circtmstwces[ l3]. Fwther'mor'e, it
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is natural to assume that ,these effects will differ accor,ding to r,egional
characteristics. However, the carbonation coefficients obtained experimentally
which consider, both the eff'ects of. diff.epences in CO2COnCentration between
inside and outside and repeated wetting and dr,ying} it is believed that the
effectp of CO2COnCentr}ationhave at least been made clear. Fig.(6) shows a
comparisonWith the results of the few past ewer.iments in which indoor exposure
and accelerated tests with identical materials were carr.led out. As the figure
shows, the results fall roughly on the curve of the experimental equation
Proposed by the author,s[Ll][5].

4 .2 Prediction of carbonation r.ate in
aCCe erg

indoor exposure according to pastCar Ona ion

Accelerated capbonation tests performed at various research institutions (a
total of 34 establishments) are shown in Fig.(7) and Table 3 gives the
conditions i-orlthese car.bonation tests[Ll]-[9] , [l3]-[LlO]. Water-cementratio is
Plotted on the abscissa and carbonation coefficients -carbonation depth divided
by the square root of elapsed time- are on the ordinate. The test conditions
range from a CO2COnCentra.Lionrepresenting indoor exposure conditions (CO2
concentr'ation of about 0.l%) to lOO7o,as shown in Table 2. With regard to
temPerature' this was varied over the r,ange 10 oC to doc , while relative
humidity was in the range W to 60%, wher,ecarbonation is thought to be the
most rlaPid. It should be noted that, in all studies} testing was done under
constant COPCOnCentr,ation, tempernturel and humidity conditions.

Table 3 Conditionsof carbonation tests

All the experiTental date shownin Fig. (7) was converted to represent the CO2
concentration.ln an ind.oopnatural environment (in this case, 0.07%by Eq.(6)
Proposed ppev10uSly), 1n eff-ect predicting values of. capbonation r.ate under,
natural indoor exposure conditions. This is shownin Fig.(8). Whenthe CO2
concentr)ation factor, is eliminated in this way}the values fall in more or less
the the same range. However, the carbonation coefficients plotted her,e ape
Predicted values of the capbonation rate for the temperature and humidity
conditions of the par,ticular testsl SOthey include the influence on carbonation
rate of differen?es in temperature, humidity, and initial curing conditions
whichare intpinslC Pry)Per,tiesof the materials and mix prnportiorvs.
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Environmenta l cond itions Materia ls

COB Concen tration Constant concentration
(indoor- loos) Cement Ordinary portland cement

Temperature Constant temperatue
(10.C - 40.C ) Aggregate River sand, crushed stone

Rela tive hum idity Constant humidity
(40%RH- 60%RH) Water-cement ratio 0.30 - 0.80

I71itial curing period
(standard curing) 5 days - 9l days

Chemical Plain, air-eTltra ining,

Initial dry-curing 0 I)ays - 28 Days admi xture AE water-reducing agent,
period befoie carbonation test) superplasticizer
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Ll.3Influence of temper'atureon carbonation rate

To investigate the effect of' temperature on the carbonation rTate in detail, the
rLeSults ape plotted in ter,ms of temper.ature in Fig.(9). As this f'igure shows,
the carbonation coefficient is gr,eaterl Whenthe tempera.twe is hid1. It has been
repor.ted in a past study under constant CO2COnCentration (lO7o)and relatve
humidity (807o)that the car,bonation coeff-icient at a temperature of LlOoCis
double that at a tempertature of 20oC[5]. Ftuther, according to a separate study'
under constant COBCOnCentration of 57oand relative humidity of 607o'
car,bonation at a temperature of 30oCwas approximately l.7 times faster than
that at lOoC[6].

since carbonation is a r.eaction between atmospheric carbon dioxide and calcium
hydr.oxide, which is a hydration product contained in the concrete' it
progresses through chemical r.eaction. The influence of temperature on chemical
reaction I,ates is described by Arrehenius' theor,y, which states that at higher
temper.ature a r.eaction will pr,ogress further. Hence, for the data shown in
Fig. (9) , an Arrhenitw plot with the carbonation coefficient at 20oCnormalized
to unity is show in Fig.(lO). If' the inverse of absolute temperature is plotted
on the abscissa and the logarithm of carbonation coefficient on the ordinate'
Arrthenius.law has been followed if a straight-line relationship is obtained.
Fig.(lO) indicates a fair amountof variation dependingon the data. However'if'
it is assumed that Ar,r.heniusllaw is holds, the influence of temperature on
capbonation rate is as follows:

1n kT -(8.748-2563/T)

kT -e(8.748-2563/T) ----------. (7)

where, T=absolute temper.atur'e(k ).

From Eq.(7), the carbonation coefficients at temperatures Of' 30 oC and W oC
will be l.33 times and l.75 times that at a temperature of 20oC, respectively.
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This gives approximate agreement
with the past exper'imental
results mentioned above. The
activated energy, accor'ding to
Arr'henius'theor'y, is then 2. l3x lO
-4 J mo1-l[Lll]. t-
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The effects of temperature in Fig. (9) were converted to 20oCand the carbonation
coef'ficient fort indoor expostwe was calculated. The values obtained are shown
in Fig.(l l ). By eliminating the influence of temper,ature, the range plotted in
Fig. (9) has been reduced. Fur.they, the carbonation r,ate coefficient plotted here
is a. pr'edicted carbonation rlate f-op a constant COBCOnCentPationof' 0.077oand
tempertature of' 20oC, and the effect of humidity is included. However.,since the
test results ar'e fort humidity conditions of' 40%to 60%RH, it may be assumed
that the effect of' temperature is reduced. That is to say, the gr,adient shownin
Fig. (l l ) is mainly the eff'ect of- water-cement ratio on the car,bonation I,ate.
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Lt.LIInfluence of- waterhCementrTatio carbonation r%te

The influence of watert-cementrTatio on
carbonation rate has been studied in
gr'eat depth. Here, the influence of-
water-cement ratio on Kishitanif s,
Shipayama's, and Yoda's equations and
simple equation and quadratic
equation for obtaining the effects of'
water,-cement ratio f'rom Fig. (l l ) are
comparedand the results are shownin
Fig.(l2). It is clear f'rom the f-igure
that both simple and quadratic
equations agr'ee well with the
inf'1uence of- water-cement ratio on
carbonation rate. In other' words, this
suggests Eq.(6) and Eq.(7) which
include CO2concentration and shows
influence of temper'ature respectively.
Carbonation rate for'mulas including
CO2COnCentrlation, temperature, and
water-cement ratio ape given below.
In these equations, the CO2
concentration ranges from indoor'
exposure to 1007o,the temper%tLUef'rvm
lO oC to 40oC, and the water'-cement
rTatio frnm 307oto 80%.
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¥Simple equation of waterLCementr'atio

x-(2.804-0.847 1ogC). e(8.748-2563/T)

x(2.94 wcJOl.2)xlO-2xJm ---------. (8)

¥Quadratic equation of water-cementratio

x-(2.804-0.847 1ogC). e(8.748-2563/T)

x(2.39 WC2 +44.6 WC-3980)xlO-4x Jm ---------- (9)

wherle, X=carbonation depth(mm), C=CO2COnCentration (%), T=absolute
temper}ature( k ) , WC=water.-cementratio (7o),and t =elapsed time (weeks).

4.5 Cmpar'ison of accelerTatedcarbonation tests and calculated values

A comparison of exper'imental values of' carbonation coeff'icient obtained in
accelertated carbonation tests at var,ious research institutions and values
calculated from Eq.(9) is shown in Fig.(l3). For past equations, wher'e CO2
concentr}ation and temperature are not considered, the graph is not uniform.
Whereas,wing the equations pry)posedhere, experimental and calculated values
are within the flange iLlO7o. Thus, by using Eq.(9) , the correlation between
accelerated carbonation and actual carbonation during indoor exposure can be
described to a certain extent.
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The study reported her,e concer,rugcarbonation tests carr,led out
CO2COnCentr'ations. The aim was to explain the ef-f'ects of CO2
capbonation rate, verifying the r.esults by contrasting
acceler'ated carbonation test rleSults. The results attained i6 the study ar;e as
f'ollows.

(l ) As a result of car.bonation tests in environments with dif'f'er,ent CO2
COnCentrlations, the multiplying f'actor for. carbonation due to COB
concentrtation was detemined. The effect of CO2COnCentration on capbonation
r'ate is expr'essed as shown in Eq.(6), as a car,bonation r.ate for,mula which
includes a term fop CO2COnCentrTation.

(2) By eliminating the effects of CO2COnCentr,ationindicated in Eq.(6), it was
POSSible to determine the ef-fects of temperature on capbonation rate using
ArLrhenius, law.

(3) By clar'ifying the effects of CO2concentration and temperature on
carbonation rate where eff-ects of- other factors on car.bonation rate were
expressed as f'unctions of' water.-cementrLatio.

(4) By makingcompar,ingthe r.esults of' accelerated capbonation tests with the
carbonation rate fonnula (including the effects of CO2COnCentrntion)proposed
in this paper' the capbonation rate for.mulas given in Eq.(8) or (9) wer,e
Proposed. This take account of' f'actors other than COBCOnCentr.ation,such as
temper'ature and waterL-Cementratio.
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