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Abstract—A concrete structure is designed and constructeitsfo
purpose of use, and is expected to maintain itstiom for the target
durable years from when it was planned. NevertBekestime elapses
the structure gradually deteriorates and then eredlgitdegrades to the
point where the structure cannot exert the funcfanwhich it was
planned. The performance of concrete that is abhedintain the level
of the performance required over the designed gesfause as it has
less deterioration caused by the elapse of timeeutite designed
condition is referred to as Durability. There aneuenber of causes of
durability degradation, but especially chloride dame, carbonation,
freeze-thaw, etc are the main causes. In this stationation, one of
the main causes of deterioration of the durabibfya concrete
structure, was investigated via a microstructuralyais technique.
The method for the measurement of carbonation walesl using the
existing indicator method, and the method of meaguhe progress
of carbonation in a quantitative manner was simeltausly studied
using a FT-IR (Fourier-Transform Infrared) Specteten along with
the microstructure analysis technique.
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|. INTRODUCTION

ONCRETE structures structure undergoes a deteioorat

of properties and structural performances in théeras
caused by cracking and deterioration/damage tcctimerete
owing to a variety of physical and environmentatéas as time
passes after the completion of construction. Whenhs
deterioration phenomenon is in progress and degjiessfety,
durability and functionality as the structure atbeteriorates,
which causes critical influences on the structw@lindness.
Concrete structure that is used by the public gajdharbor, etc)
are found to have problems in part with regards
deterioration/damage, but there exists neither cehgmsive
data nor appropriate technologies concerning sudriaty of
deterioration factors and deterioration phenomend, further
the method for the evaluation of the structuralrsimess of a
deteriorated structure is not yet fully established
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Especially, concrete underground structure may ésosion
through sulfuric acid, leaching, while the struet@xposed to
air is vulnerable to neutralization and chloridemdage by
incoming salt. In addition, the surface of the qete wall body
is vulnerable to damage by freeze-thaw owing tordpeated
phenomenon of freeze thaw in winter as well aslatively
constant exposure to moisture[1].

Structures located on surface area face damagesr und
fundamentally dry conditions, while deterioratigrin progress
under wet conditions if it exists under the surfadde
deterioration acceleration test, as afore-mentipigedssential
for the evaluation of the actual degree of influeircregards to
the concrete structure exposed to whole determrati

In this study, in order to establish the technoldgy
evaluating the soundness of concrete structurgstematic and
scientific manner and conduct active maintenancbngues,
an experimental analysis was performed using ctsamex
design and materials in such a manner throughcigydly ash
for 20% of the carbonation caused by {@the air and other
influential factors amongst deterioration damagresegards to
carbonation of the existing concrete structure, tbendary of
color that changes when the indicator[2] is sprayesas
considered as the depth of carbonation, which kas widely
used. In this study, however, the existing methaat f
measurement of the depth of carbonation using ppbktialein
and simultaneously the FT-IR (Fourier-Transformrdanéd
Spectrometer) was used to measure the depth obreatibn
depending on the infiltration of the deterioratifactor of
carbonation from which, a certain difference wasniified.

to Il. EXPERIMENTS

A.Procedure

Concrete bears a strong alkali at the time whens it
manufactured (pH=12~13), which is due to the coeadif large
amounts of Ca(OH)and such remains in concrete when the
cement mineral in concrete reacts with water ragulin an
aqueous solution. Such Ca(QHdpes not contribute to strength
development, but forms passive protective oxide,fiwhich
plays an important role for corrosion preventiontlod steel
rebar inside the concrete[3]. The process that sodlerete is
neutralized is conducted in such a manner that égtd carbon
gas in the air (approx. 0.035%) infiltrates throucgpillary
pores on concrete surface and contacts the pangasoin the
concrete where Ca(OHl)s dissolved and in turn changes into
stable calcium carbonate and water. In this pro¢eegeaction
product as shown in Table 1 is created but theéwalcarbonate
is deposited on the pore wall inside concrete cagushe
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concrete tissue to increase in density, while wet@porate or
is used in the chemical reaction continuously. Eilg, when
concrete is sufficiently wet and the water existiimg the
concrete pores flow out to the surface from th@mscalcium
carbonate or alkali carbonates, that is, NgCKCO;, etc.
emerge outwardly together, which are then depoditiel by
little continuously on concrete surface resultingifflorescence
in the shape of white water flow. Calcium carbordgposited
on the pore wall inside concrete bears neutralitpere,
depending on the degree where the Cagd#ichanged into
calcium carbonate, pH is changed from a strondiatkaeutral

Calcium aluminate hydrate Calcite, alumina gel, aneiater

Hydrated ferrite phases Calcite, ferric oxide, atargel, and water

Ettringite and calcium monosulfoaluminate Gypsuamiaa gel, and water

B. Production of specimen

The results of having analyzed the componentseobthder
used is as shown in Table 2, which shows no giffatehce as
compared with those of Portland class |, and evanpared

gradually from the surface where carbon gas anderwawith the result of Bogue's Equation. For the pagiecimen of

infiltrates easily. Through such process of neigadion,

concrete neutralization accelerates in concretdn \&ithigh
water-cement ratio creating large pores and lovekpabofing

properties from the aspect of concrete quality, alsg in the
place of high-concentration carbon gas and propenidity

(50~75%) from the environmental aspect. When theidity is

overly high, such blocks the internal pores of getethat is the
path for carbon gas to flow in rather affecting tieeitralization.
That is, neutralization occurs at a rapid speed the

environment where dry and wet conditions repeatedbyr.

carbonation purpose, the researcher produced &-shbpe
specimen of 50x50x50mm under ASTM C 109. For all
specimens used in this study, the researcher peddsiech with
fly ash at a replacement ratio of 20% of OPC (CadrPortland
Cement) in mass. In order to determine the chamgjeei depth
of carbonation depending on the W/B ratio, W/B aHered to
0.40(Mix 1), 0.45(Mix 2), and 0.50(Mix 3), and th&aste,
Mortar, and Concrete specimens were produced iie@&ep in
each test for a total of 155, with which, the cleaingdepth was
measured. In the case of FT-IR analysis, the aisalyss

Concrete carbonation phenomenon creates an envrgnmconducted using a paste specimen in order totireithange in

that corrodes the steel rebar in the concrete. uohs
environment, corrosion may occur through the omglawof
chloride ions although a passive protective oxide fis
formed[4]. As explained above, steel rebar canactethrough
a decrease of the pH of the concrete close tottdet sebar.
Pourbaix[5] reported that passive protective oXitte on the
surface of steel rebar in concrete begins to cereddhe degree
of pH at 10.4 or less. A pH level at 10.4 or lekthe concrete
that has strong alkali content means that wateroxmgden has
already sufficiently flowed owing to carbonation[&) general,
as shown in Table 1, calcium carbonate and watek@own to
be created through carbonation. When carbonatiorinis
progress up to the depth of the steel rebar, e stbar can be
anticipated to have been exposed to a corrosiveaemaent.
Parrott reports that the supply of moisture andgexyis an
important element to corrosion by neutralizatiomd #herefore
neutralization occurs however no corrosion doea eglative
humidity of less than 60%. Steel rust normally agpen such a
manner that the original volume expands to 2.5 ttimeés
resulting in cracking inside concrete, which causesere
durability degradation of a structure such as betréngth
degradation, destruction of concrete, reductiorth@ cross
sections of the steel rebar, etc. For this reas@important to
determine the carbonation from the aspect of dlitybi

TABLE |
CONCRETECARBONATION PRODUCTS

Portland cement hydration product Carbonation prodits

Calcium hydroxide Calcite and water

Calcium silicate hydrate Calcite, silica gel, andater
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the result value owing to aggregate. All specimeae cured in
water for 28 days at a temperature of 2032.prior to the
exposure of CQ

TABLE Il
RESULT OFANALYSIS FOR THECOMPONENTS OFBINDERS USED
Components OPC FA
SiIO 20.10 54.70
AlOs 522 24.80
FeOs; 2.76 8.76
CaOo 55.90 299
MgO 297 115
SG 1.87 0.32
LOI 156 3.56

C.Accelerated carbonation test (Condition & method)

The carbonation test was performed in such a mdonéhne
measurement of the depth of carbonation for eaetiggn

using the acceleration tester preset to the terhperaf 20C,

humidity of 60%, and C&concentration of 5% with the ages of
28, 56, 91, 180, and 365 days respectively. Alinges in the
depth of carbonation were measured depending otyples of
the specimens, such as paste, mortar, and conEgiecially,

in order to induce smooth carbonation of all specisat the
time of carbonation acceleration, a sufficientatisie between
each specimen was secured to ensure that the taftéue
specimen to the air could be smoothly maintained.
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D.Measurement of depth of carbonation

The existing method for the measurement of the ldept
carbonation of concrete depends on colorless ppbti@lein
indicator, which is sprayed onto concrete surfadoewsng a
change in color depending on the pH factor. Suchicator
method depends on pH change only and thereforiaflnence
may not be clearly identified if carbonation onharfally
occurs, or if carbonation occurs but with pH beydimel scope
changeable by indicator. Especially, in the caseremfent
non-cement type materials with the pH of the matatself less
than 9, there exists a limitation for the measurgroéthe depth
of carbonation wusing such phenolphthalein
Nevertheless, such simplest and easiest methods visual
aspect for testing carbonation is quite widely usad
construction sites, and its use may not be resttiat reality.
This study focused on the identification of thefafiénces
between the two methods, that is,
measurement of the carbonated depth through thtiption of
a concrete specimen and then using the existingatat
through the accelerated carbonation test and thbogethe
measurement of carbonation through microstructoedyais.

In measuring the carbonated depth using the inglica¢thod
in this study, the specimen in the carbonation denwas
removed at each test date and split with a univdesding
machine. Then phenolphthalein solution was sprayed the
surface area of the split specimen. The used itafida this
case was made in such a manner of having dissalvi#h
phenolphthalein solution in 99% ethanol and addistilldd
water thereto. The indicating range of phenolplaimaéxisted
within the range of pH 8.3~9.5, and the pH rangeeda
depending on the pH indicator as shown in Table 3.

In the case of concrete core extracted from thecttre of
low quality concrete and excessively elapsed dematsuch
tends to be difficult to judge the depth of neutaion from the
cut area as time elapses from the date when the was
extracted. Thatis, it is difficult to observe ttfenge in color as
the micro-granule powder occurring during the ecttoa of the
core remains on core surface or in the pores. Torexeit is
desirable to spray phenolphthalein solution tcctlitearea on the
site immediately after exposure when the specimaxposed
to air to measure the carbonation depth at the dihextraction
or testing the core so as to measure the deptbubfalization. If
it is not possible to measure such on the site aidably, it is
necessary to cut the center of specimen and thesure the
area after spraying phenolphthalein solution ohgodut area of
the concrete.

In this study, neutralization was measured at titeacea in
the center of the specimen. In result,
neutralization was implemented did not show anygkan the
color of concrete while the alkali area had charigemired. The
depth of the neutralized area was measured withusiee of
vernier calipers for max. depth, min. depth, andrage depth.
The average value was calculated based on threarspe as
per the period exposed to carbonation was measured,
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TABLE Ill
PH INDICATION VALUE OF SEVERAL INDICATORS
Indicator pH range
Tropaeolin O pH11.1-12.7
Alizarin yellow R pH 10.2-12.2
Thymolphthalein pH9.3-10.5
Phenolphtalein pH8.39.5

the method far t

E. Results of test

indicator The results of the measurement on the change ith dep

carbonation using the indicator method are asciatéable 4.
After the specimen was produced, such were cuned&aays
underwater, and exposed to Accelerated ConcreteoGation
Tester, and then carbonation was measured fosfages, such

%S the ages of 28, 56, 91, 180, and 365 days. 8dtewtas

performed in such a manner of splitting three speas by each
age and spraying phenolphthalein solution ontcctrger, and
measuring the distance from the surface to theradianged
area using vernier calipers. The average valueocaksilated
based on three each specimens by ages and typeflBving
Fig. 1 - 3 show the depth of carbonation of Pagkertar, and
Concrete by Mix depending on the type of specinigg. 4
shows a photograph of the process indicating ti@@ in the
depth of carbonation of Mix 1 using the indicatoethod.
According to the analysis of the results in Fig- 3, as W/B
increases, the depth of carbonation tends to isereahich is
possibly due to the environment where carbon iarnd:deeply
infiltrate the specimen as the number of capillagres
increased caused by the increase of the W/B raltie.width of
change in W/B was changed equally, but there were r
changes of Mix 2 and Mix 3 in the case of paste ieuadtar.
That is, the existence of critical W/B for the cohbf the speed
of carbonation could be anticipated, but it coutut get be
verified. In the case of concrete, only Mix 3 shdwan
increasing ratio of carbonated depth in a largettwidhe
relation between the inflow/outflow of carbon idrdugh the
surface of coarse aggregate and W/B may be pathef
anticipation, but might not be mentioned furtheitaould not
be verified. The part that can be mentioned withficence in
this test result is that the depth of carbonatimgases as the
W/B increases. This test result will be used a&clieta for the
test results of carbonated depth using the existidgcator
method, and then a comparison will be made togsterésult for
the carbonation application analysis technique late

the arearevhe

TABLE IV
CARBONATION DEPTH BY DURATION

) 28 56 91 180 365
Mix Type depth(mm) days day: days day: days
Paste 0 0 8.50 1450  16.00
Mix 1 Mortar 3.92 7.02 847 8.60 9.63
(W/B 0.40)
Concrete 8.52 1063 1488 1764 1830
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Paste 0 3.65 10.52 21.09 25.00
Mix 2 Mortar 4.88 11.94 16.61 20.75 25.00
(W/B 0.45)
Concrete 7.00 12.99 15.00 19.99 23.20
Paste 0 740 10.83 16.62 25.00
Mix 3 Mortar 6.83 11.94 16.61 20.75 25.00
(W/B 0.50)
Concrete 12.33 21.52 29.56 36.40 41.10
40,00
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A Mix 2
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IIl.  RESULT OF ANALYSIS

A.Procedure

This analysis was made for the comparison betwaen t
results of testing carbonated depth using theiagishdicator
method and the results of testing the progressadianation
using the FT-IR analysis machine.

Fig. 5 shows the results of the FT-IR calibratiamrve
according to the content ratio of calcium carbonated
Ca(OH) as the back data for seeking the conversion dDEy(
for quantitative and qualitative analysis usingllRT4n general,
the range of Concrete Band is as stated in Tal#&55 shows
the FT-IR peak based on the calcium carbonate-Cg{€2itio.
Carbonate bands peak was measured at 930 - 730883 -
1782cnt and 2646 - 2423cth where more intensity was
displayed as the contents of calcium carbonate imereased.
The Ca(OH) spectrum showed a strong O-H peak. As the
content of calcium carbonate increases, O-H pealkeres and
then altogether disappears in 100% calcium carleonat
Therefore the fraction of calcium carbonate throutie
integration of a certain peak (879 - 7119nusing the FT-IR
enabled a quantitative analysis of calcium carboirathe mix
of calcium carbonate and Ca(GH].

28 days 56 days

Fig. 4 Change in carbonation using phenolphthaelntion

VA

91 days

L

CaC0,: Ca(OH),=1:0

¥
Y v v
CaCO,: Ca(OH), =0.8:0.2

1 CaCO,: Ca(OH),=06:04

CaCo, : Ga(OH), = 0.4 : 05

%

CaCo,: Ca(OH), =02 :08

_

CaCO, : Ca(OH), =0:1

.

3000 2500 2000 1500 1000 500

4000 3500

wavenumers cm’’

Fig. 5 FT-IR peak of percentage Cag@a(OH) mixture[7]
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TABLE V
COMPONENTS ACCORDING TO THE RANGE OFT-IR BANDS

Bands Identification Bands Identification

cm group cm group

3640 OH 3696 OH

3402 S0 3620 CH,

1622 ¥e} 3380-3450 OH

1426 co? 2940-2864 CHy,CHg

1136 ¥e} 1740 co

920 Si-O 1442 CHp,CHg, CO*

880 SI-OAFO,CO; 1378 CCHy

746 A-O 1244 co

712 Co* 1102 C-0,0H

660 S0 1022 COCH

558 Si-O 944 C-C in ester group

522 Si-OAFO 882 co?

448 SIOAO 748 CH2,CQ?
630 0Cco
606 C-Oester group
540 co

B. Analysis condition

For the carbonation analysis by depth, the pastelpowas
extracted at 5mm intervals from the specimen sarfadter
mixing the paste powder in 20mg and KBr in 200nughswere
formed into pellets using a high-pressure injectioalding
machine. Bruker's Bruker IFS-66/S was used as fheRF
testing equipment where the analysis condition wascan
frequency of 32 times/sec, resolution of 4gnrange of
measurement of 400 - 4000¢m

C.Analysis result

Fig. 6 shows the result of FT-IR analysis measwaethe
specimen surface for 28 and 365 days of Mix 1. W@ in
Table 5, the range of band by components can héedivinto
the following; calcium hydroxide OH group bands342cnt,

Wave Namber (cml)

Fig. 6 (a) FT-IR Analysis Result for Mix 1 28 days

[
Wil o~

Il
I
| | [
.'M Jl

4000 3500 3000 2500 2000 1504

Wave Namber {cm-l)

Fig. 6 (b) FT-IR Analysis Result for Mix 1 365 days

The analysis results in this study seems similah¢oresults
of FT-IR based on the ratio of Portlandite and Galim Fig. 5
as aforementioned. Therefore, reflecting the exgioesof the
Calcite-Portlandite ratio in Fig. 5, the influenaecarbonation
was expressed with Calcite/Portlandite with theiaggion that
the deteriorated material owing to the carbonatidortlandite
changes into Calcite. Studies on the quantificatioh
deteriorated materials using FT-IR are widely cartdd now,
and a variety of methods are currently under deraémt.
However, for the nature of FT-IR analysis, for @as of

C-S-H bonding in 3440 - 3446¢hsulfate phases band in 111e"€duction in dgta recurrence following the stajoit_'mf a light

-1118crt, anhydrous calcium silicates bands in 920, 5285, 5 Source, reduction in the efficiency of a beam sglibwing to
and 458 - 464cihwhile carbonate phases in 1424 - 1436 g74humidity, the quantification of analysis result dfficult in

880, and 704 - 712¢Hin part. Especially for the analysis result'®@lity as compared with the analysis equipmenig.ie mass
of exposure to carbonation for 28 days and 365 ,days such as TG-DTAJ[8]. Therefore this study adopted rtrethod
remarkable phenomenon was the extensive decrea3@46f of relatively evaluating the volume of Calcite aRdrtlandite
-3696¢mt in the range of band related with Portlandite ted  that exists in the same specimen regardless ofinfe and

significant increase of 1426 - 1740 and 1022 - t244in the
range of band related with Calcite.
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environment of analysis in order to supplement suablems
and showed the degree of carbonation using the cuett
calculating the ratio of intensity in the band rarmg Calcite and
Portlandite depending on carbonation. That isréisalt of the
FT-IR analysis for a depth of 5mm from the surfecghown in
Table 6. As stated in Table 6, as carbonation jgragress, it
shows a quite meaningful value in the Calcite/Rodite
intensity ratio.
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TABLEVI
CALCITE/PORTLANDITE USING INTENSITY OF FT-IR

. . 180 365
Cacite/Portlandiite Bys Sbdys Ndys o o0
Mix 1 0570 0602 0632 0646 0680
Mix 2 0576 0608 0631 0632 068l
Mix 3 0565 0617 0652 0652 0688

—Mix 1
s Wiy 2

==Mix3

CaleiteTorilansdite ratie

0.60

0.5§

o 100 200 o0 400
Age (Days)

Fig. 7 Calcite/Portlandite using the intensity of FT-IR

Fig. 7 shows the result value of Table 6 in the graph
expressing tendency, which indicates a similarity to the graph
on the increasing depth of carbonation using the indicator
method of Fig. 1 - 3. Nevertheless, the graph using the indicator
method in Fig. 1 - 3tendsto increasein the depth of carbonation
depending on the elapsed time, but the graph of Fig. 7 shows an
increase of 5mm in carbonation from the surface, and therefore
the meaning can be said to differ from each other. Nevertheless,
if the features of Calcite/Portlandite owning to time lapse can be
re-analyzed based on the relation of pH change, amongst the
depths of carbonation of Mix 3 of paste specimen cured for 56
days under the indicator method, only the one that exceeded
5mm of analyzed depth was 7.40mm. The method of
determining the carbonation wusing FT-IR by the
afore-mentioned result could be an absurd prediction due to the
adoption of insufficient data, but it is very encouraging from the
aspect figures that the figure using the precise analysis method
rather than a simple depth measurement method can be
suggested using Calcite/Portlandite.

IV. CONCLUSION

This study aimed at the method of measurement about the
progress of carbonation using the indicator method that is
currently used and FT-IR that is one of amicrostructure analysis
technique performed simultaneously in order to evauate the
progress of carbonation of the concrete structure caused by
carbonation amongst the deterioration phenomena of concrete
structures. The specimens in the forms of paste, mortar, and
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concrete were all produced by us, and each specimen was used
in such amanner that fly ash 20% was replaced based on OPC in
view that it is awidely used mixing ratio asthe use of fly ashis
ontheincrease. In addition, in order to identify the changeinthe
degree of carbonation based on W/B, the test was implemented
with W/B divided into three stages of 0.40, 0.45, and 0.50. Asa
result, as W/B increased, the depth of carbonation appeared
remarkably. In the cases of Paste and Mortar, there was no
significant difference in the speed of increase in the depth of
carbonation of Mix 2 and Mix 3, while only Mix 1 showed a
relatively high level of resistance against carbonation. On the
other hand, in the case of the concrete specimens, the speed of
carbonation of Mix 3 increased, which represented the effect of
increase in the speed of carbonation caused by coarse
aggregate(9].

Asaresult of analyzing FT-IR implemented together with the
indicator method, it was found that the intensity of Portlandite
decreased owing to carbonation while the intensity of Calcite
increased. Based on the results of existing studies and this study,
it was possible to suggest a method for predicting the progress
of carbonation using the ratio of Calcite/Portlandite.
Nevertheless, the results of the testing and analysisin this study
were insufficient, and therefore require further supplementary
testing, and the method of analyzing and predicting the progress
of carbonation through the application of the latest analysis
techniques together with the other micro-structure anaysis
techniques concurrently.
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