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Abstract

In recent years, the maintenance of reinforced concrete has been becoming
major concern around the world. Especially steel corrosion induced by CI” or CO; is
the main cause of deterioration progress of reinforced concrete. When above
deterioration is discussed, the rates of diffusion of substance, especially diffusion
coefficient of the CI" or carbonation coefficient, and steel corrosion are very important
factors. Moreover, it is generally said that the rates of diffusion of substance and steel
corrosion rise up with the temperature rising. Therefore, there is a high possibility that
the deterioration progress of reinforced concrete becomes faster with the temperature
rising. However, the research related to above matter is inadequate. Especidly, there
are few researches which explain the deterioration progress of reinforced concrete
structures using Arrhenius theory, athough the influence of temperature on the
material diffusion and the chemical reaction can be explained by this theory.

From above backgrounds, the main objectives of this study became as
follows,

1) To investigate the influence of temperature on the rate of diffusion of substance
and steel corrosion in concrete induced by ClI™ or CO,,

2) To study the influence of temperature on deterioration of reinforced concrete using
the activation energy calculated by Arrhenius theory using the result of the
objective (1),

3) To predict the deterioration progress of reinforced concrete considering the
temperature effect.

As a result of this study, it was confirmed that the CI° diffusivity and
carbonation coefficient of concrete increased with the temperature rising. Also the rate
of macrocell and microcell steel corrosion in concrete induced by ClI° and CO,
increased with the temperature rising. Additionally it was confirmed that the
logarithms of this phenomenon, diffusion of substance or steel corrosion in concrete,
were proportional to the reciprocal of absolute temperature. This fact indicated that the
deterioration of reinforced concrete due to the steel corrosion induced by CI™ or CO,
apparently agreed with the Arrhenius theory.



After considering the above results, the activation energies of deterioration
phenomenon of reinforced concrete were calculated based on Arrhenius theory. As a
result, the activation energies of diffusion of harmful substance against steel corrosion
in concrete such as Cl, CO, and O, obtained were 12.0 to 32.2kcal/mol, 3.1 to
3.9kcal/mol and 10.5 to 23.8kcal/mol respectively. It was also confirmed that these
values were largely influenced by the property of concrete, especially the pore
structure of concrete derived from mix proportion. On the other hand, the activation
energy of steel corrosion in concrete induced by ClI” and CO, obtained were 5.2 to 19.4
kcal/mol and 7.2 to 44.5 kcal/mol respectively. These activation energies seemed to be
changed with the property of concrete or the kind of substance. And it was confirmed
that the rates of macrocell corrosion and the microcell corrosion had different
temperature dependency. Especialy, it was considered that the rate of macrocell
corrosion seemed to be easily influenced by concrete resistance and the activation
energy increased with the concrete resistance increasing. Also it was confirmed that the
activation energy of corrosion of steel bar was almost same with that of oxygen
permeability when the corrosion rate of steel bar in concrete controlled by oxygen
permesability.

Finally, the deterioration progress of reinforced concrete due to steel corrosion
induced by Cl” was discussed using the data of temperature of various cities in the
world. According to the results, it was confirmed that the period of incubation,
propagation and acceleration varied with the regional and seasonal temperature, and
the life time of reinforced concrete exponentially decreased with the temperature of the
city increasing. Especialy it was indicated that the environment in the cities of
South-East Asian countries was the most severe environment against steel corrosion in
concrete from the viewpoint of temperature effect. The life time of reinforced concrete
in South-East Asia became 70% of that in mild temperature environment (20°C).
Moreover it was confirmed that the influence of temperature on the incubation period
was lager than that on the propagation period or acceleration period.
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1.1 Backgrounds

Now the maintenance of reinforced concrete is becoming maor concern
around the world because of (a) the lack of good and chegp materids used for
construction, (b) limitation of construction cost or (c) the lack of funds to construct new
infrastructures. Therefore huge numbers of researches related to deterioration or
maintenance of reinforced concrete structure were reported.

Sted corrosion induced by ClI” or CO; is the main cause of deterioration of
reinforced concrete. Normally the akalinity of concrete around sted bar provides a
passive environment. This passve state can be broken down by the presence of ClI°
and/or by carbonation of concrete. If O, and H,O are present there, the stedl bar easily
garts to corrode. As the corrosion product (rust) occupies a greater volume than the
origind sted, the expansive pressure causes concrete to crack or spal. Especidly in
coastal and marine works, Cl™ induced corrosion is the most important durability issue.
The basic lines for maintenance of reinforced concrete structures are, however, smilar
for both CI" induced corroson and CO, induced corrosion, involving the use of high
qudity impermeable concrete of adequate thickness as sted protection.
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Hence, it is generdly said that most of the diffusons of substance and the
chemica reactions are speeded up with the increase of the temperature. As the
deteriorations of concrete are also based on diffuson or chemica reaction, it is
considered that the deterioration progress aso has the temperature dependency.

Additionally some developed countries such as USA, EU or JAPAN has
individual standard for construction materials or construction methods of reinforced
concrete from their experience under the mild temperature condition (almost 20°C).
Now some developing countries follow the above standards without enough local
investigations. When they have investigations for the applying the standard made in
another country to their country, temperature becomes one of the most important
parameters aswell as materias used.

In view of the aboveit is necessary to know the influence of temperature on the
deterioration progress of reinforced concrete due to stedl corrosion and discuss about
the gppropriate maintenance method under the severa temperature conditions.

1.2 Literature Review

This study was preceded based on the literature surveys related to (a) the stedl
corrosion in concrete, (b) influence of temperature on deterioration of reinforced
concrete, and (C) deterioration progress in concrete due to stedl corrosion induced by
CI" or CO,. Inthis section, the various information dealing with the above subjects were
reviewed.

1.2.1 Sed Corrosion in Concrete
(1) Mechanism of sted corrosion in concrete’™? 23

The steel corrosion in concrete occurs mainly due to the existence of CI™ or
carbonation of concrete, with the co-existence O, of and H,O. This corroson
mechanism can be explained based on eectrochemica concept as explained below.
When metas corrode, the eectrochemical corroson cell is generated in the
surrounding electrolyte as shown in Fig.1.2.1%2. In this corrosion cell, cathode is the
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pole that receives an eectron and the anode pole releases an eectron to the eectrolyte.
Generdly, the corrosion product (rust) occurs a anode. The anodic metal releases
electrons and turn to be meta ions that solved in an dectrolyte. Considering these
anodic and cathodic reactions as one system, it is clear that the meta surface in the
electrolyte has a different ectrical potential. The stedl corrosion in concrete can be
described as the reaction shown in Equation (1-1) to (1-3).

Fe » Fe®* + 2e (1-1)
O,+2H,0+4e — 40H " (1-2
2Fe+0, + H,0 — 2Fe(OH), (1-3)

H,0 Cathodic Reaction O,+2H,0+4e - 40H-
Anodic Reaction  2Fe - 2Fe?t+4e-

Cathodic
Reaction

e

Secondary

Reaction Fe,0;H,0 (Rust)

2Fe(OH),

Anodic
Reaction

2Fe?*

Anodic Region

Electrolyte

Cathodic Region

Fig.1.2.1 Corrosion Reaction in Concrete

Based on the reaction formula above, the eectrical current density of 100

HA/cr? can be trandlated to corrosion rate of 1.16mm/year as shown in Equation (1-4)
1-4)

100x10°°(A/cm?)  55.85(g/mol)
96500(C) 7.86(g/cm?) - 2

-3.1536x 10" = 1.16(mm/ year) (1-4)
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The formation of corrosion cells may be generated in two ways as (a) due to
sgnificant variations exist in surface characteristics of the stee and (b) due to the
concentration cell formed with the variation of dissolved ions in the vicinity of sted,
such as ClI" and O,. And the stedl corrosion in concrete is amost divided into two
patterns as macrocell corrosion and microcell corrosion. And the below here macrocell
and microcell will be further discussed.

(2) Macrocdll corrosion and microcell corrosion

Macrocdl corrosion occurs when anode and cathode are absolutely separated
by severa centimeters. This macrocell corrosion likely occurs when different parts of
the sted are subjected to different environment. The anodic region and the cathodic
region may be visbly separated due to the difference of CI° concentration, O,
concentration, and local depassivation due to materials segregation, the cracks or the
congruction defects such as cold-joint and so on. For example, the parts with the
relatively high Cl” or the relatively low pH have a high potency to be an anode. Asthe
anode parts and the cathode pars are completely separated, the stedl corrosion in
concrete occurred isvery locally harsh.

On the other hand, microcell corroson occurs when anode and cathode are
uniformly distributed. And the completely uniformed corrosion is produced. Compared
to the macrocell corrosion, microcell corrosion relatively occurs in alow rate and in a
long term.

As mentioned above, the steel corrosion in concrete occurs with the presence of
O, and H,O condition. However the sted in norma concrete is protected to corrode
with the formation of passivity film with the thickness of 10° to 10" pm as shown in
Fig.1.2.2. And the passivity film can be broken due to two reasons as from the effect of
the sufficient concentration of Cl” or carbonation of concrete.
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Anodic Region

Steel 4e

Fig. 1.2.2 Passivating Reaction in Concrete

(3) CI" induced corrosion

As the CI" reaches to the stedl surface, the passvity film is dissolved and the
stedl is exposed directly to O, and H,O, which then lead the stedl corrosion to take
place. Severd theories have been proposed to explain the apparent catalytic role of ClI',
notably the “Adsorption theory” and “oxide film theory” *. The former theory
suggests that Cl™ are preferentialy adsorbed with metals instead of O, and OH', while
the later suggeststhat Cl™ penetrate the oxide film much more reedily than other anions.
Thus CI° causes the passvation layer to loss materid by forming soluble
chloro-complexes at its outer boundary. Glasser et. a.*® reported that even low bulk
level of CI, 0.01 wt.% of cement, could initiate the process of depassivation. This
suggestion that the pH is lowered by the presence of CI™*” appears improbable, it
would require extensive replacement of OH™ by CI” to lower pH sufficiently to create
acidic pits in an otherwise highly buffered alkaine medium of pH 13.0 to 14.0. K.K.
Sagoe*® concluded the breaking of the passivation film as semi passive and the active
state of steel corrosion asfollows,

The semi passive state, which is considered to be representative of the condition
of most real concrete structures, has a duplex interfacial structure comprising an inner
spind layer and an outer mixture of goethite and spine. Low Cl™ concentration as
0.01%wt of cement accelerates corrosion rates and changes the mineralogy of the film
to favor the development of akageneite. Preliminary studies indicate that Cl™ accelerate
depassivation by forming intermediary iron-chloro complexes rather than by direct
attack of the substrate sted!.



Chapter 1

(4) CO; induced corrosion

The hydration reaction of cement produced a cacium hydrate that then
remained as a pore solution. The existence of this pore solution assures the high
akalinity in the pH levels of 12.0 to 13.0 of cement paste in concrete. However the
penetration of CO, into concrete neutralizes this pore solution and gradually reachesthe
stedl surface. Evans reported that the stedl corrosion in concrete begins as the pre
solution pH downgraded until below 10 because in this range of pH the passivity film
was broken down®®. The carbonation reaction equation is shown in Equation (1-5).

Ca(OH), + CO, — CaCO, + H,0 (1-5)

(5) Influentia factors of stedl corrosion in concrete
(8 Influence of water-cement ratio

Water-cement retio in the original mix plays a decisive role in determining the
pore dructure of the hardened cement past. The excess water which can not be
consumed in the hydration process is the direct cause of the high degree of porosity in
ordinary cement™™®. This high degree of porosity causes to increase the penetration rate
of the aggressive ions inside concrete and subsequently the depassivation of reinforcing
stedls. The influence of water-cement ratio on the oxygen permeability is as shown in
Fig.1.2.3"™. It is seen that as the water-cement ratio increases oxygen permesbility
aso increases. The influence of carbonation depth with water-cement ratio is as showed
in Fig.1.2.4%". It shows that the water-cement ratio increases the carbonation depth
increases that can be explained due to the increase in permeability. Ohno'™ reported
that rust area increases as the water-cement ratio increases. The narrower and more
twisted the pores of the hardened cement pastes the more the transport is obstructed and
this reduces the corrosion rate. Miyazato™ reported that in case of Cl™ induced
corrosion, the decrease of the water-cement ratio made the macrocell corroson
activated. On the other hand, increasing the water-cement ratio made the microcell
corrosion activated.
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(b) Influence of pH of concrete

The progress of sted corrosion in concrete is easily influenced by pH in pore
solution surrounding stedl. Evans™™ reported that the corrosion rate increased as the pH
of concrete decreased in the condition of pH lower than 10 asshown inFig.1.2.5

Pourbaix proposed the practica potentia-pH relation of iron in the solution
with/without CI*? as shown in Figl.2.6 and Fig.1.2.7 respectively. From these
relations, it was confirmed that the corrosion of the iron in concrete was difficult to be
generated under the environment without CI™ or with high pH. On the other hand, it was
confirmed that the corrosion of the iron in concrete was easy to be generated under the
environment with CI” or with low pH.

=
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Fig.1.2.5 Relationship between Corrosion Rate and pH:®
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Fig.1.2.6 Potential-pH Diagram (Without CI)*?
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Fig.1.2.7 Potential-pH Diagram (With CI)*?

(¢) Influence of O, diffusivity

The O, diffusivity largely influences on the corrosion rate because it isused in
cathodic reaction on the stedl surface as mentioned in Equation (1-2). Regarding the
influence of O, permeability on corrosion rate of sted bar, the following researches
were reported.

Gjarv et d.*™ obtained the relation as shown in Fig.1.2.8 by measuring the
diffusion speed of O, in concrete which was submerged in the water. According to this
relation, the diffusion quantity of the O, up to steel bar decreased, as the water-cement
ratio decreased or asthe concrete cover increased.
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Fig.1.2.8 Influence Cover Depth and Water-cement Ratio on O, Permeability* ™

Moreover, Miyagawa et a.*® investigated that the influence of concrete cover,
water-cement ratio, curing condition and humidity on the O, permesability using
reinforced concrete specimen. As a result of this investigation, in the young age
concrete, the permeation of the O, was suppressed, as water-cement ratio decreased as
showninFig.1.2.9 Additionaly according to Fig.1.2.10, which shows the effect of the
relative humidity on the permesbility of the O,, O, permestion in concrete with
85%RH was larger than that with 60%RH.

20

10

O, Permeability x 103(mol/cm?/sec)

0 30 40 50 60
Water-cement Ratio (%)

Fig.1.2.9 Influence of Water-cement Ratio on O, Permeshility™*®

-10-
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60 8 100
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Fig.1.2.10 Influence of Humidity on O, Permeability™™®

(d) Influence of use of mineral admixtures

Fly ash, blast furnace dag, and silica fume are typical mineral admixtures for
concrete”™. Compared to OPC, blended cements those containing fly ash, blast
furnace dag, slica fume, or natura pozzolans, are generdly thought to have a finer
pore structure”® and they are more resistant to penetration of CI” from the
environment™?. Moreover, their sensitivity to high temperature curing is the opposite
of that of OPC. Whereas OPC develops a coarse pore structure when hardened at high
temperature, blended cements with dag or fly ash develop an even finer pore structure
at high temperature than at room temperature™”. The reason for the different chloride
penetration is related to the fact that bleeding is reduced when a fine pozzolan is used
thus preventing channdling at the paste aggregate interface. Related to the above, the
rapid movement of Cl” at the paste-aggregate interface in concrete was demonstrated in
literature survey™.

(e) Influence of casting direction, materials segregation etc.

It was observed that the horizontal steel has the higher rust area than the vertical
bars depending on the casting direction*??. The probable reason is explained as the
poor structure between stedl and cement matrix in the case of horizontd stedls.

Kosmatka® reported that the bleeding water was the clear water that could
gradually accumulate at the surface of freshly placed concrete, mortar, grout or paste.
Bleeding water is caused by sedimentation or settlement of skid particles (cement or

-11-
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aggregate). Eventualy, the bleeding water is beneficia for reducing plastic shrinkage of
concrete. However in the case of stedl-concrete interface and aggregate-paste interface
it may accumulate and create the wesker paths to infiltrate the aggressve ions and
thereby acceleration corrosion. Bleeding water channels™® aso tend to migrate along
the side of the coarse aggregates and also reduces the paste aggregate bond. This
condition can partially be reduced by revibration the concrete after some bleeding has
occurred™®,

1.2.2 Influence of Temperature on Deterioration of Reinforced Concrete

Mogt of the substance diffusion and the chemical reactions are speeded up with
the increase of the temperature. Here the literature surveys related to the influence of
temperature on deterioration of reinforced concrete were reviewed.

(1) Influence of temperature on Diffusion of substances

Fig.1.2.11 shows the influence of temperature on environmental aggressively
reported in CEB code 84*%”. The scale is defined such that the aggressively is directly
proportional to the cover required to produce auniform risk of attack.

15
1.0

0.5

Aggressively Relative to Cover

0 5 10 15 20 25
Mean Annual Temperature (°C)

Fig.1.2.11 Influence of Temperature on Environmental Aggressively to Cover:??

(CEB Code)

-12-
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Maruya et. a. examined the stuation of the diffusion of CI" in the concrete
gpecimen which is exposed to the high-temperature and low humidity condition in
order to smulate the deterioration of groundwater with high concentration of CI"*%.
As a result the following conclusons were obtained in high-temperature and
low-humidity condition. () The diffusion of CI" in concrete is faster than the normal
gtuation. (b) In the influence of crack in high temperature becomes larger than that in
the norma stuation.

Mori et. d. reported that the carbonation coefficient of concrete became large
with temperature rising from the results of experiment under the condition with 10% of
CO;, gas and 80% of relative humidity. In this experiment the carbonation coefficient of
concrete at 40°C was twice of that at 20°C*®. Ryu et. dl. aso conducted the same
investigation and reported that the carbonation coefficient of concrete at 30°C was 1.7
times of that at 10°C under the condition with 5% of CO, gas and 60 % of relative
humidity™2?.

(2) Influence of temperature on stedl corrosion

Detwiler et. d. ¥ sudied the influence of the curing temperature on the
durability of reinforced concrete especialy sted corroson in concrete. By changing
water-cement ratio, the Cl° diffusvities were investigated on 5, 20, 50 degrees
centigrade of curing temperature. In addition, the accelerated corrosion test was carried
out, and corrosion Stuation of stedl was observed. As a result, it was confirmed that
resstance of Cl™ penetration of concrete decreased as curing temperature rises and that
stedl corrosion in concrete increases. Also it was confirmed that this tendency increased
when the water-cement ratio was low.

Regardless of the significance of the influence of temperature on the corrosion
rate of concrete reinforcement, the related data in the literature are very limited. For
example, Tuutti®* considers the ambient temperature with O, diffusion for significant
controlling factor of the corrosion process. According to him, in the interval of -20 °C
to +20 °C, the dependence of corrosion rate is linear, and the corrosion rate increased
100 times. However, in the interval +10°C to 20 °C the rate of increase was only 7
times"®. Schiessdl and Raupach reported that when the ambient temperature was
increased from 15 °C to 20 °C, corrosion current increased by about 50% % +3) These

13-
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data show and confirm the significance of the ambient temperature as a factor of the
corrosion rate of sted bar.

Also Zivica™ 3 reported that the increase of ambient temperature on the
corrosion rate of sted bar induced by ClI™ in mortar with the size of 4 x 4 x 16 (cm) had
two effect (a) acceleration of the rate when the ambient temperature was increased to
about 40 °C, and (b) inhibition of the rate when the ambient temperature was increased
over the given value of the temperature. A thorough analysis of the corrosion process
showed that the decrease of the content of O, and H,O in the pore solution in the
corroding system as a cause of the mentioned effects. The direct consequence of the
decrease of the content in both vital reactants was the gradua inhibition of the cathodic
reaction, and finally theinhibition of the corrosion process asawhole.

(3) Activation energy

It is generadly said that the activation energy of diffuson phenomenon was
from 2.4 to 10.8 kcal/mol**”. Related to this, C. L. Page €. d. investigated the
activation energy of O, or CI diffusion in saturated cement paste”* >, In the above
investigations, it was reported that the activation energies of diffuson of O, and Cl" in
the cement paste with 0.4, 0.5 and 0.6 of water-cement ratio were 4.5, 5.3 and 3.6
kcal/mol and 10.0,10.7 and 7.7 kcal/mol respectively. Additionally they concluded that
the activation energy decreases in high water-cement ratio because of the increase of
the connected void.

Uomoto et. a. investigated the influentia factors of carbonation coefficient. In
this invedtigation, they reported that the activation energy of carbonation in concrete
was 5.00 keal/mol 7,

Beverly J. Alexander et. d. studied the activation energy of corrosion reaction
of iron and reported that the activation energy of iron was largely influenced by the
anion in solution™™. Related to this study, J. J. Podesta’ et. d. reported that the
activation energy of corrosion of iron in the solution with CI” was 11.5 kcal/mol**,
and C. De Waard C reported that the activation energy of corrosion of iron in the
solution with COs* was 10.7 kcal/mol .
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(4) Accderation Tests usng Temperature as Driving Force for Investigating the
Deterioration of Reinforced Concrete

The deterioration progress of reinforced concrete structure is relatively sow
athough it takes a few years or decades before the influence of deterioration observed
from outsde. Therefore some acceleration methods for the deterioration such as ClI°
induced corrosion or CO, induced corrosion were developed. The test method which
exposes reinforced concrete in high temperature environment is one of the effective
methods for accelerating the deterioration progress. Thisis based on the knowledge that
the deterioration speed rises up with the increase of temperature as shown in previous
section.

Uomoto et. a. studied the influence of temperature, concentration of CO, gas
and water-cement ratio on rate of carbonation™*”. As a resuilt, the following equation
was constructed for calculating the carbonation depth in the acceleration test.

X = (2.804—0.84710gC) x €878 53T, (2 3GNC? + 44,6MC —3980) x 10 x+/C -t (1-6)
where, X : carbonation depth (mm)

C : concentration of CO, gas

T : temperature (K)

WC : water cement ratio (%)

t : acceleration period

Sasabuchi et. d. ™ sudied the difference of corrosion rate between
acceleration test in laboratory and exposure test in outside for 9 years. And they
reported that the corrosion rate of acceleration test in laboratory at 60 degrees
centigrade was 7 times faster than that in the outdoor exposure test.

Masuda et. a. ¥*? adso studied the influence of the temperature of acceleration
test a 60 degree centigrade on the corrosion rate of sted bars in concrete and
constructed an equation of corrosion rate asfollows.

q= \/E (0.007(W/C) - 0.459(NaCl) + 0.030(W/C)(NaCl) - 0.354) (1-7)
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where, q : corrosion rate of stedl bar (%owt/month)

C : concrete cover (cm)
W/C  :water- cement retio
NaCl : concentration of Cl” (%).

(5) Summary of this section

The common opinions in the literature survey related to the influence of

temperature on deterioration of concrete are that the rate of diffuson of substance in

concrete or corrosion of the steel bar rise with the increase of temperature.

v

<\

However, the investigations related to following issues are still inadequate.
Most of researches of temperature effect to deterioration of reinforced concrete
are experimentaly performed without considering macrocell and microcell
corroson separately, which seem to have different dependency against
temperature.

Theoretical investigation related to above phenomenon isinsufficient.

The activation energies obtained in literature surveys are considered as only one
phenomenon for example diffuson phenomenon or corrosion phenomenon.
The investigation for the significance of activation energy in deterioration in
concrete should be done.

There are some researches rel ated to acceleration test which tried to convert the
acceleration time to red time. However most of these studies used the
experimental data without considering the theoretical background. Therefore it
is not guaranteed whether it is able to apply to reinforced concrete exposed to
another environment.

1.2.3 Deterioration Progress of Sed Corroson in Concrete Induced by CI™ or

C 021—43)

(1) Importance of prediction of deterioration progress

It is not aways guaranteed that required performance of the Sructure is

maintained in concrete structure during the scheduled service period. In the meantime,

maintenance administrators of the concrete structure should check the performance of
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the dructure in during scheduled service period. Therefore the maintenance
administrators must appropriately maintain it with based on the maintenance procedure
such asinspection, degradation prediction, evauation and judgment, countermeasure as
shownin Fig.1.2.12%*,

* Numbers inside ( ) indicate chapters and sections

’ Standard Investigation ‘

Causes of Cracking and Selection of Repair and

Strengthening Methods based on the Standard No Detailed Investigation
Investigation

Yes *

Causes of Cracking and Selection of Repair and Strengthening
Methods based on Detailed Investigation

) T

Advanced Judgment of Qualified

v Engineer
Cause of Cracking

Structural Member or Non Structural Member
Structural Member

<« YES
<

Judgment for Necessity Unclear
Unnecessary| of Strengthening
v
Necessar ..
Non Structural Memb Necessary Decision based on Advanced
on Structural Member <«——| Judgment of Qualified Engineer
h 4
Strengthening
— Unnecessary
i
Unnecessary V%
Judgment for Necessity of Repair Unclear

A 4
Necessar .
Necessary ¢<—L Decision based on Advanced Judgment

of Qualified Engineer
Repair
Unnecessary
>‘y< |
| End |

Fig.1.2.12 Concept of Investigation, Repair and Strengthening of Cracks™*

The information that how the performance deterioration of the structure
changes under the environment and where the structure is used must be grasped in
order to carry out the appropriate and systematic maintenance for the concrete structure.
Inthiscasg, it is necessary to do the degradation prediction of the structure based on the
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result of ingpection. Appropriate prediction needs the evauation and judgment of
performance based on the following meatters;, (&) the evauation and judgment of
whether it has satisfied a demand level of concrete structure during the scheduled
sarvice period, (b) the estimation in the persstence in-service period of the structure
and (c) the evaluation and judgment of necessity of detailed ingpection and the repair.

(2) The method for the prediction

The deterioration progress due to stedl corrosion in concrete such as Cl™ induced
corrosion or CO; induced corrosion progress through 4 deterioration stages as follows;
incubation stage, propagation stage, acceleration stage and deterioration stage as shown
in Fig.1.2.13. Still, the factor which decides the each deterioration period is defined as
showninTable1.2.1.

Crack

Corrosion

cceleration  Deterioration

Incubation  Propagation

Structural Degradation Deterioration

y

Fig.1.2.13 Deterioration Progressin Reinforced Concrete™*
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Tablel.2.1 Factor Which Decides Each Deterioration Period™®
Deterioration
Period

Definition Factors

The period before the stedl bars in | CI diffusivity,
concrete starts to corrode Carbonation coefficient

Incubation

Propagation | The period before cracking

The period the corroson rate of
stedl bar risesup Corroson rate of sted bar
The period the loading capacity of

Accdeation

Deterioration | reinforced concrete  decreases
sgnificantly

(3) Summary of this section

It can be said that the prediction of deterioration period is very important factor
in the discussion of service life of reinforced concrete structures. In this case it is
considered that the temperature gives large influence of service life. Therefore in the
region where the temperature is relatively high, especialy tropical countries should
take care about temperature effect.

124 Summary

In the above review of literature it can be seen tha the deterioration of
reinforced concrete due to steel corrosion such as Cl” induced corrosion or CO, induced
corrosion is eadly influenced by temperature. However it can be redized that the
investigations of temperature effect on deterioration progress of reinforced concrete are
inadequate. Especialy following points should be solved as soon as possible.

4 Most of researches rdlated to the influence of temperature on deterioration
progress of reinforced concrete are experimentdly performed without
considering macrocell and microcell corrosion separately, which seem to have
different dependency against temperature.

4 Theoretical investigation related to above phenomenon isinsufficient.
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v The activation energies obtained in literature surveys are considering only one
phenomenon for example diffusion phenomenon or corrosion phenomenon.

v The investigation for the significance of activation energy of deterioration in
concrete due to stedl corrosion based on Arrhenius theory should be done.

v In the most of studies on the conversion of acceleration time to real time used
the experimentd data without considering the theoretica background.
Therefore it is not guaranteed whether it is able to apply to reinforced concrete
exposed to another environment.

v It can be sad that the deterioration period is very important factor in the
discussion of service life of reinforced concrete structures. In this case it is
consdered that the temperature gives large influence on service life. Therefore
in the region where the temperature is relaively high, especiadly tropica
countries should take care about temperature effect.

1.3 Objectives

From above backgrounds and literature reviews, the main objectives of this
study are decided asfollows,

1. To investigate the influence of temperature on the rate of diffuson of substance
and corrosion of sted barsin concrete induced by CI” or CO..

2. To study the influence of temperature on deterioration of reinforced concretes due
to steel corrosion using the activation energy calculated by Arrhenius theory using
the result of the objective 1.

3. To predict the deterioration progress of reinforced concrete due to sted corroson
consdering temperature effect.
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1.4 Significance and Originality

The rates of diffusion of substance, especidly diffusion coefficient of the Cl or
carbonation coefficient, and sted corroson are very important factors in case of
discussion of the deterioration progress of reinforced concrete structure. Moreovey, it is
generdly said that the rates of materia diffuson and sted corrosion rise up with
temperature rising. Therefore there is high possibility that the deterioration progress of
reinforced concrete structure becomes faster with the rise of the temperature. However,
the research related to above matter is inadequate. Especialy, there are few researches
which explain the deterioration progress of reinforced concrete structure using
Arrhenius theory, although the influence of temperature on the materid diffusion and
the chemica reaction can be explained by this theory. This study discusses the
influence of temperature on the deterioration progress of reinforced concrete structure
from experimental and theoretica viewpoints. Therefore it is consdered that this study
has a very important meaning for maintenance of the reinforced concrete structures. In
addition, it is considered that the results obtained from this study are aso useful for a
tropical country to use the Japanese or United States standards.

1.5 Flow of ThisSudy

The flow of thisstudy isshownin Fig.1.5.1.

In Chapter 1, the backgrounds, literature reviews, objectives and significance of
this study were presented.

In Chapter 2 and Chapter 3, the influence of temperature on the steel corrosion
induced by ClI" or CO, was studied respectively. First influence of temperature on the
rates of diffusion of aggressive substances, such as CI", CO, or O,, into concrete was
discussed. Next, the influence of temperature on the sted corroson in concrete was
discussed using the rate of macrocell and microcell corrosion.

In Chapter 4, the Arrhenius theory was applied to the results of Chapter 2 and
Chapter 3. First the caculation method of activation energy of deterioration of
reinforced concrete due to steel corrosion was arranged. Secondly the significances of
activation energy of reinforced concrete were discussed. Findly the influentia factors
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on activation energy of diffusion of substances and steel corrosion in concrete were
Investigated using activation energy calculated by above method.

In Chapter 5, deterioration progress of reinforced concretes due to sted
corrosion was predicted considering with temperature effect. First the influence of
temperature on deterioration progress of reinforced concrete was discussed based on
the Arrhenius theory. Secondly the deterioration progresses of reinforced concrete
consdering the regional and seasona temperature were predicted using numerical
anaysis and Arrhenius equation.

In Chapter 6, the conclusions derived from this study are shown.

’ Introduction ‘

x T -

Influence of Temperature on Influence of Temperature on
Cl-Induced Corrosion in Concrete. CO, Induced Corrosion in Concrete.

- = =
Chapter4 i
Discussions for Temperature Influence on Deterioration of

Reinforced Concrete Based on Arrhenius Theory.

Corrosion | < Macro-cell and Micro-cell Corrosion. >

Chapter5 i

Prediction of Deterioration Progress of Reinforced Concrete
Due to Steel Corrosion Considering Temperature Effect.

= =
Chapter6 Conclusions

Fig.1.5.1 Flow of This Sudy

<Cl, C0,, 0,>
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Influence of Temperature on

CI Induced Corrosion in Concrete.

2.1 CI"Induced Corrosion in Concrete

2.2 Experimental Procedures

2.3 Influence of Temperature on CI” Diffusivity in Concrete

24 Influence of Temperatureon Cl" Induced Corrosion in Concrete
25 Summary of Chapter 2

References of Chapter 2

2.1 Cl"' Induced Corrosion in Concrete

The steel bar in concrete has passive film and it is protected from severe
corrosion. However, the steel bar easily starts to corrode due to the existence of CI >,
This phenomenon is called as CI induced corrosion. The rate of CI” induced corrosion
is comparatively faster than other steel corrosion phenomenon in concrete. Especially
CI' induced corrosion should be considered in the structures constructed near coastal
environment, which are always exposed to the environment with high concentration of
Cl.

In the deterioration process of Cl induced corrosion, rates of ClI” diffusion and
steel corrosion are one of the most important factors in case of the discussion about the
deterioration period of concrete structures. Moreover, these rates are easily influenced
by temperature. Consequently, it is important to know the influence of temperature on

CI' diffusivity and/or rate of CI” induced corrosion quantitatively in order to maintain

concrete structures.
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For the reasons outlined above, the purposes of this chapter were chosen as
follows;
(a) To study the influence of temperature on CI diffusivity
(b) To study the influence of temperature on CI” induced corrosion

Especially in case of objective 1 CI diffusivity in micro region in concrete was
examined, while in case of objective 2 Cl induced corrosion in concrete affected by

bleeding was examined.

2.2 Experimental Procedures

In this section the experimental methodology and experimental procedure used
in this chapter were explained. In this chapter, two types of specimen were used. One
was the cylindrical concrete specimens (TYPE A (C2)) with the size of ¢10cm x 20cm
for investigating the influence of temperature on CI diffusivity. The other one was the
rectangle concrete specimens (TYPE B (C2)) with the size of 150 cm x 30 cm x 10cm.
Three levels of water-cement ratio and water contents were also investigated in both
types of specimens because it was considered that these factors were largely influenced

on the progress of the deterioration caused by CI induced corrosion.
221 MaterialsUsd
(1) Cement
Ordinary Portland cement (Taiheiyo Co.) was used as cement. The physical

properties and chemical components are shown in Table 2.2.1.

Table 2.2.1 Physical Properties and Chemical Components of Cement.

(a) Physical Properties.
3 s Compressive strength (MPa)
Density (g/cm’) Specific surface area (cm’/g)
3d 7d 28d
3.16 3270 28.4 43.0 60.2
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(b) Chemical Components.
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MgO (%) SO; (%) Loss on ignition (%) Total alkali (%) CI'(%)
1.6 1.9 14 0.62 0.006
(2) Aggregates

River sand (Obitsu, Chiba-prefecture) was used as fine aggregate. Also Crash

stone (Ome, Tokyo) was used as course aggregate. The physical properties of fine and

course aggregate are shown in Table 2.2.2.

Table 2.2.2 Physical Properties of Fine and Course Aggregates.

Kinds of aggregate Density (g/cm’) " WARY wv*
ssp"” DRY o (%) (ke/l)
Fine aggregate 2.60 2.54 2.59 2.20 1.74
Course aggregate 2.64 2.62 7.00 0.93 1.54

1*: Surface saturated dry condition, 2*: Fine modulus, 3*: Water adsorption ratio,

4*: Weight per volume.

(3) Mixing water

Tap water was used as mixing water. Before mixing the tap water was put in the

experimental room in order to make the temperature of water same with temperature of

room (20=£2 °C).

(4) Chemical admixture

Water-reducing agent and air-entrained agent (FLOWRIC Co., Ltd.) were used

as chemical admixtures.

(5) Steel

In TYPE B (C2) specimen, the steel of SD295A (D13, deformed bar) was

embedded (detail of steel bar will be explained later). The chemical compositions and

physical property of steel is shown in Table 2.2.3.
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Table 2.2.3 Chemical Compositions and Physical Property of Steel.

Fe C Si Mn P S Yield strength
(%) | (%) | (%) | (%) (%) (%) (N/mm?)
JIS standard] — — - — <0.050 <0.05 295<
Mesured | 98.78 [ 0.21 0.18 0.78 0.023 0.029 358

2.2.2 Manufacturing Procedure of Specimen

(1) Outline of specimen

In this chapter, two types of specimens, cylindrical concrete specimen (TYPE A
(C2)) and rectangle reinforced concrete specimen (TYPE B (C2)), were used for the
investigation of influence of temperature on CI diffusion and steel corrosion in
concrete. The details of each specimen are shown below.

The outline of TYPE A (C2) specimen for the investigation of influence of
temperature on CI” diffusivity in minute region of concrete is shown in Fig.2.2.1. The
size of specimen was @10 cm x 20 cm. The test pieces for the diffusion test were taken
from the 4 locations of concrete specimen in terms of top surface, middle surface,
bottom surface and inner layers. Especially in this investigation, the detailed
investigation using the minute diffusion test was conducted (the detail of minute

diffusion test will be explained later).

10cm

B : Position of test piece taken from

T o
Top surface

=P Side surface

Inner layer

20cm

11l

= sy Bottom surface

Fig. 2.2.1 Outline of TYPE A (C2) Specimen.
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The outline of TYPE B (C2) specimen for the investigation of influence of
temperature on steel corrosion induced by CI is shown in Fig. 2.2.2. The size of
specimen was 150 cm (height) x 30 cm (width) x 10 cm (depth). This specimen had
steel bar with which were composed of divided steel elements as shown in Fig. 2.2.3
(the reason will be explained later). The divided steel bars were electrically connected
as one because each steel element had lead wires soldered on it. In this study, divided
steel bars were classified into two types namely: vertical divided steel bar and
horizontal divided steel bar. This is because it is believed that there are two types of
corrosion cell formation in reinforced concrete affected by bleeding. The first type is
concentration corrosion cell formed on the vertical steel bar, which occurs due to the
concentration difference between the upper part and lower part of concrete. The other is
crevice corrosion cell formed on the horizontal steel bars, which is caused by gaps

generated under the horizontal steel bar >,

30cm . . 15cm, —

H—pi Ich ~10cm  5cm  10cm
T e e T , < > < > < >
J = g ﬂ. Upper Part T
N oA g | o
q.’ S
quxy o S
Resin E g
= b
g -
S H : .
o o | Middle Part g
3 N |3 U
— N, @ 8cm « >
o) | 5cm
a S
% 1 Horizontal Steel Bar
5
g N - 60cm
— s H- Lower Part
| S SN
Concréte Each Divided Steel Bar
Concrete Cover: 5¢cm <1 was Connected by
Steel Bars: Divided (shown in Fig.2.2.3) 8cm Epoxy Resin
D16, SD345 Luse
Upper and Lower Surface was ’ Vertical Steel Bar
Coated by Epoxy Resin

Fig. 2.2.2 Outline of TYPE B (C2) Specimen. Fig. 2.2.3 Divided Steel Elements.
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(2) Mixture proportion
The mixture proportions of TYPE A (C2) and TYPE B (C2) specimens are
shown in Table2.2.4.

Table 2.2.4 Mixture Proportion of Specimens.

Chapter 2

(a) TYPE A (C2) Specimen
W/C kg/m’ g/m’ %
W C S G AD1"” AD2* BR*
140 255 862 1042 561.0 17.85 0.18
0.55 210 382 733 855 840.4 26.74 0.51
280 509 596 734 1120.0 35.64 4.58
(b) TYPE B (C2)Specimen
W/C kg/m’ g/m’ %
w C S G AD" AD2¥ BR”
175 583 755 458 4083 5833 0.05
030 225 750 634 384 5250 7500 0.02
175 318 854 518 2226 3180 0.62
0.55 225 409 760 462 2863 4090 1.08
275 500 668 405 3500 5000 6.67
175 219 | 1098 540 1533 2190 0.00
080 225 281 809 491 1967 2810 1.39

1*: Water-Reducing Agent, 2*: Air-Entrained Agent, 3*: Bleeding ratio

(3) Mixing and placing

Cement was sandwiched between two layers of fine aggregate in the mixer, and

then those were mixed for 30 seconds. Water was added as the mixer was continuously

rotating for 30 seconds. As soon as all the water was poured, the mixer was stopped for

60 seconds, and the mortar adhered to the sides and paddle of the mixer was scraped off.

Finally, the coarse aggregate was added and the concrete was mixed for 120 seconds.

The concrete specimens were cast as soon as the mixing finishes. The casting was done
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in approximate lifts. Each lift was vibrated for 6 seconds prior to the placing of the next
lift.

(4) Curing

In case of TYPE A (C2) specimen, they were demoulded after 24 hours of
moist curing (20£2°C, 90%R.H.) and cured in water at 20+2°C for 28 days.

In case of TYPE B (C2) specimen, they were demoulded after 24 hours of
moist curing (20°C, 90%R.H.) and cured in the environmental control room (20°C,
60%R.H.) for 56 days.

After curing, both of concrete specimens, TYPE A (C2) and TYPE B (C2),
were placed in environmental control room. The temperature was varied from 20°C,
30°C, and 40°C at constant relative humidity set at 60%R.H. when the corrosion rate of

steel bars were measured.

2.2.3 Parameters

The parameters of the investigation are shown in Table 2.2.5. Exposure
temperature is the primary factor considered in CI” induced corrosion. Therefore three
exposure temperatures (20°C, 30°C and 40°C) were considered.

Secondary parameters were bleeding ratio. Concrete is easily affected by
bleeding because concrete consist of several materials such as cement, water, fine
aggregate, coarse aggregate. Therefore all concrete is affected by bleeding even if
concrete is carefully cast. In this investigation the influence of bleeding on the progress
of CI" induced corrosion were also investigated. The locations taken from the test peace
in TYPE A (C2) specimen were top surface, middle surface, bottom surface and inner
layers as shown in Fig. 2.2.1. While, the location of the investigation conducted in
TYPE B (C2) specimen were as shown in Fig. 2.2.2. Especially it is considered that the
influence of temperature on the corrosion rate induced by CI in the vertical steel bars
and horizontal steel bars are quite different because the generation of corrosion cell in
these steel bars are different. Therefore in this investigation the steel corrosions induced

by CI' in vertical steel bars and horizontal steel bars were separately discussed.
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Table 2.2.5 Experimental Parameters
(a) For TYPE A (C2) Specimen

Chapter 2

Bleeding Ratio (%)
0.18 0.51 4.58
20°C @) 0] O
Temp. 30°C @) 0] o
40°C @) 0] o

The test pieces were taken from top surface, middle surface, bottom surface and inner

layers as shown in Fig 2.2.1.
(b) For TYPE B (C2) Specimen
Bleeding Ratio (%)
0.62 1.68 6.67
20°C O o (0]
Temp. 30°C (0] o (0]
40°C O o (0]

The corrosion rate is measured in upper (145cm), middle (70cm) and lower (5cm) part

of steel bars as shown in Fig. 2.2.2.
2.2.4 1temsof Investigation

(1) Minute diffusion test”™

In this investigation, the diffusivity of mortar part in concrete measured by
minute diffusivity test was used as item of investigation. Outline of the preparation
technique of test piece is shown in Fig. 2.2.4. First, a bar of 15 x 15 x 50 mm was cut
using a diamond cutter. This bar was then cut crosswise by means of low rate saw
(ISOMET™) into a size of 15 x 15 x 3 mm piece. Next, the 15 x 15 x 3 mm piece was
adhered to the glass plate by electron wax. Then 5 x 5 x 4 mm test piece was cut from
the 15 x 15 x 4 mm test piece by selecting the proper position containing only mortar
matrix phase. The 5 x 5 x 4 mm test piece was set in the plastic mould in order to set-in
the hard epoxy. After setting the hard epoxy, both sides of the test piece was polished
using the grinder and polisher (METASERVE®2000) until the thickness of the test
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piece became 0.5 mm. The final test piece set in the hard epoxy is shown in Fig. 2.2.5.

Concrete Specimen

200 mm

i Exposed Epoxy Resin_
i Test Piece i : i

Fig. 2.2.5 Final Test Piece Set in Hard Epoxy.
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The procedure for testing is explained as follows;

1. The test piece was set inside an acrylic cylinder cell as shown in Fig. 2.2.6. A thin
rubber sheet was used to serve as a waterproof.

2. 3.0 % NaCl solution was filled into one side of the cell, while a saturated Ca(OH),
solution was filled into the other side.

3. To measure the time-dependent changes of CI” concentrations in saturated Ca(OH),
solution side, the sample solution was gathered every day.

4. The concentration of chloride ions was measured using ion chromatography.

The concentration changes of chloride ions at saturated Ca(OH); solution side is
schematically shown in Fig. 22.7. In this figure, the inclination where the
concentration change becomes constant is called the penetration rate, AQ in mol/l/sec.
The flux, J can be calculated from the concentration change, because the penetration

rate and the flux have the following equation;

Y/
J=AQ =L 2-1
Q A 2-1)
where, AQ : penetration rate of ion (mol/lI/sec)
J : flux of ion (mol/cm*/sec)
Vg : solution volume of saturated Ca(OH), solution side (cm’)
A : cross sectional area of test piece (cm?).

3 % NaCl Solution Saturated

j Ca(OH), Solution
T I’

== . = S
-

= afe

Fig. 2.2.6 Cell Filled with NaCl and Ca(OH), Solutions
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C (mol/1)
A

A A /A

CI- Concentration
)

»
L

(sec)

Time

Fig. 2.2.7 Variation of Concentration of Chloride Ion in Saturated Ca(OH), Solution
Side

The diffusion coefficient was calculated form the Fick’s first law of diffusion.
The concentration gradient CI is known, and the flux of CI" can be estimated. Therefore,

the diffusion coefficient of CI” can e calculated from the equation given below.

J

a
8C%X

DCI =

(2-2)

(2) Specific resistance of concrete

The specific resistances of concrete were measured using corrosion monitor
(Rikendinshi. CO., LTD). First the connection of steel elements was separated. In this
condition, the electric current could not flow from one steel element to another steel
element, and the voltage of steel element was uniformly distributed. The specific
concrete resistance was measured at 10 kHz of frequency with 50 mV of voltage. The
resistance given in this frequency was considered as the solution resistance in the
evaluation of steel corrosion”™, and in this study this resistance was defined as concrete

resistance. The specific resistance was calculated from this concrete resistance.
(3) Oxygen permeability”®

The measurement set-up of the oxygen permeability test is shown in Fig. 2.2.8.

As shown in the figure the electrochemical cell consisted of the reinforcing steel bar, a
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stainless steel plate counter electrode and Ag/AgCl reference electrode. The limiting
current density was measured using a potential stat. The rate of oxygen permeability

was obtained from the limiting current using Equation (2-3).

dQ_ (lim _
at (nFj @3)

where, dQ/dt :oxygen permeability (mol/cm?/sec)
I

F : Faradays constant (96,500 coulombs/mol)

: limiting cathodic current density (A/cm?)

lim

n : number of electron exchanged (=4).

Reference Electrode Potential Stat
(Ag/AgCl) v
\
||
\

Stainless Board

Steel Bar Concrete

Fig. 2.2.8 Measurement Set-up of Oxygen Permeability Test.

(4) Gap area
The area of gaps formed between the steel and concrete especially underneath

the horizontal steel bars was measured using a digital microscope.

(5) Corrosion rate of steel bar in specimen

Macrocell corrosion current and microcell corrosion current were measured in
this chapter. In macrocell corrosion the anode and the cathode exist non-uniformly,
while, in case of microcell corrosion the anode and the cathode exist uniformly.

In order to measure the macrocell corrosion and microcell corrosion rate

separately, divided steel bars were used in this study. The measuring method for the

-38-



Chapter 2

macrocell corrosion rate was done as follows. The macrocell current was the total
electric current flowing through all the adjacent steel elements. For example, the
macrocell current density of the steel element No. i as shown in Fig. 2.2.9 could be
calculated using Equation (2-4). The anodic current density was denoted as positive,

while the cathodic current was denoted as negative.

_ i =i (2-4)

Imacro - S

) . 2
where; | : macrocell corrosion current density (A/cm”)

macro
S  surface area of steel element i (cm?)

L : current flowing from component i-1 to 1 (A).

Ii—l,i Ii i+1

-1 i i+1
t
Steel Bar Concrete

Fig. 2.2.9 Measurement Method of Macrocell Corrosion Rate.

On the other hand, the method of measuring the microcell corrosion rate was
done as follows: First, the polarization resistance on the steel element was measured by
AC impedance with FRA (Frequency Response Analyzer) as shown in Fig. 2.2. 1077
The measurement was done by supplying a 50 mV voltage, with amplitude within
0.05Hz-5000Hz. And then, the microcell corrosion current density was calculated using
Equation (2-5).

L (2-5)
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. . . 2
where, | : microcell corrosion current density (A/cm”)

K : constant (= 0.0209V)>”
R, : polarization resistance (£2)
S  surface area of component i (cn®).

Corrosion Monitor

F 4 % Reference Electrode
(Ag/AgCl)
Stainless Board

I /
*/ | -
t
Steel Bar Concrete

Fig. 2.2.10 Measurement Method of Microcell Corrosion Rate.

The total corrosion current density was simply the sum of the macrocell
corrosion current density and the microcell corrosion current density. The corrosion rate
can be calculated from the corrosion current density using the conversion factor 100

Alem? of corrosion current equal to 1.16 mm/year of corrosion rate™”.

2.3 Influence of Temperature on CI” Diffusivity in Concrete

2.3.1 Influence of Bleeding on CI" Diffusivity in Minute Region of Concrete at
20°C

The distribution of CI” diffusivity in concrete is shown in Fig. 2.3.1. From this
figure it can be seen that the CI” diffusivity in concrete increases with the higher
position of concrete. This tendency becomes larger in case of concrete with high
bleeding. This is because that the water content in upper part of concrete increases with
higher bleeding ratio. Fig 2.3.2 shows the influence of bleeding on CI diffusivity in
minute region of concrete. From this, it can be conclued that the high bleeding in

concrete causes the high CI” diffusivity.
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Fig. 2.3.1 Distribution of CI” Diffusivity in Concrete
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Fig. 2.3.2 Influence of Bleeding Ratio on CI' Diffusivity in Concrete

2.3.2 Influence of temperature on CI” diffusivity in minuteregion of concrete

Table 2.3.1 shows the average values of chloride ion diffusivity in the minute
region of the three positions of outer layers and inner layer of mortar matrix taken from
TYPE A (C2) specimen. The CI" diffusivity of the minute region in mortar matrix
becomes high for higher exposure temperature in any position of test piece. And Table
2.3.2 shows the magnification of CI diffusivity of 10°C difference of temperature.
From this table it can be seen that the magnification of inner layer of concrete is
relatively larger than that of outside. This is because the outside of concrete is porous
compared to inside. So it is considered that the outside of concrete has much
continuous porosity. The CI™ diffusivity is largely related to the pore structure. As a

result the influence of temperature became smaller in outside of concrete than inside.
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Table 2.3.1 Chloride Ion Diffusivity (cm?/sec)
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Position Top surface Middle surface
Bleeding 20°C 30°C 40°C 20°C 30°C 40°C
0.18% 4.95E-08 2.24E-07 8.82E-07 3.68E-08 1.45E-07 3.36E-07
0.51% 1.26E-07 3.25E-07 - 9.10E-08 2.17E-07 3.40E-07
4.58% 1.29E-07 7.47E-07 - 1.10E-07 4.59E-07 9.75E-07
osition Bottom surface Inner layer
Bleeding 20°C 30°C 40°C 20°C 30°C 40°C
0.18% 3.56E-08 1.23E-07 5.81E-07 1.24E-08 6.43E-08 3.07E-07
0.51% 5.49E-08 1.99E-07 7.82E-07 2.22E-08 1.19E-07 7.82E-07
4.58% 6.95E-08 4.14E-07 - 3.78E-08 2.84E-07 1.28E-06
Table 2.3.2 Magnification of Chloride Ion Diffusivity
Position Top surface Middle surface
Bleeding 30°C/20°C 40°C/30°C 30°C/20°C 40°C/20°C
0.18% 4.53 3.94 3.94 2.32
0.51% 2.58 2.38 1.57
4.58% 5.79 4.17 2.12
Position Bottom surface Inner layer
Bleeding 30°C/20°C 40°C/30°C 30°C/20°C 40°C/20°C
0.18% 3.46 472 5.19 477
0.51% 3.62 3.93 5.36 6.57
4.58% 5.96 7.51 4.51

The influence of bleeding on CI diffusivity in minute region of concrete with

the temperature rising is shown in Fig. 2.3.3. From this figure, it can be confirmed that

the CI' diffusivity increases with the temperature rising. Additionally this tendency

becomes large with increase of the bleeding ratio. Therefore it can be concluded that

the influence of temperature becomes high in the high bleeding concrete.
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Fig. 2.3.3 Influence of Bleeding on CI" Diffusivity in Minute Region of Concrete with

Elevated Temperature Environment (Position of Test Piece: Inner layer).

The influence of position taken from the test piece on CI” diffusivity in minute
region of concrete with the temperature rising is shown in Fig. 2.3.4. From this figure,
it can be confirmed that the CI' diffusivity increases with the temperature rising.
Additionally this tendency becomes large with increase of the height of test piece.
Therefore it can be concluded that the influence of temperature becomes large in the
high bleeding part in concrete. Also it can be said that the influence of temperature on
CI' diffusivity in bleeding ratio is larger than that in the height of test piece with
comparison of the figures of Fig. 2.3.3 and Fig. 2.34.

(I
(6}

Position

=
o
T

—4— Top surface
—@— Side surface
—k- Bottom surface
- Inner layer

(62
T

o
-
o

200 30 40 50
Temperature (°C)

ClI-diffusivity x 107 (cm?/sec)

Fig. 2.3.4 Influence of Position of Test Piece on CI” Diffusivity in Minute Region of

Concrete with Elevated Temperature Environment (Bleeding Ratio: 0.18)
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2.3.3ArrheniusPlot of CI" Diffugivity in Concrete

The Arrhenius plot of the results of Fig.2.3.3 and Fig.2.3.4 are shown Fig.2.3.5
and Fig.2.3.6 respectively. From these figures it can be said that the logarithm of CI
diffusivity is proportional to the reciprocal of absolute temperature. The slopes, slices
and R are shown in Table 2.3.3. From this figure it can be said that the value of R? is
more than 0.97. These facts indicate that the CI diffusivity of minute region in concrete

apparently agrees with the Arrhenius theory.

-4
>
= 6 f
@ % Bleeding Ratio
£ - 0.18%
© -8 I -@- 0.51%
(:-), —&— 4,58%
o
9 -10

31 32 33 34 35
1000/Temperature(1/K)

Fig. 2.3.5 Arrhenius Plot of Fig.2.3.3

-4
>
% -6 [ Position
,g —~4 Top
° —o— Side
5 -8 —¥ Bottom
< - Inside
g
3 -10

31 32

33 34 35
1000/Temperature(1/K)

Fig. 2.3.6 Arrhenius Plot of Fig.2.3.4
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Table 2.3.3 Slope, slice and R* of CI” Diffusivity of Minute Region in Concrete.

No. of test piece Slope Slice R’
0.18-Top surface -5.74 12.28 0.9999
0.18-Side surface -5.55 1147 0.9929
0.18-Bottom surface -4.41 7.65 0.9856
0.18-Inner layer -6.39 13.89 1.0000
0.51-Top surface * -3.66 5.59 -
0.51-Side surface -5.28 10.76 0.9986
0.51-Bottom surface -2.63 1.973 0.9732
0.51-Inner layer -7.09 16.52 0.9973
4.58-Top surface * -6.77 16.20 -
4.58-Side surface * -6.88 16.34 -
4.58-Bottom surface -4.36 7.95 0.9754
4.58-Inner layer -7.03 16.60 0.9959

*: Calculated from only the data of 2 points

2.3.4 Summary

The CI' diffusivity of the minute region in concrete increases with the
temperature rising. This tendency becomes large in high bleeding concrete.
Additionally the logarithm of CI” diffusivity is proportional to the reciprocal of absolute
temperature. This fact indicates that the CI* diffusivity of minute region in concrete

apparently agrees with the Arrhenius theory.
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2.4 Influence of Temperature on Cl" Induced Corrosion in
Concrete

2.4.1 Digribution of Cl" Induced Corroson in Concrete at 20°C

(1) Distribution of corrosion rate in vertical steel bars

The distribution of macrocell, microcell and total corrosion rate on the vertical
steel bars in reinforced concrete specimen affected by bleeding is shown in Fig. 2.4.1.
From these figures, it is confirmed that the corrosion rate at the upper part of the
vertical steel bar is higher compared to its lower part. The better condition of corrosion
at the upper part of concrete is prevalent in concrete with high bleeding ratio. And this
can be confirmed by the results obtained in the distribution of specific concrete
resistance and oxygen permeability of concrete shown in Table 2.4.1. As shown on the
table, specific concrete resistance at the upper part of concrete is smaller as compared
to its lower part, contrary to the case of the oxygen permeability it is higher at the upper
part and smaller at the lower part. Since corrosion reaction on the steel is influenced by
specific concrete resistance and oxygen permeability of concrete, therefore, corrosion
reaction may be accelerated due to the presence of water and the availability of oxygen
near the steel. Low specific concrete resistance and high oxygen permeability in
concrete implies greater risk of corrosion.

On the other hand, as mentioned on the result obtained from the
electrochemical measurement, macrocell corrosion rate often prevailed over the
microcell corrosion rate. Therefore, it can be said that the type of corrosion prevailed on

the vertical steel bar in concrete affected by bleeding was macrocell corrosion type.
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Fig. 2.4.1 Distribution of Corrosion Rate in Vertical Steel Bar in Concrete Affected by
Bleeding (W/C = 0.55, CI' Content = 10kg/m’, Temp. =20 ).

Table 2.4.1 Distribution of Specific Concrete Resistance and Oxygen Permeability of
Concrete Affected by Bleeding.

Specific concrete Oxygen permeability x10™"!
Measurement items )
resistance(k€2 cm) (mol/cm®/sec)

Bleeding ratio(%)
0.62 1.68 6.67 0.62 1.68 6.67
Position of concrete

Upper part (145cm) 8.16 3.87 2.82 32 3.7 5.0
Middle part (70cm) 1.04 4.60 3.44 2.7 3.5 4.1
Lower part (5cm) 1.44 6.49 6.01 1.6 23 3.1

(2) Distribution of corrosion rate in horizontal steel bars.

The distribution of macrocell, microcell and total corrosion rate on the
horizontal steel bars in reinforced concrete specimen affected by bleeding is shown in
Fig. 24.2. As shown in this figure, the divided steel bar located in the center of the
horizontal steel bar are composed of two steel element, upper steel and lower steel. And
based on the result of the corrosion rate obtained here, it is proven that corrosion rate at
the lower part of the horizontal steel bar is higher than that of upper part. And this

condition is clearly shown when the bleeding ratio is high due to the formation of gaps
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under the horizontal steel bars (Please refer to Fig. 2.4.3). The relationship between the
total corrosion rate on the horizontal steel bar and the area of the gaps formed under
steel bar is shown in Fig. 2.4.4.

By comparing the macrocell corrosion rate and the microcell corrosion rate
obtained in the measurement, it is clear that macrocell corrosion rate prevailed over the
microcell corrosion rate. Therefore it can be said that the type of corrosion prevailed on

the horizontal steel bar in concrete affected by bleeding was macrocell corrosion type.

| Horizontal Steel Bar | W/C-W
Epoxy Resin Upper Steel - 0.62 % (Lower Steel)
| current Flow —&— 0.62 %(Upper Steel)
N Ry v -~ 1.08% (Upper Steel)
- « —a— 1.08% (Lower Steel)
] 4 6.67% (Upper Steel)
Lower Steel ¥~ Lead wire —a— 6.67% (Lower Steel)

150 150

150 ///
100 100 100

Height from Bottom of Specimen (cm)

50 50 % 50
0 0 i 0
0 001 002 0.03 0 001 002 0.03 0 001 002 0.03
Macrocell Corrosion Rate Microcell Corrosion Rat. ~ Total Corrosion Rate
(mml/year) (mml/year) (mml/year)
(a) Microcell Corrosion Rate (b) Macrocell Corrosion Rate (c) Total Corrosion Rate

Fig. 2.4.2 Distribution of Corrosion Rate in Horizontal Steel Bar in Concrete Affected
by Bleeding (W/C = 0.55, Temp. = 20°C).
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Fig. 2.4.3 Example of Gaps under Horizontal Steel Bar
(W/C =0.55, Bleeding ratio = 1.68).
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Fig. 2.4.4 Relationship between Total Corrosion Rate and Area of Gap
(W/C=0.55, Temp=20°C).

2.4.2 Influence of Temperature on Cl" Induced Corrosion in Concrete Affected by
Bleeding

(1) Influence of temperature on corrosion rate in vertical steel bars

The influences of temperature on macrocell and microcell corrosion rate in
vertical steel bars are shown in Fig. 2.4.5 to Fig 2.4.7 respectively. Fig.2.4.5 shows the
data of the different position of concrete, Fig. 2.4.6 shows the data of different W/C,
and Fig. 2.4.7 shows the data of different bleeding ratio. From these figures it can be

seen that the macrocell and microcell corrosion rate of vertical steel bars in concrete
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increased with the temperature rising in any experimental parameter. Also it can be
seen that the macrocell corrosion rate is almost 10 times higher than microcell

corrosion rate in any temperature.

2 003 L 0003

¢ ©

o 14

S 5

g Bl 0.02 1 Position %) % 0.002 Position

£9 - Upper 29 - Upper

52 "o Middle 5< e Miidle

o

3 £ oo w A Lower O Eooon | A Lower

E =E

(5] [5)

(]

2 0 N .8 0 .ﬁ/‘

b= 0 10 20 30 40 50 = 0 10 20 30 40 50
Temperature (°C) Temperature (°C)

(a) Macrocell Corrosion Rate (b) Microcell Corrosion Rate

Fig. 2.4.5 Influence of Temperature on Macrocell and Microcell Corrosion Rate
of Different Part of Concrete.
(Vertical Steel Bar, W/C = 0.55, Bleeding Ratio= 1.08%)
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Fig. 2.4.6 Influence of Temperature on Macrocell and Microcell Corrosion Rate
of Different W/C.
(Vertical Steel Bar, Position=Upper, Bleeding Ratio=1.08%)
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Fig. 2.4.7 Influence of Temperature on Macrocell and Microcell Corrosion Rate
of Different Bleeding Ratio.
(Vertical Steel Bar, Position=Upper, W/C=0.55)

The magnifications of macrocell and microcell corrosion rate in vertical steel
bars are shown in Table 2.4.2 to Table 2.4.4 respectively. Table 2.4.2 shows the data of
the different position of concrete, Table 2.4.3 shows the data of different W/C, and
Table 2.4.4 shows the data of different bleeding ratio. From these tables it can be seen

that the magnification at 10 °C difference of temperature is almost 2.0. This indicates

that the corrosion rate becomes 2 times with the 10 °C of temperature rising. Also it can

be seen that the magnification of microcell corrosion rate is relatively larger than that of

macrocell corrosion rate in vertical steel bars.

Table 2.4.2 Magnification of Macrocell and Microcell Corrosion Rate
of Different Part of Concrete.
(Vertical Steel Bar, W/C = 0.55, Bleeding Ratio= 1.08%)

Macrocell corrosion Microcell corrosion
Height of steel
30°C/20°C 40°C/30°C 30°C/20°C 40°C/30°C
145 1.9 1.8 2.0 2.0
75 1.3 24 2.0 2.0
5 Cathode Cathode 2.0 2.0
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Table 2.4.3 Magnification of Macrocell and Microcell Corrosion Rate

of Different W/C.

(Vertical Steel Bar, Position=Upper, Bleeding Ratio=1.08%)

Macrocell Corrosion

Microcell Corrosion

W 30°C /20°C 40°C /30°C 30°C /20°C 40°C /30°C
0.30 22 1.6 22 1.8
0.55 1.9 1.8 2.0 2.0
0.80 1.5 1.2 1.8 23
Table 2.4.4 Magnification of Macrocell and Microcell Corrosion Rate
of Different Bleeding Ratio.
(Vertical Steel Bar, Position=Upper, W/C=0.55)
Macrocell Corrosion Microcell Corrosion
Bleeding (%)
30°C /20°C 40°C /30°C 30°C /20°C 40°C /30°C
0.62 2.0 1.5 1.5 22
1.08 1.9 1.8 2.0 2.0
6.68 1.6 2.5 1.6 2.0

(2) Influence of temperature on corrosion rate in horizontal steel bars

The influences of temperature on macrocell and microcell corrosion rate in

horizontal steel bars are shown in Fig. 2.4.8 to Fig. 2.4.10 respectively. Fig. 2.4.8

shows the data of the different position of concrete, Fig. 24.9 shows the data of
different W/C, and Fig. 2.4.10 shows the data of different bleeding ratio. From these

figures it can be seen that the macrocell and microcell corrosion rate of horizontal steel

bars in concrete increased with the temperature rising in any experimental parameter.

-52-




Macrocell Corrosion Rate Macrocell Corrosion Rate

Macrocell Corrosion Rate

0.08
_ 006
E Position
Loo0at - Upper
[ -®- Middle
é 002 —&— [ower

0 10 20 30 40 50
Temperature (°C)

(a) Macrocell Corrosion Rate

Microcell Corrosion Rate

(mml/year)

Chapter 2

0.003

0.002 /

0.001

Position
& Upper
- Middle
—&— Lower

0

0 10 20 30 40 50
Temperature (°C)

(b) Microcell Corrosion Rate

Fig. 2.4.8 Influence of Temperature on Macrocell and Microcell Corrosion Rate
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(Horizontal Steel Bar, W/C = 0.55, Bleeding Ratio= 1.08%)
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The magnifications of macrocell and microcell corrosion rate in horizontal steel
bars are shown in Table 2.4.5to Table 2.4.7 respectively. Table 2.4.5 shows the data of
the different position of concrete, Table 2.4.6 shows the data of different W/C, and
Table 2.4.7 shows the data of different bleeding ratio. From these tables it can be seen
that the magnification at 10 °C difference of temperature is almost 2.0. This indicates
that the corrosion rate becomes 2 times with the 10 °C of temperature rising. Also it can
be seen that the magnification of macrocell corrosion rate is relatively larger than that

of microcell corrosion rate in horizontal steel bars.

Table 2.4.5 Magnification of Macrocell and Microcell Corrosion Rate
of Different Position in Concrete.
(Horizontal Steel Bar, W/C = 0.55, Bleeding Ratio= 1.08%)

Corrosion type Macrocell corrosion Microcell corrosion
Height 30°C 20°C 40°C /30°C 30°C 20°C 40°C /30°C
145 2.0 23 2.0 1.9
75 39 1.1 1.5 3.1
5 Cathode Cathode 2.6 1.7

Table 2.4.6 Magnification of Macrocell and Microcell Corrosion Rate
of Different W/C
(Horizontal Steel Bar, Position= Upper, Bleeding Ratio= 1.08%)

Corrosion type Macrocell corrosion Microcell corrosion
W/C 30°C /20°C 40°C /30°C 30°C /20°C 40°C /30°C
0.3 3.5 1.6 2.5 1.9
0.55 2.0 23 2.0 1.9
0.8 2.5 1.7 1.8 1.9
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Table 2.4.7 Magnification of Macrocell and Microcell Corrosion Rate
of Different Bleeding Ratio.
(Horizontal Steel Bar, Position= Upper, W/C = 0.55)

Corrosion type Macrocell corrosion Microcell corrosion
Bleeding Ratio 30°C 20°C 40°C /30°C 30°C 20°C 40°C /30°C
0.62 % 2.8 2.4 2.4 1.6
1.08 % 2.0 23 2.0 1.9
6.67 % 1.7 2.1 1.5 2.4

2.4.3Arrheniusplot of Cl" Induced Corrosion

(1) Arrhenius plot in vertical steel bars

Arrhenius plot of experimental results in vertical steel bar shown in Fig. 2.4.5

to Fig. 2.4.7 are shown in Fig. 2.4.11 to Fig. 2.4.13 respectively. From these figures it

can be seen that the logarithm of macrocell and microcell corrosion rate is proportional

to the reciprocal of the absolute temperature. The values of slope, the slopes, slices and

R? of approximate line in Arrhenius plot in vertical steel bar are shown in Table 2.4.8.

From this table it can be seen that R* of the approximate lines are more than 0.95 and

the macrocell and microcell corrosion rate of vertical steel bar in concrete apparently

agrees with the Arrhenius theory.
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Fig. 2.4.12 Arrhenius Plot of Macrocell and Microcell Corrosion Rate
of Different W/C.

(Vertical Steel Bar, Position=Upper, Bleeding Ratio= 1.08%)
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Fig. 2.4.13 Arrhenius Plot of Macrocell and Microcell Corrosion Rate
of Different Bleeding Ratio.
(Vertical Steel Bar, Position=Upper, W/C=0.55)
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Table 2.4.8 Slopes, Slices and R” of Approximate Line in Arrhenius Plot of

Vertical Steel Bar.
Corrosion type Macrocell Microcell

No. of test piece* Slope Slice R? Slope Slice R?

Upper-0.55-1.08 -2.46 6.2782 1.00 -2.76 6.02 | 0.96
Middle-0.55-1.08 -2.29 5274 092 -2.76 534 | 1.00
Lower-0.55-1.08 - - - -2.76 528 | 097
Upper-0.30-1.08 -2.55 6.2211 | 098 -2.78 478 | 099
Upper-0.55-1.08 -2.46 6.2782 1.00 -2.76 6.02 | 0.96
Upper-0.80-1.08 -1.14 23933 | 095 -2.75 6.41 | 0.99
Upper-0. 55-0.62 -2.12 5.0134 | 098 248 1040 | 0.99
Upper-0.55-1.08 -2.46 6.2782 1.00 -2.76 6.02 | 1.00
Upper-0. 55-6.67 -2.66 7.0944 | 096 -2.34 541 0.99

* No. of test piece expresses position (Upper, Middle or Lower) - water-cement ratio
(0.30, 0.55 or 0.80) - bleeding ratio (0.62, 1.08 or 6.67)

(2) Arrhenius plot in horizontal steel bars

Arrhenius plot of experimental results in horizontal steel bar shown in Fig.
24.8 to Fig2.4.10 are shown in Fig. 2.4.14 to Fig. 2.4.16 respectively. From these
figures it can be seen that the logarithm of macrocell and microcell corrosion rate in
horizontal steel bar is proportional to the reciprocal of the absolute temperature.

The values of slope, slice and R* of a proximate line in Arrhenius plot in
horizontal steel bar are shown in Table 4.4.9. From this table it can be seen that R* of
the approximate lines are more than 0.95 and the macrocell and microcell corrosion

rate of vertical steel bar in concrete apparently agrees with the Arrhenius equation.
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Fig. 2.4.14 Arrhenius Plot of Macrocell and Microcell Corrosion Rate
of Different Position in Concrete.
(Horizontal Steel Bar, W/C = 0.55, Bleeding Ratio= 1.08%)
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Fig. 2.4.16 Arrhenius Plot of Macrocell and Microcell Corrosion Rate
of Different Bleeding Ratio.
(Horizontal Steel Bar, Position=Upper, W/C=0.55)

Table 2.4.9 Slopes, Slices and R” of Approximate Line in Arrhenius Plot in

Horizontal Steel Bar.

Corrosion type Macrocell Microcell

No. of test piece* Slope Slice R® Slope | Slice R’

Upper-0.55-1.08 -2.99 8.33 0.99 -2.63 5.84 1.00
Middle-0.55-1.08 -2.95 7.70 0.82 -3.09| 7.01 0.93
Lower-0.55-1.08 -2.57 391 0.96 298 | 6.54 0.98
Upper-0.30-1.08 -3.49 9.00 0.95 -3.13 6.59 0.99
Upper-0.55-1.08 -2.99 8.33 1.00 -2.63 5.84 1.00
Upper-0.80-1.08 -2.87 8.19 0.98 204 | 546 1.00
Upper-0. 55-0.62 -3.86 10.88 1.00 -2.66 5.79 0.98
Upper-0.55-1.08 -2.99 8.33 0.99 -2.63 5.84 1.00
Upper-0. 55-6.67 -2.44 6.78 0.99 -2.56 5.87 0.96

* No. of test piece expresses corrosion form (macrocell or microcell) - position (Upper,
Middle or Lower) - water-cement ratio (0.30, 0.55 or 0.80) - bleeding ratio (0.62, 1.08
or 6.67)
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244 Summary

The macrocell and microcell corrosion rate of Cl” induced corrosion in concrete

increased with the temperature rising. Additionally the logarithm of the corrosion rate is

proportional to the reciprocal of absolute temperature. This fact indicates that the

corrosion rate of steel bars in concrete induced by CI* apparently agrees with the

Arrhenius theory.

2.5 Summary

The conclusions derived from this chapter can be summarized as follows:

It was confirmed that the CI' diffusivity of concrete increased with the
temperature rising. Also the rate of macrocell and microcell corrosion of steel
bar in concrete induced by CI increased with the temperature rising. Especially
the CI diffusivity became almost 1.6 ~7.5 times, while the corrosion rate of
steel bar in concrete induced by Cl- became almost 1.2 ~3.5 times with 10 0C
of temperature rising.

The logarithms of these phenomena, diffusion of substance or corrosion of steel
bar in concrete, were proportional to the reciprocal of absolute temperature.
This fact indicated that the deterioration of reinforced concrete due to the steel
corrosion induced by CI apparently agreed with the Arrhenius theory.

The CI diffusivity in concrete increased with the higher position of concrete.
This tendency became larger in case of concrete with high bleeding.

Macrocell and microcell corrosion rate in concrete affected by bleeding became
high with the bleeding ratio increasing. Moreover, higher macrocell corrosion

rate generally prevailed in concrete affected by bleeding.
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3.1 CO, Induced Corrosion in Concrete

One of the most common forms of deterioration of reinforced concrete
observed today was caused by carbonation. Carbonation is a phenomenon that occurs
when CO, gas in the air penetrates concrete and reacts with hydroxides to form calcium
carbonates. The ensuing carbonation of the calcium hydroxide in the hydrated cement
paste leads to the reduction in the alkalinity of the pore solution in concrete and
consequently the corrosion of the embedded steel. While carbonation does not
adversely affect the concrete itself, the durability of steel may be compromised because
the passive ferrous oxide layer on the surface of the steel breaks down when the
surrounding pH falls below 9.>" “Thus, it could be argued that the potential service life
of most steel in concrete is governed by the rates of carbonation and steel corrosion.

In the deterioration process of CO, induced corrosion, rate of carbonation of
concrete and steel corrosion are one of the most important factors in case of the

discussion about the deterioration period of concrete structures’. Moreover, these
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rates are easily influenced by temperature. Consequently, it is necessary to know the
influence of temperature on rate of carbonation of concrete and/or rate of CO, induced
corrosion in order to maintain concrete structures efficiently.

For the reasons outlined above, the purposes of this chapter were chosen as
follows;
(a) To study the influence of temperature on carbonation in concrete,
(b) To study the influence of temperature on the rate of steel CO, induced corrosion in
concrete.

Especially in case of objective 1 influence of type of cement was examined,
while in case of objective 2 CO, induced corrosion in concrete with cold-joint was

examined.

3.2 Experimental Procedures

In this section the experimental methodology and experimental procedure used
in this chapter were explained. Especially in this chapter, laboratory tests and field
survey were conducted using three types of specimen and an existing reinforced
concrete. Three types of specimen were named as TYPE A (C3), TYPE B (C3), TYPE
C (C3) respectively. TYPE A (C3) was the cylindrical concrete specimens with the size
of @10cm x 20cm for investigating the influence of temperature on carbonation in
concrete. TYPE B (C3) with the size of 10 cm x 10 cm x 40cm and TYPE C (C3) with
the size of 180 cm x 20 cm x 10cm were the rectangle concrete specimens for
investigating the influence of temperature on CO, induced corrosion. Additionally in
case of TYPE A (C3) and TYPE B (C3) specimen, the influences of cement type on the
rate of carbonation and steel corrosion in concrete were examined. On the other hand in
case of TYPE C (C3) specimen influence of construction joint (cold-joint) on rate of

steel corrosion was examined.

3.2.1 MaterialsUsed

(1) Cement
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In TYPE A (C3) and TYPE B (C3) specimens, three types of cements were
used namely, Ordinary Portland Cement (OPC), High Early Strength Portland Cement
(HESC) and Blast Furnace Slag Cement (BFSC). On the other hand in TYPE C (C3)
specimens, OPC was used. The physical properties and chemical compositions of the
said cements are shown in Table 3.2.1 and Table 3.2.2.

Table 3.2.1 Physical Properties of Cement

. Relative Setting Compressive Strength
Types of Densnéy Surface Water Start Finish (MPa)
Cement (g/lem’) Area Content h h
em¥e) | (@ | @™ | G-m 1 3q 7d | 28d
OPC 3.16 3270 28.1 2-25 3-49 28.4 43.0 [ 60.2
HESC 3.14 4510 30.1 1-50 2-55 46.9 56.8 | 67.3
BFSC 3.04 3860 28.9 3-00 4-15 21.2 352 | 613
Table 3.2.2 Chemical Composition of Cement.
Type of o o Loss on Ignition | Total alkali content Cr
cement MgO (%) | SOs(%) %) %) %)
OoPC 1.49 2.06 1.96 0.58 0.008
HESC 1.33 2.95 1.09 0.49 0.005
BFSC 3.16 1.98 1.68 0.48 0.006
(2) Aggregates

River sand (Obitsu, Chiba-prefecture) was used as fine aggregate. Also Crash

stone (Ome, Tokyo) was used as course aggregate. The physical properties of fine and

course aggregate are shown in Table 3.2.3.

Table 3.2.3 Physical Properties of Fine and Course Aggregates.

Kinds of aggregate Density (g/cm’) - WARY wB*"
ssp” DRY o (%) (keg/)
Fine aggregate 2.63 2.59 2.51 1.54 1.73
Course aggregate 2.65 2.63 6.71 1.09 1.54

1*: Surface saturated dry condition, 2*: Fine modulus, 3*: Water adsorption ratio,

4*: Weight per volume.
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(3) Mixing water

Tap water was used as mixing water. Before mixing the tap water was put in the
experimental room in order to make the temperature of water same with temperature of
room (20£2 °C).

(4) Chemical admixture

Water-reducing agent and air-entrained agent (FLOWRIC Co., Ltd.) were used
as chemical admixtures.
(5) Steel

Inside of TYPE B (C3) specimen, the steel of SD345 (D13, deformed bar) was
embedded. The chemical compositions and physical property of steel is shown in Table
3.24.

Table 3.2.4 Chemical Compositions and Physical Property of Steel (TYPE B (C3)).

Fe C Si Mn P S Yield strength

(%) | (%) | (%) | (%) (%) (%) (N/mm?)
JIS standard] — — - — <0.050 <0.05 345<
Measured | 98.25 [ 022 0.3 1.21 0.012 0.009 358

On the other hand, inside of TYPE C (C3) specimen, the steel of SD345 (D19,
deformed bar) was embedded. The chemical compositions and physical property of
steel is shown in Table 3.2.5.

Table 3.2.5 Chemical Compositions and Physical Property of Steel (TYPE C (C3)).

Fe C Si Mn P S Yield strength

(%) | (%) | (%) [ (%) (%) (%) (N/mm?)
JIS standard] — — - — <0.050 <0.05 345<
Measured | 98.26 | 022 0.3 1.21 0.012 0.009 358
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3.2.2 Manufacturing Procedure of Specimen

(1) Outline of specimen

In this chapter, three types of specimen were used. The details of specimen are
shown in below.

TYPE A (C3) specimens were un-reinforced concrete specimen. These
specimens were made of concrete cylinders having a diameter of 10 cm and a height of
20 cm. These specimens were used in the tests for depth of carbonation and void ratio
of concrete.

TYPE B (C3) specimens were reinforced concrete specimens. Fig. 3.2.1 shows
the detailed layout of TYPE B (C3) specimen (10 cm x 10 cm x 40 c¢cm) used. To
compare the rate of corrosion, two-13 mm diameter deformed steel bars having a
length of 30 cm were embedded in the concrete specimen. The steel bar with 10 mm
cover was positioned at the front side, while the other steel bar with 25 mm concrete
cover was positioned at the rear side parallel to the first bar. In order to measure the
current density in the steel bars, electrical wires were soldered on it serving as contact
points for the electrical connection. To ensure that the diffusion of CO, will be
concentrated only along the surfaces adjacent to the location of the steel bars with 10
mm and 25 mm cover, except for the two exposed surfaces all the other sides of the

concrete specimens were covered with epoxy resin.

) :(/ Lead Wire

Epoxy
Resin

40

Casting direction

10 Unit: cm
Cover : 1cm, 2.5cm

Fig.3.2.1 Outline of TYPE B (C3) Specimen.
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TYPE C (C3) specimens were also reinforced concrete specimen. Fig. 3.2.2
shows the detailed layout of the TYPE C (C3) specimen (180cm x 20 cm x 10 cm)
used. The steel bar in concrete was divided into elements with 20 cm or 25 cm length,
and the divided steel bars were regarded as one electrically because each steel element
was connected by lead wire. To ensure that the diffusion of CO, was concentrated only
from the side surfaces, top and bottom of the concrete specimens were covered with

epoxy resin.

Epoxy resin
Additional part

Divided steel bar
\:]/ A 20
L, Aree -4 Coldjoint]
fesnmmmumEEn B 625
- il .
= : g lkos
3 | S C
= | 180 I’/ g
gl 29 1 <
I <:| elc2s &
OV i y/ - %?
1 < 25
. FIT &
Cover 3cm | < o5
=TS
= " 10
Base part Unit : cm

Fig.3.2.2 Outline of TYPE C (C3) Specimen

(2) Mixture proportion of specimen

In case of TYPE A (C3) and TYPE B (C3) specimens, the water cement (W/C)
ratio used in the investigation was 0.55. The details of the amount of cement, sand,
gravel, air-entraining agent (AE) and air-entraining water reducing agent (AEWRA)
used in the concrete mix preparations are shown in Table 3.2.6. Table 3.2.7 shows the
summary of the slump, air content and the bleeding rate of concrete that were mixed

and cast at 20°C, 30°C and 40°C temperatures, respectively. As shown in the table,
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specimens containing BFSC have shown higher slump as compared with the
specimens with OPC and HESC. The air content in OPC concrete at 20°C was quite
higher as compared with the concrete specimens with HESC and OPC. Generally, the

percentage of bleeding in the concrete specimens was low.

Table 3.2.6 Mixture Proportion of TYPE A (C3) and TYPE B (C3) Specimens.

W/B Unit (kg/m”) Unit (g/m’)
Cement type . x
%) | W C S G ADI' AD2?
55 1650,  300.0 660.0 21.0
OPC 7744 1018.0
451 1526 339.1 746.0 24.0
55 1650,  300.0 660.0 21.0
HESC 773.8 1017.1
45 1526 3390 746.0 24.0
55 1650,  300.0 660.0 21.0
BFSC 770.2 1012.4
45 1523|3385 745.0) 24.0

1*: Water-Reducing Agent, 2*: Air-Entrained Agent

Table 3.2.7 Slump, Air Content and Bleeding in Concrete.

Temgecr;l ture Type of Cement W/C Slump (cm)]Air Content (%) Bleeg)l/il)g*Rate

OPC 0.55 9.0 3.3 0.44

20 HESC 0.55 9.0 2.8 0.32
BFSC 0.55 13.0 2.5 0.76
OPC 0.55 8.0 2.5 0.14

30 HESC 0.55 9.5 2.5 0.10
BFSC 0.55 11.0 2.1 0.44
OPC 0.55 6.5 2.1

40 HESC 0.55 7.0 2.0
BFSC 0.55 10.0 1.8

*JISA 1123

On the other hand, in case of TYPE C (C3) specimens, three levels of water
cement (W/C) ratio was used. The details of the amount of cement, sand, gravel,
air-entraining agent (AE) and air-entraining water reducing agent (AEWRA) used in

the concrete mix preparations are shown in Table 3.2.8.
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Table 3.2.8 Mixture Proportion of TYPE C (C3) Specimens.

W/C kg/m’ g/m’ %

W C S G AD1" AD2* BR*
165 550 621 958 3437 — 0.10

30 165 550 621 958 6875 — 1.00
173 315 771 1037 — — 0.27

> 216 392 682 922 — — 1.90
206 258 826 912 — 3000 0.42

% 375 469 587 636 — 2600 5.00

1*: Water-Reducing Agent, 2*: Air-Entrained Agent, 3*: Bleeding ratio

(3) Mixing and placing of specimen

Cement was sandwiched between two layers of fine aggregate in the mixer, and
then those were mixed for 30 seconds. Water was added as the mixer was continuously
rotating for 30 seconds. As soon as all the water was poured, the mixer was stopped for
60 seconds, and the mortar adhered to the sides and paddle of the mixer was scraped off.
Finally, the coarse aggregate was added and the concrete was mixed for 120 seconds.
The concrete specimens were cast as soon as the mixing finishes. The casting was done
in approximate lifts. Each lift was vibrated for 6 seconds prior to the placing of the next
lift.

In case of TYPE A (C3) and C3-B specimens, mixing and placing of the
specimens for each case were done inside a controlled environmental chamber set at
20°C, 30°C and 40°C temperatures, respectively and at 90% constant relative humidity.
On the other hand TYPE C (C3) specimens, mixing and placing of the specimens for
each case were done inside a controlled environmental chamber set at 20°C

temperatures, and at 60% constant relative humidity.

(4) Curing
In case of TYPE A (C3) and TYPE B (C3) specimens, they were demoulded
after 24 hours of moist curing (20°C, 30°C and 40°C, 90% R.H.). Demoulded

specimens were cured in the same moist condition for 7 days. After that, specimens
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exposed to carbonation condition (CO, concentration: 15%, temperature: 20°C, 30°C
and 40, relative humidity: 75 %) for fixed days.

In case of TYPE C (C3) specimens, they were demoulded after 24 hours of
moist curing and these concrete specimens were cured in the laboratory (temperature :
20°C, relative humidity: 60%) for 28 days. After that, they were cured in the
carbonation condition (Concentration of CO,: 10%, temperature: 40°C, relative
humidity: 90%) for 56 days in order to accelerate the carbonation process in concrete.
Moreover, they were exposed outdoors for 24 months (Mean temperature: 17°C, Mean
rainfall: 130 mm/month).

3.2.4 Outline of Existing Reinforced Concrete

The existing concrete member used in the field test is shown in Fig. 3.2.3. It
was the wall located at 20 m above ground and about 36 years old. There were three
cold-joints in the upper part of the measuring area. Cover concrete, 75Smm thickness
originally, came off in some degree. Compressive strength was about 35 MPa and
carbonation depth was 43 mm. Also, it was assumed that the steel in concrete was
imaginarily divided into 7 elements with 15 cm length, and they were named “A” to
“G”. The field tests were performed in three seasons. They were winter (10.4°C,
35 %R.H.), spring (22.2°C, 55 %R.H.) and summer (31.4°C, 34 %R.H.).
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Coldjoint 1A
4 -
. C

Inside 1D
E
1F.

Fig. 3.2.3 Outline of Existing Reinforced Concrete

3.25Parameters

TYPE A (C3) and C3-B specimens after curing were placed in environment
control room where temperature and relative humidity could be controlled arbitrarily.
The range of temperature was set at 20°C, 30°C and 40°C, and that of relative humidity

was set at 75%. The experimental cases are shown in Table 3.2.9.
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Table 3.2.9 Experimental Cases for TYPE A (C3) and C3-B Specimens.

Temperature (°C)
Cement type W/B(%)
20 30 40
45 O O
OPC
55 O O O
45 O O
HESC
55 O O O
45 O O
BFSC
55 O O O

TYPE C (C3) specimens after curing were placed in environment control room
where temperature and relative humidity could be controlled arbitrarily. The range of
temperature was set at 10°C, 20°C, 30°C and 40°C, and that of relative humidity was set
at 60%, 75% and 90 %. The experimental cases are shown in Table 3.2.10.

Table 3.2.10 Experimental Cases for TYPE C (C3) Specimens.

Temperature (°C)
Humidity(%)
10 20 30 40
60 O O O O
75 O O
90 O O

3.2.6 Itemsof Investigation

(1) Carbonation depth

Determination of the carbonation depth in the concrete specimens at 7, 14, 21
and 35 days was made using the phenolphthalein test method. The indicator solution
was prepared using 1.0% of phenolphthalein powder and 99% ethyl alcohol by weight.

This test was performed by spraying the indicator solution on the surfaces of freshly
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broken concrete cylinder specimens free from dust. If the concrete was carbonated, its’
color remained the same. However, if it was not carbonated the color of the concrete
specimens will changed into purple color. The depths of carbonation in the concrete
specimens were measured by tracking the edges of the color changes whose mean were

recorded.

(2) Void ratio of concrete

Determination of the void ratio in the concrete specimens was done by cutting
sample test pieces (about 10 mm thick) from the un-reinforced cylindrical concrete
specimens. Air present in the pores of the test pieces was removed by immersing it in
water for 24 hours inside a vacuum dessicator with low pump pressure. The test pieces
were then removed from the vacuum dessicator and the excess water from the
specimens was shaken off and wiped with a clean piece of cloth. At this stage, the
specimens were considered to be water saturated and surface dry (SSD). Their weights
in air (W1) and in water (W2) at SSD condition were then measured and recorded.
Subsequently, the sample test pieces were oven-dried at 65°C for 48 hours. The weight
of the specimens after oven dried (W3) were measured and recorded. Calculation of the

void ratio was done by using the equation shown below

o ( Wi — W3j
Wi -W:2 (3-1)
where, & : void ratio
W, : weight in air at saturated surface dry condition (g)
W, : weight of the sample in water at saturated surface dry condition (g)
W, : weight of the sample after oven dried (g)

(3) Oxygen permeability test
Oxygen permeability was measured by the same method with Chapter 2.

(4) Corrosion rate

Macrocell, microcell and total corrosion rate of steel bar in concrete specimens

were measured by the same method with Chapter 2.
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On the other hand measurement method in field survey was shown in below” .

First the model of the steel corrosion in existing reinforced concrete is explained. The
corrosion reaction is occurred by electrochemical reaction as mentioned in Chapter 1.
And, the electric double layer with several A of thickness has formed in the interface
of steel and concrete. It can be considered as the electric circuit with resistance and
condenser. However, the condenser be not seem to the factor which controls corrosion
current of the steel bar in the concrete, since it flows only in the unidirection.
Considering above, the electro circuit model were constructed as shown in Fig.
3.24. In this model, Rc and Rp express the concrete resistance and polarization
resistance respectively. And these values can be measured by non-destructive test. Vs
means half-cell potential on steel surface and it also can be measured by
non-destructive test. Consequently Vc means potential in concrete and can not
measured by non-destructive test. Therefore concrete potential is calculated as follows.
The sum of current of one point in concrete equal to 0. Considering above, the

sum of the current at No. 4 equal to 0 and Equation (3-2) can be obtained.

Concrete

Electric
Double
Layer

Vs Vg3 Vss Vg, Y- Vg,, Steel bar

Fig.3.2.4 Electro Circuit Model of Steel Corrosion in Concrete.
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D=l +lg+1,=0 (3-2)

where, |, : current flowing from point 1 to point j

And the current can be expressed as shown in Equation (3-3) from Ohm’s low.

\%
| =— 3-3
R (3-3)
where, | : current (A)
\% : potential difference (V)
R : means resistance ()

From Equation (3-2) and Equation (3-3), Equation (3-4) can be obtained.

Vc4 _ch +Vc4 _Vca +Vc4 _Vs3

I:\)\224 RC46 RP34

=0 (No.4) (3-4)

Same equations can be obtained as follows

ch _Vc4 +VC4 _V51

RC 24 RS] 2

=0 (No.2) (3-5)

Vce _Vc4 +Vce _Vcs +VC6 _Vss

RC46 RC68 RP56

=0 (No.6) (3-6)

Vcs _Vce +Vcs _Vc1o +Vcs _Vs7
Rces Rcsm RP78

=0  (Nosg) (3-7)

Vc10 _Vcs +V010 _Vc12 +Vc1o _VS9 -0

(No0.10) (3-8)
RCSIO RC1012 RP‘)]O
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VC12 _Vcw +Vc12 _Vsn
RCIO]Z Rpmz

-0 (No.12) (3-9)

From above equations, the current flow from steel surface to concrete can be

expressed as follows.

— V31 _ch . = V53 _Vc4 | = Vss _VC6
12— N 34 — N 56
RP12 I:21334 RP56
(3-10)
- Vs7 _ch I _ VS9 _Vc1o I _ Vsn _ch
78 — N 910 — N 1m2 - ~
RP78 RP910 RP] 112

These current shows the macrocell current from steel bar to concrete. The
macrocell current density in existing reinforced concrete can be calculated using this
macrocell current.

On the other hand microcell current in existing reinforced concrete measured

by the same method with Chapter 2.

3.3 Influence of Temperature on Carbonation of Concrete

In this section, the influence of temperature on carbonation in concrete was

investigated using TYPE A (C3) specimen.
3.3.1 Influence of Cement Type on Car bonation of Concrete

The influence of cement type on carbonation depth in the concrete specimens is
shown in Fig.3.3.1 to Fig.3.3.3. This figures show relatively high variation in the
carbonation depth of the three types of concrete used, OPC, HESC and BFSC. The
specimens containing BFSC showed the greatest rate of carbonation followed by OPC
and HESC, respectively. The possible reason for this was due to the less free Ca(OH),

in BFSC. On the other hand, in the case of HESC concrete specimens it can be
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observed that its resistance to carbonation was relatively higher as compared with the

other two types of cement used.

30 [r¢ T €30 g T
é ementOF))/(p:e é ementOF))/ge
< —=&— HESC < —=&— HESC
220 [| —— BFsC 2 20 | —— BFSC
[ a)
c c
§e] §e)
w10 < 10
c c
(@] o
2 2
So S o
0 10 20 30 40 0 10 20 30 40
Carbonation Age (days) Carbonation Age (days)
(a) Water-Cement Ratio=0.45 (b) Water-Cement Ratio=0.55
Fig. 3.3.1 Influence of Cement Type on Rate of Carbonation (20°C).
230 Cemento'l'gge E 30 Cement(;l’gge
< —&— HESC < —&— HESC
220 || —— BFsC g 20 [|—— BFsC
[ )
c c
R o
< 10 w 10
c c
(@] o
2 2
S o S o
0 10 20 30 40 0 10 20 30 40
Carbonation Age (days) Carbonation Age (days)
(a) Water-Cement Ratio=0.45 (b) Water-Cement Ratio=0.55

Fig. 3.3.2 Influence of Cement Type on Rate of Carbonation (30°C).
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& Cement T

i ement Type
< 10 OPC
5 —&— HESC
g —&— BFESC
o 0 :

0 10 20 30 40
Carbonation Age (days)

Water-Cement Ratio=0.55
Fig. 3.3.3 Influence of Cement Type on Rate of Carbonation (40°C).

3.3.2 Influence of Temperature on Carbonation of Concrete

Generally it is said that the progress of carbonation follows the root t rules as

shown Equation (3-11).

C=AJt (3-11)
where, C : carbonation depth (mm)

A  carbonation coefficient (mm/t™)

t : Carbonation age (days)

So the carbonation progress using the carbonation coefficient shown above can
be evaluated. Table 3.3.1 shows the average values of the carbonation coefficient. The
carbonation coefficient is large in case of higher exposure temperature. Table 3.3.2
shows the magnification of carbonation coefficient. From this table it can be seen that

the carbonation coefficient becomes 1.2~1.9 times as the temperature rises with 10 °C.
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Temperature (°C)
Cement type W/C
20 30 40
0.55 2.57 322 3.87
OPC
0.45 2.16 2.61
0.55 227 2.81 330
HESC
0.45 1.88 2.24
0.55 333 4.25 5.10
BFSC
0.45 2.61 3.16
Table 3.3.2 Magnification of Carbonation Coefficient.
Temperature (°C)
Cement type W/C
30°C /20°C 40°C/30°C
0.55 1.25 1.20
OPC
0.45 1.21
0.55 1.24 1.17
HESC
0.45 1.91
0.55 1.28 1.20
BFSC
0.45 1.21

The influence of cement type on carbonation coefficient is shown in Fig.3.3.4.

From this figure, it can be confirmed that the carbonation coefficient increases with the

temperature rising.
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Fig. 3.34 Influence of Cement Type on Carbonation Coefficient with Elevated
Temperature Environment (W/C=0.55).

3.3.3ArrheniusPlot of Carbonation of Concrete

The Arrhenius plot of the result of Fig.3.3.4 is shown Fig.3.3.5. From these
figures it can be concluded that the logarithm of carbonation coefficient is proportional
to the reciprocal of absolute temperature. This fact indicates that the carbonation of

concrete apparently agrees with the Arrhenius theory. The slopes, slices and R are
shown in Table 3.3.3.

08
$ \\
|
Cement Type
02 H —— OPC
' —&— HESC
0 —A— BFSC

31 3.2 33 34 35
1000/T (1/K)

Fig. 3.3.5 Arrhenius Plot of Fig. 3.3.4.
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Table 3.3.3 Slopes, Slices and R” of Approximate Line in Arrhenius Plot of

Carbonation of Concrete.

Cement type W/C Slop Slice R’
0.55 -0.82 3.20 0.9984
OPC
0.45% -0.73 2.82 -
0.55 -0.75 2.90 0.9962
HESC
0.45% -0.68 2.58 -
0.55 -0.85 343 0.9959
BFSC
0.45% -0.74 2.93 -

*: Calculated from only the data of 2 points
3.34 Summary

Concrete specimens containing Ordinary Portland cement have shown better
performance against carbonation at lower temperature (20°C) as compared with Blast
Furnace Slag Cement. On the other hand, Blast Furnace Slag Cement concrete
performs better (higher corrosion resistance) at higher temperature (30°C and 40°C) as
compared with Ordinary Portland Cement concrete and High Early Strength Cement
concrete especially when exposed at longer period of time.

The carbonation coefficient in concrete increases with the temperature rising.
Additionally the logarithm of the carbonation coefficient is proportional to the
reciprocal of absolute temperature. This fact indicates that the carbonation coefficient in

concrete apparently agrees with the Arrhenius theory.

3.4 Influence of Temperature on CO, Induced Corrosion in
Concrete

In this section, the influence of temperature on CO, induced corrosion in
concrete was investigated using TYPE B (C3) and TYPE C (C3)specimen. TYPE B

(C3) was used for the investigation on the influence of temperature on CO, induced
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corrosion of steel bar in concrete containing different cement. Additionally in case of
TYPE B (C3) specimen there are 2 ways of casting, curing and testing. In one case the
reinforced concrete specimen exposed to same temperature during casting, curing and
testing. And in the other case the reinforced concrete specimen exposed to 30 °C during
casting and curing, and exposed to 20 °C, 30 °C or 40°C during testing. First one can
evaluate the influence of temperature and cement type, while second one can evaluate
the influence of temperature. On the other hand TYPE C (C3) specimen was used for
the investigation on the influence of temperature on CO, induced corrosion of steel bar

in concrete with cold-joint.

34.1 Influence of Temperature on CO, Induced Corroson in Concrete with
Different Cement

(1) Influence of cement type in different temperature

In this investigation TYPE B (C3) specimen exposed to same temperature
during casting, curing and testing was used.

The result of the half-cell potential test using Ag/AgCl as a reference electrode
is shown in Fig. 3.4.1 to Fig. 3.4.3. A more negative reading in the specimens generally
indicates higher probability of corrosion. However, this general rule may not always be
applicable due to various factors that influence the result of the half-cell potential
measurements such as the oxygen concentration or the carbonation in the concrete. The
result only provides information on the probability of corrosion occurring at a given
location and time but not the actual rate of corrosion. For the specimens having 10 mm
cover depth, it was very clear that BFSC containing specimens have more negative
potential after 7 and 14 days as compared with the specimens containing OPC and
HESC. The reason for this was due to the greater carbonation rate in BFSC concrete
specimens, causing earlier initiation of corrosion in the steel bars as a result of the
breaking down of the protective film which are protecting the steel bars. However, as
the specimens were exposed over a longer period of time (21-35 days) variation in their
half-cell potentials were very minimal. Perhaps this may be due to the simultaneous
corrosion taking place in the steel bars as a result of the depasivation of the protective

film protecting the steel bars in the specimens containing OPC and HESC. As for the
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specimens with 25 mm cover depth, BFSC concrete specimens generally exhibited
greater corrosion potential than in the specimens with OPC and HESC. The same
reason can be said and this was due to the effect of carbonation in BFSC containing

specimens causing a lower concrete resistance in the said specimens.
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Fig. 3.4.1 Influence of Cement Type on Half-cell Potential (20°C).
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Fig. 3.4.2 Influence of Cement Type on Half-cell Potential (30°C).
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Fig. 3.4.3 Influence of Cement Type on Half-cell Potential (40°C).

Above phenomenon can be explained by Fig. 3.4.4 to Fig. 3.4.6. These figures
show the relationship between half-cell potential and the depth of uncarbonated region
at each temperature. From these figures it can be seen that the half-cell potential
decreases with the depth of uncarbonated region decreasing. Although the half-cell
potential does not directly indicate the corrosion speed on steel surface, it is considered
that the CO, induced corrosion in concrete follows the depth of uncarbonated region

regardless of cement type.

Steel Bar
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= 0 ¢ 10mm § g o
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Fig. 3.4.4 Relationship between Half-cell Potential and Depth of Uncarbotated Region
(20°C).
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Fig. 3.4.5 Relationship between Half-cell Potential and Depth of Uncarbonated Region
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Fig. 3.4.6 Relationship between Half-cell Potential and Depth of Uncarbonated Region
(40°C).

Fig. 3.4.7 to Fig. 3.4.9 show the results of the corrosion test. Specimens with
BFSC gave a high rate of corrosion than in specimens containing either HESC or OPC
at 20 °C (see Fig. 3.4.7). This is due to the effect of temperature, which will be
discussed in the next section. The corrosion rate of the specimen with a 10 mm cover
showed what looks like a parabolic dependence with depth. As the carbonation
progresses, the pH is bound to be lowered in the vicinity of the steel bar, resulting in
increased rate of corrosion. For steel bars with 25 mm concrete cover (BFSC) the
corrosion rate increased with temperature rising as shown in Fig. 3.4.7, Fig. 3.4.8 and
Fig. 3.4.9. The rate of corrosion of the steel in all of the concrete specimens showed

increasing trend with time.
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Fig. 3.4.7 Influence of Cement type on Corrosion Rate (20°C).
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Fig. 3.4.8 Influence of Cement Type on Corrosion Rate (30°C).
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Fig. 3.4.9 Influence of Cement Type on Corrosion Rate (40°C).
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Above phenomenon can be explained by carbonation progress and oxygen
permeability. Fig. 3.4.10, Fig.3.4.11 and Fig. 3.4.12 show the relationship between
corrosion rate and depth of uncarbonated region. And Fig. 3.4.13 shows the
relationship between corrosion rate and oxygen permeability after the carbonation
depth reaches up to steel bar. From these figures, it can be seen that the corrosion rate
of steel bar in concrete is controlled by depth of uncarbonated region before the
carbonation depth reaches up to steel bar, and after that the corrosion rate in concrete is

controlled by oxygen permeability.
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Fig. 3.3.10 Relationship between Corrosion Rate and Depth of Uncarbonated Region
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(30°C).
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Fig. 3.3.13 Relationship between Corrosion Rate and Oxygen Permeability after
Carbonation Depth Reaches up to Steel Bar.

(2) Influence of temperature on CO, induced corrosion

In this investigation TYPE B (C3) specimen exposed to 30 °C during casting
and curing, and exposed to 20 °C, 30 °C or 40°C during testing.

The influences of temperature on corrosion rate of steel bars are shown in Fig.
3.4.14. Also influences of temperature on oxygen permeability are shown in Fig. 3.4.15.
From these figures it can be seen that the corrosion rate of steel bars induced by CO,
and oxygen permeability in concrete increases with the temperature rising in any

experimental parameter.
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Fig. 3.4.15 Influence of Temperature on Oxygen Permeability.

The magnifications of corrosion rate and oxygen permeability in concrete are
shown in Table 3.4.1. From this table it can be seen that the magnification at 10 °C
difference of temperature is almost 2.0. This indicate that the corrosion rate and the

oxygen permeability become 2.0 times with the 10 °C of temperature rising.
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Table 3.4.1 Magnification of Corrosion Rate and Oxygen Permeability.

Evaluation Item | Corrosion rate Oxygen permeability

Cement  type 30°C/20°C 40°C /30°C 30°C /20°C 40°C /30°C

OPC-0.45 3.60 2.28 1.85 2.49
HESC-0.45 3.15 3.96 1.84 423
BFSC-0.45 6.04 4.40 3.17 4.28
OPC-0.55 3.25 2.58 2.35 2.00
HESC-0.55 2.92 2.35 2.16 1.95
BFSC-0.55 2.86 2.13 2.29 1.38

(3) Arrhenius plot of corrosion rate in concrete induced by CO2 (different cement type)

Arrhenius plot of experimental results of corrosion rate are shown in Fig.
3.4.16. Also Arrhenius plot of experimental results of oxygen permeability are shown
in Fig. 3.4.17. From these figures it can be seen that the logarithm of corrosion rate is
proportional to the reciprocal of the absolute temperature.

The values of slope, slice and R® of approximate line in Arrhenius plot of
corrosion rate and oxygen permeability are shown in Table 3.4.2. From this table it can
be seen that R* of the approximate lines are more than 0.95 and the macrocell and
microcell corrosion rate of vertical steel bar in concrete apparently agrees with the

Arrhenius equation.
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Fig. 3.4.16 Arrhenius Plot of Corrosion Rate.
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Table 3.4.2 Slopes, Slices and R” of Approximate Line in Arrhenius Plot of

Corrosion Rate and Oxygen Permeability.

Evaluation Item Corrosion rate Oxygen permeability
Cement type Slope Slice R? Slope Slice R?
OPC-0.45 -4.20 11.06 0.99 -3.03 -1.63 0.98
HESC-0.45 -5.02 13.60 0.99 -4.07 1.62 0.94
BFSC-0.45 -6.53 18.40 1.00 -5.19 517 0.99
OPC-0.55 -4.24 11.29 1.00 -3.09 -1.27 1.00
HESC-0.55 -3.84 9.89 1.00 -2.87 -2.11 1.00
BFSC-0.55 -3.60 9.00 0.99 -2.30 -4.14 0.95

3.4.2 Influence of
Cold-joint

Temperature on CO; Induced Corrosion in Concrete with

(1) Distribution of corrosion rate of steel bars in specimen

The distribution of macrocell, microcell and total corrosion rate on the steel

bars in reinforced concrete specimen with cold-joint is shown in Fig. 3.4.18 to

Fig.3.4.19. From these figures, it is confirmed that the corrosion rate near cold-joint is

higher compared to its lower part. The better condition of corrosion at the upper part of

cold-joint is prevalent in concrete with high bleeding ratio. Since corrosion reaction on
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the steel is influenced by concrete resistance and oxygen permeability, therefore,
corrosion reaction on the steel may be accelerated due to the presence of water and the
availability of oxygen near the steel. Low concrete resistance and high oxygen
permeability in concrete implies greater risk of corrosion.

On the other hand, as manifested on the result obtained from the
electrochemical measurement, macrocell corrosion rate dominantly prevailed over the
microcell corrosion rate. Therefore, it can be concluded that the type of corrosion

prevailed on the vertical steel bar in concrete with cold-joint is macrocell corrosion

type.
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Fig. 3.4.18 Distribution of Corrosion Rate of Steel Bar in Concrete with Cold-joint.
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Cold-joint Cold-joint
2E-05 ) ¥ 9.E-06 ]
Temperature H Temperature J
| 40°C X 40°C
2.E-05 B 30C 6E-06 B 300C
|| & 20°C E- | A 20°C
1E-05 ® 10C ® 10cC

8.E-06

corrosion rate (mm/year)

corrosion rate (mm/year)

3.E-06
4E-06
0.E+00 0.E+00
0 50 100 150 200 0 50 100 150 200
Position (cm) Position (cm)
(a) Macrocell Corrosion Rate (b) Microcell Corrosion Rate

Fig. 3.4.20 Distribution of Corrosion Rate of Steel Bar in Concrete with Cold-joint.
(W/C=0.80)

(2) Influence of temperature on corrosion rate of steel bar at cold-joint

The influences of temperature on macrocell and microcell corrosion rate of
steel bars in concrete specimen with cold-joint are shown in Fig. 3.4.21 to Fig. 3.4.22.
From these figures it can be seen that the macrocell and microcell corrosion rate of steel

bars in concrete increases with the temperature rising.
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Fig. 3.4.21 Influence of Temperature on Macrocell and Microcell Corrosion Rate in

Concrete with Cold-joint. (Upper Part of Cold-joint)
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Fig. 3.4.22 Influence of Temperature on Macrocell and Microcell Corrosion Rate in

Concrete with Cold-joint. (Lower Part of Cold-joint)

The magnifications of macrocell and microcell corrosion rate of steel bars are

shown in Table 3.4.3. From this table it can be seen that the magnification at 10 °C

difference of temperature is almost 2.0~3.0. This indicate that the corrosion rate

becomes 2.0~3.0 times with the 10 °C of temperature rising.

Table 3.4.3 Magnification of Macrocell and Microcell Corrosion Rate of Steel Bar in

Concrete with Cold-joint.

Macrocell corrosion rate

Ww/C Upper part of cold-joint Lower part of cold-joint

20°C/10°C | 30°C/20°C | 40°C/30°C | 20°C/10°C | 30°C/20°C | 40°C/30°C
0.30 18.00 3.56 2.34 1.86 2.39 3.26
0.55 2.53 2.35 1.58 2.54 2.66 2.47
0.80 1.40 3.86 4.11 2.69 2.83 221

Microcell corrosion rate
Ww/C Upper part of cold-joint Lower part of cold-joint

20°C/10°C | 30°C/20°C | 40°C/30°C | 20°C/10°C | 30°C/20°C | 40°C /30°C
0.30 1.37 25.16 1.46 2.24 37.66 3.12
0.55 6.09 3.22 34.49 3.51 3.50 2.96
0.80 3.52 1.78 19.68 1.85 1.35 1.41
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(3) Arrhenius plot of corrosion rate in concrete induced by CO, (with cold-joint)
Arrhenius plot of experimental results are shown in Fig. 3.4.23 to Fig3.4.28
respectively. From these figures it can be seen that the logarithm of macrocell and
microcell corrosion rate is proportional to the reciprocal of the absolute temperature.
The values of slope, slice and R? of approximate line in Arrhenius plot of CO,
induced corrosion in concrete with cold-joint are shown in Table 3.4.4. From this table
it can be seen that R of the approximate lines are more than 0.95 and the macrocell and
microcell corrosion rate of vertical steel bar in concrete apparently agrees with the

Arrhenius equation.
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Fig. 3.4.23 Arrhenius Plot of Macrocell and Microcell Corrosion Rate.
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Fig. 3.4.24 Arrhenius Plot of Macrocell and Microcell Corrosion Rate.
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Fig. 3.4.25 Arrhenius Plot of Microcell Corrosion Rate. (Height: 117cm)
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Fig. 3.4.27 Arrhenius Plot of Microcell Corrosion Rate. (Height: 67.5cm)
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Fig. 3.4.28 Arrhenius Plot of Microcell Corrosion Rate. (Height: 42.5cm)
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Table 3.4.4 Slopes, Slices and R” of Approximate Line in Arrhenius Plot.

Macrocell corrosion Microcell corrosion
Height W/C
Slope Slice R2 Slope Slice R2
0.3 -6.3194 14.531 0.9376 -5.7584 10.837 | 0.8697
165 0.55 -2.9234 4.4644 0.9863 -7.9238 17.174 |  0.9357
0.8 -4.0662 7.9048 0.9305 -5.7312 10.653 |  0.8883
0.3 -3.4031 5.3064 0.9715 -7.8114 17.847 | 09318
142.5 0.55 -3.6254 6.8593 0.9993 -4.6295 7.1607 | 0.9998
0.8 -3.6618 6.9421 0.9987 -1.5776 -0.0326 | 0.9785
0.3 - - - -3.1332 2.0188 | 0.9858
117.5 0.55 - - - -6.3224 11.683 | 0.8498
0.8 - - - -2.1871 1.2724 | 0.9934
0.3 - - - -6.4035 12.736 |  0.7853
92.5 0.55 - - - -6.0997 10.909 |  0.8007
0.8 - - - -3.952 4.8788 | 0.8052
0.3 - - - -9.6954 22319 | 0.6766
67.5 0.55 - - - -3.1062 0.4195 | 0.6051
0.8 - - - -3.1796 23888 | 0.8627
0.3 - - - -9.7268 23551 0.7717
42.5 0.55 - - - -3.4482 1.6563 | 0.8182
0.8 - - - -2.7896 0.3104 | 0.9328
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3.4.3 Verification in Existing Reinforced Concrete

In this study the steel bar embedded in existing reinforced concrete was
imaginary divided into 6 elements as shown in Fig. 3.2.3. The length of one steel
element was 15 cm. And the macrocell corrosion rate and microcell corrosion rate were
calculated using the measured values of half-cell potential, polarization resistance and
concrete resistance as mentioned in 3.3.

The distribution of macrocell and microcell corrosion rate of steel bar
embedded in existing reinforced concrete is shown in Fig. 3.4.29. From this figure, the
macrocell corrosion rate of steel bars increases at the higher position of concrete.

Above results of field test were almost same with those obtained by laboratory test.
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(a) Macrocell corrosion rate (b) Microcell corrosion rate

Fig. 3.4.29 Distribution of Macrocell and Microcell Corrosion Rate of Steel Bar

Embedded in Existing Reinforced Concrete

The influence of temperature on macrocell and microcell corrosion rate is
shown in Fig.3.4.30. From this figure it can be seen that the corrosion rate of steel bar
embedded in existing reinforced concrete member increases with temperature rising.
The Arrhenius plots of macrocell and microcell corrosion obtained in field test is shown
in Fig. 3.4.31. From this figure it can be seen that the logarithm of macrocell corrosion
rate is proportional with the reciprocal of the absolute temperature. This tendency is

also observed in case of microcell corrosion rate.
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The values of slope, slice and R of approximate line in Arrhenius plot of CO,
induced corrosion in existing reinforced concrete are shown in Table 3.4.5. From this
table it can be seen that R* of the approximate lines in existing reinforced concrete is
smaller than that in reinforced concrete specimens. This is because there are many
factors of corrosion in existing reinforced concrete. However most of data of R2 is
more than 0.8 and it can be concluded that the corrosion rate of steel bar in existing

reinforced concrete apparently agrees with the Arrhenius equation.
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Fig. 3.4.30 Distribution of Macrocell and Microcell Corrosion Rate of Steel Bar

Embedded in Existing Reinforced Concrete.
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Fig. 3.4.31 Arrhenius Plot of Results of Field Test.
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Table 3.4.5 Slopes, Slices and R” of Approximate Line in Arrhenius Plot.

Macrocell corrosion Microcell corrosion
Height
Slope Slice R? Slope Slice R?
60 -2.6453 5.7683 0.991 -4.2443 11.317 0.9926
45 -3.4493 8.4436 0.9991 -3.9552 10.09 0.7327
30 -3.3047 7.8238 0.6208
15 -4.017 10.196 0.7149
0 -1.5524 15139 0.9989
344 Summary

The rate of macrocell and microcell corrosion in concrete induced by CO;
increases with the temperature rising. Especially the corrosion rate of steel bar in
concrete induced by CO, becomes 1.4~3.5 times with 10 °C of temperature rising.
Additionally the logarithm of corrosion rate induced by CO, is proportional to the
reciprocal of absolute temperature. This fact indicates that the steel corrosion in
concrete induced by CO, apparently agree with the Arrhenius theory.

The corrosion rate of steel bar in concrete induced by CO, is largely influenced
by carbonation reminder and oxygen permeability. And macrocell and microcell
corrosion rate in concrete with cold-joint becomes high with the bleeding ratio
increasing. Moreover, higher macrocell corrosion rate generally prevail in concrete
with cold-joint. This tendency is also confirmed in existing reinforced concrete after 35

years old.

3.5 Summary of Chapter 3

The conclusions derived from this chapter can be summarized as follows:

1 It was confirmed that the carbonation coefficient of concrete increased with the
temperature rising. Also the rate of macrocell and microcell corrosion of steel
bar in concrete induced by CO, increased with the temperature rising.

Especially the carbonation coefficient of concrete became 1.2~1.9 times with
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10 °C of temperature rising, while the corrosion rate of steel bar in concrete
induced by CO, became 1.4 ~ 3.5 times with 10 °C of temperature rising.

The logarithms of above phenomenon, diffusion of substance or corrosion of
steel bar in concrete, were proportional to the reciprocal of absolute
temperature. This fact indicated that the deterioration of reinforced concrete due
to the steel corrosion induced by CO, apparently agreed with the Arrhenius
theory.

Concrete specimens containing Ordinary Portland cement had shown better
performance against carbonation and corrosion at lower temperature (20°C) as
compared with Blast Furnace Slag Cement. On the other hand, Blast Furnace
Slag Cement concrete performed better at higher temperature (30°C and 40°C)
as compared with Ordinary Portland Cement concrete and High Early Strength
Cement concrete.

The corrosion rate of steel bar in concrete induced by CO, was largely
influenced by carbonation reminder and oxygen permeability of concrete.
Macrocell and microcell corrosion rate in concrete with cold-joint became high
with the bleeding ratio increasing. Moreover, higher macrocell corrosion rate
generally prevailed in concrete with cold-joint. This tendency was also

confirmed in existing reinforced concrete constructed 35 years ago.
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Discussions for Temperature Influence on
Deterioration of Reinforced Concrete

Based on Arrhenius Theory.

4.1
4.2
4.3

44
4.5
4.6

I nfluence of Temperature on Diffuson or Chemical Reaction in Concrete
Calculation of Activation Energy

Significance of Activation Energy in Deterioration of Reinforced Concrete
Members

Activation Energy of Diffusion of Substancesin Concrete

Activation Energy of Steed Corrosion in Concrete

Summary of Chapter 4

References of Chapter 4

4.1 Influence of Temperature on Diffuson or Chemical

Reaction in Concrete

As shown in Chapter 1, most of the diffusion of substance and the chemica

reaction is gpeeded up with the increase of the temperature. Most of deterioration of

reinforced concrete such as stedl corrosion induced by Cl™ or CO, aso occurs based on
diffuson and/or chemical reaction. Therefore it is considered that the deterioration of
reinforced concrete will be speeded up with the increase of the temperature.

When the influence of temperature on the diffuson of substance and the

chemical reaction is discussed, activation energy derived from Arrhenius equation is

most important factor. Therefore in this chapter, the deterioration progress of reinforced
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concrete is discussed based on the activation energy calculated by Arrhenius equation.
Fird, the activation energy is caculated usng Arrhenius equation. Secondly the
significance of activation energy in deterioration of reinforced concrete is discussed
using Arrhenius theory. Thirdly the activation energy of diffuson and corrosion in
reinforced concrete discussed using the data of Chapter 2 and Chapter 3.

4.2 Calculation of Activation Energy

In generd, the influences of temperature on diffusion or chemical reaction are
theoretically illustrated using the Arrhenius equation as shown below.

k= aexp(—A—E] (4-1)
RT
where, k : rate constant
a : frequency factor (Congtant)
AE : activation energy (cal/mal)
R . idedl gas constant
T : absolute temperature (K)

By taking the logarithm of the given equation, Equation (4-1) will be
transformed into Equation (4-2).

—AE 1
logk = (T -log,, e}(?) +loga 4-2)

Here when chemica reactions progress, the reactants seem to shift to the
products through the active state with the high energy. The difference between active
state and the reactant is called the activation energy™™. In the system, in which multiple
chemical reactions are generated, the activation energy depends on the reaction which
determines the rate of reaction. Usng the Equation (4-1) and (4-2), it can be
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theoretically confirmed that the rate of diffuson of substance or chemical reaction
Increases with temperature rising.

On the other hand, from experimental results of Chapter 2 and Chapter 3, it was
confirmed that the logarithm of rate of diffusion or chemica reaction is proportiond to
the reciproca of the temperature. Therefore the following reationship could be
obtained.

logk = A{EJ +B 4-3)
T
where, k : rate constant
T : absolute temperature (K)

A B :experimenta congtant

Generdly above reationship is called Arrhenius plot and the activation energy
can be cal culated by comparing with Equation (4-2) and (4-3).

A
log,, e

AE, = -

a

‘R=-4.58x A (4-4)

where, AE, : Activation energy (kcal/moal)
R :Gasconstant  1.99x 10°[kcal/K/mol]
A : Sope of Arrhenius plot derived from experimenta results (K)

4.3 Significance of Activation Energy in Deterioration of
Reinforced Concrete Members

Generdly the activation energies become specific vaue in each diffusion or
reaction. However in continuous diffusion or chemica reaction phenomenon of the
multiple substances the mechanism of dowest rate determines the whole rate of
diffusion or reaction, and activation energy of rate-limiting mechanism is obtained from
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aArrhenius plot. This phenomenon can be explained by Fig. 4.3.1.

T T,

. g ) .EE |
solid 3 times solid

>

Fig. 4.3.1 Schematic Figure of Influence of Temperature on Chemica Reaction
Fig.4.3.1 shows the following chemica reaction a T, and T, of temperature
condition. The number in the figure shows the quantities of substance.

2A,,+B,, —»C

ion 'solid
Coiia + 2Dy > E

solid

(4-5)
(4-6)

Hereit is assumed that the quantities of substances of Aion, Bion @nd Dion are 10,
10and 2 a T, °C and the quantities of substances of Ajon, Bion and Dign are 20, 40 and 6
at T, °C respectively. These values increase with temperature rising. In this assumption
the quantities of Aion, Bion @nd Dion become 2, 4 and 3 times respectively with the
increasing the temperature from T, to T». These magnifications are related to activation
energy. Therefore activation energy becomes one of the evauation items when the
deterioration progress of reinforced concrete is discussed.

In order to confirmed the above phenomenon in reinforced concrete, the
relationship between corrosion rate of steel bar and oxygen permeability is investigated
asfollows.

Fig. 4.3.2 shows the reationship between the corroson rates of sted bar
messured by experiment and calculated from oxygen permeability in concrete. From
thisfigure it is confirmed that the corrosion rate of stedl bar measured by experiment is
amost same with that calculated from oxygen permeability. This fact indicates that the
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corrosion rate of stedl bar is controlled by the oxygen permeability in this concrete. On
the other hand Fig. 4.3.3 shows the relationship of activation energies of corrosion and
oxygen permesbility. From this figure it can be confirmed that the activation energy of
corrosion of sted bar is amost same with that of oxygen permeability. Considering the
above results it can be concluded that the activation energy of corrosion rate becomes
amost equivalent with that of Oxygen permesbility, when the corrosion rate of sted
bar in concrete has been controlled by Oxygen permesbility.

0.006

0.004 L4

0.002 *

Corrosion Rate Measured
by Experiment (mm/year)
[}

[ ]
o

0 0.002 0.004 0.006
Corrosion Rate Calculated

by Oxygen Permeability (mm/year)
Fig. 4.3.2 Relationship between Corrosion Rates of Stedl Bar Measured by Experiment
and Cd culated from Oxygen Permeability in Concrete.

30 |
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10 |

of Corrosion (kcal/mol)

Apparent Activation Energy

0
0 10 20 30

Apparent Activation Energy
of Oxygen Permeability (kcal/mol)

Fig. 4.3.3 Relationship of Activation Energies of Corrosion and Oxygen Permesbility.
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4.4 Activation Energy of Diffusion of Substancesin Concrete
4.4.1 CI" Diffugvity in Concrete
The activation energy of Cl™ diffusvity in concrete is shown in Table 4.4.1.

From thistable it can be seen that the activation energy of ClI™ diffusivity isfrom 12.0 to
32.2 kca/mol and it varies with the properties of concrete due to the different bleeding

ratio or position of specimen.
Table4.4.1 Activation Energies of CI” Diffusivity in Concrete.

Bleeding ratio (%) Position Activation energy(kca/mal)

0.18 Top 26.3
Side 254
Bottom 202
Insde 292

051 Top 16.8
Sde 24.2
Bottom 120
Insde 325

4.58 Top 310
Sde 315
Bottom 200
Insde 322

It is expected that the following phenomenon occurs in concrete during the
diffuson of CI;

(2) Diffusion of ClI" in pore solution of concrete.

(2) Adsorption or immobilization of CI” into cement hydrates.

According to the research of C. L. Page et. a.*? the activation energy of CI°
diffusivity in concrete varies with the W/C and they conclude that the activation energy
is largely influenced by the tortuosity of pore structure. Otherwise according to the
research of Mohara and Ishida™® the immobilizing ratio of Cl” in to cement hydratesis
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increasing with the temperature rising. Above phenomena aso depends on the different
bleeding ratio or postion of specimen. Therefore it is consdered that the activation
energy of Cl” aso varies with the distribution of pore volume or the immobilizing ratio
of ClI" into cement hydrates due to properties of concrete. Therefore the above (1) and
(2) islargely influenced on the temperature influence of ClI” diffusion in concrete.

Fig. 4.4.1 shows the relationship between activation energy of Cl™ diffusivity
and bleeding ratio of concrete. From this figure it is confirmed that the activation
energy of CI” diffusivity in concrete varies with the bleeding ratio. From thisresult it is
considered that the temperature influence on Cl diffusivity in concrete varies with the
property of concrete.

40

w
o

i

©
E 0l
3 "
< Position
10 . Outer
. Inner
0 ‘ [, ET

Activation Energy of ClI- Diffusivity

0.18 051 458
Bleeding Ratio of Concrete (%)

Fig. 4.4.1 Relationship between Activation Energy of Cl™ Diffusivity and Bleeding
Ratio of Concrete.

4.4.2 Carbonation of Concrete

The activation energy of carbonation of concrete is shown in Table 4.4.2. From
thistable it can be seen that the activation energy of carbonation of concreteisfrom 3.1
to 3.9 kca/mol and it varies with the properties of concrete due to the different cement
type or W/C. This is because the carbonation reaction in concrete is highly related to
the quantity of Ca(OH), and it is depends on the type of cement or W/C. Asaresultitis
considered that the activation energy varies with the different cement type or W/C.
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Cement Type wi/C Activation energy(kca/mal)

0.55 38
OPC

045 33

0.55 34
HEPC

045 31

0.55 39
BFSC

045 34

It is expected that the following phenomenon occurs in concrete during the

carbonation of concrete;

(2) Diffusion of CO, gasin concrete.

(2) Dissolution of Ca’* from cement hydrates to pore solution.

(3) Dissolution of COs* from air to pore solution.

(4) Reaction between Ca2" and COs” in pore solution.

Related to the phenomenon of (1), it is expected that the diffuson of CO, gasin
concrete increases with the temperature rising. And related to the phenomenon of (2)

and (3), the influence of temperature on dissolution of Ca®* or CO, can be expressed as
shown in Fig. 4.4.2"%. From these figures it can be seen that the solubility of Ca(OH),
and CO, are decreases with the temperature rising. Additiondly, related to the
phenomenon of (4), it can be expected that the rate of reaction between Ca®* and COs*
in pore solution increases with the temperaturerising. Thereforeit is considered that the

diffuson of CO, gas increases while the degree of carbonation in certain depth of

concrete is not sO much progress with the temperature risng. As a result the

carbonation depth increases with the temperature rising.
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Fig. 4.4.2 Influence of temperature on dissolution of Ca(OH), and CO, to solution.**

Fig. 4.4.3 shows the relationship between activation energy of carbonation of
concrete and cement type. From thisfigureit is confirmed that the activation energy of
carbonation of concrete varies with the type of cement. From this result it is considered
that the temperature influence on carbonation of concrete varies with the property of
concrete.
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Fig. 4.4.3 Relationship between Activation Energy of Carbonation of Concrete and
Cement Type.

4.4.3 Oxygen Permeability in Concrete
The activation energy of oxygen permeability is shown in Table 4.4.3. From

this table it can be seen that the activation energy of oxygen permeability is from 10.5
to 23.8 kcal/mol and it varies with the properties of concrete due to the different cement
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type and W/C. Thisis because the oxygen permeahility in concreteis highly related to
the pore structure of concrete and it is depends on the type of cement or W/C. As a
result it is considered that the activation energy varies with the different cement type or
WIC.

Table 4.4.3 Activation Energy of Oxygen Permeability.

Cement type wi/C Activation energy(kca/mal)

0.55 141
OPC

045 139

0.55 131
HPC

045 186

0.55 105
BFSC

045 238

It is expected that the following phenomenon occurs in concrete during the
diffuson of O, gas.

(1) Diffusion of O, gasin concrete.

(2) Dissolution of O, gasfrom air to pore solution.

(3) Rate of cathodic reaction at stedl surface.

It can be expected that the diffusion of O, gas in concrete increases with the
temperature rising. And the influence of temperature on dissolution of O, gas can be
expressed as shown in Fig. 4.4.4™. From thisfigure it can be seen that the solubility of
O, are decreases with the temperature rising. Additionally it can be expected that the
rate of cathodic reaction a sted surface increases with the temperature rising.
Therefore the diffusion phenomenon of O, increases with temperature rising while the
dissolution of O, gas decreases.
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Fig. 4.4.4 Influence of temperature on dissolution of O, to solution™®

4.4.4 Summary

The activation energies of diffusion of harmful substance against steel corrosion
in concrete such as ClI', CO, and O, can be obtained from 12.0 to 32.2kcal/mol, from
3.1 to 3.9kcal/mol and from 10.5 to 23.8kcal/moal respectively. It is aso confirmed that

these values were largely influenced by the property of concrete, especidly the pore
structure of concrete.

4.5 Activation Energy of Sed Corrosion in Concrete

45.1 CI" Induced Corroson

The activation energy of Cl” induced corrosion is as shown in Table 4.5.1.
From thistable it can be seen that the activation energy of Cl” induced corrosion isfrom
5.2 to 19.4 kcad/mol and it varies with the properties of concrete due to the different
WI/C, bleeding ratio and position of stedl bar.
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Table4.5.1 Activation Energy of Cl” Induced Corrosion in Concrete Influenced by
Bleeding.
(a) Verticd sted bar (kcal/mol)

Kind of sted bar Macrocell Microcell
ater content (kg/m)
175 225 275 175 225 275
Position(cm)
Water cement ratio
145 9.7 11.3| 12.2 114 | 126| 10.7
=55%
75| 194 | 105 70| 134 | 127 | 145
5 - - - 111 12.7| 126
wi/C
0.3| 0.55 0.8 0.3 0.55 0.8
Position
Water content
145 11.7 11.3 52| 127 126| 126
=225kg/m?®
75 - - - 109 | 12.7| 177
5 - - - 10.2 | 12.7| 16.9
(b) Horizontal steel bar (kcal/mol)
Kind of sted bar Macrocd I* Microcell
Water content(kg/n)
175 225 275 175 225 275
Postion
Water cement ratio
145 17.7| 13.7 11.2 | 122 121 11.7
=55%
75| 151| 135 182 | 145| 142 | 151
5 - 11.8 - 143 | 13.6| 1838
w/C
0.3| 0.55 0.8 0.3 0.55 0.8
Position
Water content
145 16.0| 13.7| 13.1| 143| 121 | 103
=225kg/m®
75 - 13.5 83| 147 | 146 9.4
5 - 11.8 91| 179| 136 54

* In the macrocell corrosion in horizontal stedl bar, the lower part of sted bar became
anode and upper part of sted bar became cathode.
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Fig.4.5.1 and Fig.4.5.2 show the influence of specific concrete resistance on
the activation energy of CI” induced corrosion in vertical stedl bar and horizontal stedl
bar respectively. From these figures, it can be seen that the activation energy of
macrocell corroson seems to be changed with the specific concrete resistance
increasing. Especidly the activation energy can be divided into 3 groups, namely (a),
(b) and (c). In group (8) the activation energy is about 20kca/mol. In group (b) the
activation energy is about 9  15kca/mol. In group (c) the activation energy is about
7kca/mol  The activation energy of macrocdl corroson varies with the specific
concrete resstance, while the activation energy of microcell corrosion is amost
congtant

The difference of the activation energy between macrocdl corroson and
microcell corrosion induced by CI” is examined as follows. In case of macrocell
corroson the anodic region and cathodic region separately exists. Therefore it is
considered that the rate of macrocell corrosion is easily influenced by the specific
concrete resistance and the rate limiting condition changes depending on the specific
concrete resstance. On the other hand the microcdl corroson is not so much
influenced by the concrete resistance because the anodic region and cathodic region are
quite close.

From above consideration it can be concluded that the rate limiting condition
of macrocell corrosion induced by Cl™ varies with the specific concrete resistance while
that of microcell corrosion is constant.
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45.2 CO, Induced Corrosion

The activation energy of CO, induced corrosion is as shown in Table 4.5.2.
From this table it can be seen that the activation energy of CO, induced corrosion is
from 7.2 to 44.5 kca/mol and it varies with the properties of concrete due to the
different W/C and position of sted bar.

Table 4.5.2 Activation Energy of CO, Induced Corrosion in Concrete with Cold-joint

(kca/mol)
Macrocell Microcell
wi/C
0.3 0.55 08 0.3 0.55 08
Position (cm)

165 28.9 134 186 264 36.3 26.2
1425 156 16.6 16.8 358 21.2 7.2
1175 - - - 143 28.9 10.0

925 - - - 203 279 181
675 - - - 44.4 14.2 146
425 - - - 44.5 15.8 128

Fig.4.5.3 shows the influence of concrete resistance on the activation energy
of CO, induced corrosion. From these figures, it can be seen that the activation energy
of macrocell corrosion increases with the concrete resistance increases. As shown in the
previous section the activation energy of macrocdl corroson seems to be eadly
influenced by concrete resistance. On the other hand the microcell corrosion is
scattering. Thisis because the value of microcell corrosion rate in carbonated concrete
isrelatively small and the data contains the measurement scattering.
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Fig. 4.5.3 Influence of Specific Concrete Resistance on Activation Energy
(CO; Induced Corrosion)

4.5.3 Influential Factor on Activation Energy of Corrosion in Concrete

Fig4.5.4 shows the relationship between activation energy (CI™ induced
corrosion and CO, induced corrosion) and specific concrete resistance. From thisfigure
it can be seen that the activation energy varies with the specific concrete resistance.
Especidly in case of high concrete resistance, the activation energy seems to be
scattering and relatively large.

It is considered that there are two reasons on this matter. First reason isthat the
rate-limiting condition of corrosion is changes with the specific concrete resistance.
The corrosion reaction is one of the eectrochemica reactions and it is largely
influenced by the solution resistance. In case of corroson of steel bar embedded in

-119-



Chapter 4

concrete the solution resistance means concrete resstance. If the concrete resistance
changes, the rate-limiting condition aso changes. In order to confirm the above, the
relationship between the activation energy of corrosion and oxygen permesbility is
shown in Fig. 4.5.5 (microcell). From this figure it can be seen that the activation
energy of corrosion of stedl bar is almost same with that of oxygen permeability. This
means that the rate-controlling factor of corrosion rate is mainly the quantity of O,
around the sted bar and the activation energy of corrosion reaction increases with that
of O, permesbility increasing.

Second reason is the problem of measurement method. From the Fig.4.5.4 the
activation energy of macrocdl corroson is not so much scattering while that of
microcell corrosion is scattering. In case of macrocell corroson the Am meter is used
and the macrocell corrosion current directly is directory measured. On the other hand in
case of microcell corrosion the aternating current impedance method is used. In this
measurement the smdl vaue has the measured scattering. Fig. 4.5.6 shows the
relationship between the corrosion rate and specific concrete resstance of al data
obtained in this study. From this figure it can be seen that (1) the microcell corrosion
rate is smaller than macrocell corrosion ratein any concrete resistance, (2) the microcell
corrosion rate of high resistance of concrete seemsto be scattered.
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Fig. 4.5.4 Influence of Concrete Res stance on Activation Energy of Corrosion.
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4.5.4 Summary

The activation energy of steel corrosion in concrete induced by Cl™ and CO;
can be obtained from 5.2 to 19.4 kcal/mol and from 7.2 to 44.5 kcal/mol respectively.
These activation energies seemed to be changed with the property of concrete or the
kind of substance. And it was confirmed that the macrocell corrosion rate and the
microcell corrosion rate had different temperature dependency. Especidly, the rate of
macrocell corrosion seemed to be eadly influenced by concrete resstance and the
activation energy increased with the concrete resistance increasing. Additionaly the
activation energy of corroson of sted bar was dmost same with that of oxygen
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permeability when the corrosion rate of steel bar in concrete controlled by oxygen
permesbility.

4.6 Summary of Chapter 4

The conclusions derived from this chapter can be summarized asfollows:

1 The activation energies of deterioration phenomenon of reinforced concrete
were calculated based on Arrhenius theory. As aresult, the activation energies
of diffuson of harmful substance againgt steel corrosion in concrete such as
CI', CO, and O, obtained were 12.0 to 32.2kcal/mal, 3.1 to 3.9kcal/mol and
0.5 to 23.8kcal/moal respectively. It was aso confirmed that these values were
largely influenced by the property of concrete, especialy the pore structure of
concrete.

2 The activation energy of stedl corrosion in concrete induced by Cl” and CO,
obtained were 5.2 to 19.4 kca/mol and 7.2 to 44.5 kcal/mol respectively.
These activation energies seemed to be changed because the rate-limiting
condition changed with the increase of specific concrete resstance. Especialy,
the activation energy of corrosion of steel bar was almost same with that of
oxygen permeability. This indicated that the rate-controlling factor of
corrosion rate was mainly the quantity of O, around the stedl bar and the
activation energy of corrosion reaction increases with that of O, permesbility
increasing.

3 It was confirmed that the macrocell corrosion rate and the microcell corrosion
rate had different temperature dependency. Especidly, the rate of macrocell
corroson seemed to be easly influenced by concrete resstance and the
activation energy increased with the concrete resistance increasing.

4 The activation energy of corrosion of stedl bar was almost same with that of
oxygen permesbility when the corrosion rate of sted bar in concrete
controlled by oxygen permeability.

-122-



Chapter 4

References of Chapter 4

4-1) Ohki, M., Ohsawa, T., Tanaka, M., Tihara, H., Chemicd Dictionary, p. 275
(1994).

4-2) Page, C. L., Lambert, P, Kinetics of Oxygen Diffuson in Hardened Cement
Pastes, Journal of Materias Science, 22, pp.942-946 (1987).

4-3) Mohara, K., Ishida, T., A grasp of chloride behavior under the high
temperature environment in concrete, Proceedings of the 58" Annua
Conference of the Japan Society of Civil Engineers, V-031 (2003).

4-4) National Astronomical Observatory of Japan, Rikanenpyo (2004).

-123-



Chapter 5

Prediction of Deterioration Progress of Reinforced
Concrete Dueto Steel Corrosion Considering
Temperature Effect.

5.1 Deterioration Progressof Reinforced Concrete

5.2 Influence of Temperature on Deterioration Progressof Reinforced Concrete

5.3 Deterioration Progressof Reinforced Concrete Dueto Cl- Induced Corrosion
Consdering Regional and Seasonal Temperature

54 Summary of Chapter 5

References of Chapter 5

5.1 Deterioration Progress of Reinforced Concrete

It is not aways guaranteed that required performance of the Sructure is
maintained in concrete structure during the scheduled service period. In the meantime,
the maintenance administrators of the concrete structure should check the performance
of the dructure in the scheduled service period. Therefore the maintenance
administrators must appropriately maintain the reinforced concrete structures based on
the maintenance procedure such as inspection, degradation prediction, evauation and
judgment, countermeasure as shown in Fig.5.1.1.5%.
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* Numbers inside ( ) indicate chapters and sections
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Fig.5.1.1 Concept of Investigation, Repair and Srengthening of Cracks.>”

Unnecessary |

The information that how the performance deterioration of the structure
changes under the environment and where the structure is used must be grasped in
order to carry out the appropriate and systematic maintenance for the concrete structure.
Inthiscasg, it is necessary to do the degradation prediction of the structure based on the
result of ingpection. Appropriate prediction needs the evauation and judgment of
performance based on the following matters, (a) the evauation and judgment of
whether it has satisfied a demand level of concrete structure during the scheduled
sarvice period, (b) the estimation in the persstence in-service period of the structure
and (c) the evaluation and judgment of necessity of detailed ingpection and the repair.
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The deterioration induced by stedl corrosion in concrete such as Cl™ induced
corrosion and CO, induced corroson progress through 4 deterioration stages as
follows; incubation stage, progress stage, acceleration stage and deterioration stage as
shownin Fig.5.1.2>2.

Crack

Corrosion

Deterioration

cceleration  Deterioration

\
Incubation  Propagation

Structural Degradation

v

Fig.5.1.2 Deterioration Progressin Reinforced Concrete®?

Consdering results of previous chapters, it is considered that the deterioration
progress of reinforced concrete such as Cl” induced corrosion or CO, induced corrosion
are affected by temperature. And the temperature of the environment is regiondly and
seasondly different from the cities. Therefore it is necessary to consider the regiona
and seasond temperature effect on deterioration progress of reinforced concrete
gppropriately. In this chapter the influence of temperature on above deterioration
progress of reinforced concrete is discussed using Arrhenius theory.

5.2 Influence of Temperature on Deterioration Progress of

Renforced Concrete

5.2.1 Reationship between Magnification of Rate of Reaction and Activation
Energy
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The influence of temperature on the deterioration progress of the reinforced
concrete structure is discussed as shown below.

As shown before, the Arrhenius equation can be expressed as shown in
Equation (5-1).

k= aexp(— F\?—ij (51

Therefore the rate constant of reaction a T; and T, can be obtained by
Equation (5-2) and (5-3) respectively.

AE
k., = - 52
; aexp[ R_TJ 52)
AE
k. = — 5-3
. aexp[ R_TJ 53

From above equations, the relationship between the rate of reactions at T, and
T, can be expressed as shown in Equation (5-4).

Vi, _kC_aexp-AE/R-T,)_ JAE(1 1 (5-4)
V;, k. C  aexp(-AE/R-T,) R

Tl T2
From this equation it can be said that the deterioration progress of the

reinforced concrete structure a T, becomes ex{ AE (1_1]} times of that & T1. The
RIT, T,

relationship between magnification of rate of reaction and activation Energy is shown

in Fig. 5.2.1. From this the influence of temperature on the deterioration progress of
reinforced concrete Structures using activation energy can be understood.
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Fig. 5.2.1 Relationship between Magnification of Rate of Reaction and Activation

Energy.

5.2.2 Influence of Temperature on Deterioration Progress of Concrete

concrete under 40°C progress faster than that under 30°C.

Table 5.2.1 shows the magnification of deterioration progress of reinforced
concrete based on the Arrhenius equation. From this table it can be seen that the
temperature dependencies of deterioration progress of reinforced concrete are different
from the kinds of deterioration. Also it can be seen that the deterioration of reinforced

Table5.2.1 Magnification of Deterioration Progress of Reinforced Concrete against

20°C.
Deterioration ) ) ) ]
) Cl" induced corrosion CO, induced corrosion
Periods
) 20~4.4times 12~1.3times
Incubation o ) o
(CI" diffusivity) (Carbonation coefficient)
e Propagetion 1.3-3.1times 1.3~-3.1times 1.3~3.1times 1.3~3.1times
Acceleration (Macrocell (Microcdll (Macrocdll (Microcell
Deterioration Corrosion) Corrosion) Corrosion) Corrosion)
] 3.7~ 17.3times 14~16times
Incubation - ) o
APC (CI" diffusivity) (Carbonation coefficient)
jo0°C Propagetion 1.7~9.0times 3.0~9.0times 4.2 ~24.0times 5.2 ~26.8times
Acceleration (Macrocell (Microcell (Macrocdll (Microcell
Deterioration Corrosion) Corrosion) Corrosion) Corrosion)
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5.3 Deterioration Progress of Reinforced Concrete Due to
ClI" Induced Corroson Consgdering Regional and

Seasonal Temperature

The temperature is the regiondly or seasondly different in each city.
Therefore the deterioration progress of reinforced concrete is adso different. In this
section the deterioration progress of Cl™ induced corrosion and CO, induced corrosion
in reinforced concrete considering the regional and the seasond temperature is
discussed based on the Arrhenius theory. The reinforced concrete considered in this
section has 0.55 of water cement ratio and 175 kg/m® of water content. The input data
of reinforced concrete is shown in Table 5.3.1. Also the input temperatures of severa
citiesareshownin Table5.3.2.

Table5.3.1 Input Data of Reinforced Concrete

wiC 0.55

W (kg/m?’) 175

Kind of deterioration Cl" induced corrosion CO, induced corrosion

Activation energy of diffusivity of 168 28
aggressive substance (kcal/mol) ' '

Activation energy of Macrocell Microcell Macrocell Microcell

sted corrosion

9.7 1.4 212 26.2
(keal/mol)

Environmental condition Tidal zone

Decision Factor for Period of Deterioration

Beforethe Cl” concentration reaches to the threshold level

Incubation Period ) 3
(CI" concentration =1.2kg/m).

Before the corrosion crack occurs

Propagation Period ] ] )
(Corrosion quantity =10mg/cm”).

Before the loading capecity of reinforced concrete member
Deterioration Period decreases up to 70 % of sounding member
(Corrosion quantity =500mg/cm?).
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Table 5.3.2 Average Temperature of Cities

Chapter 5

Name of City Jan | Feb [ Mar | Apr | May| Jun | Jul | Aug| Sep | Oct [ Nov [ Dec| Ave
| 1 Naha 16.6[ 16.6| 18.6( 21.3]| 23.8| 26.6| 285 28.2| 27.2| 24.9| 21.7| 184 22.7
| 2| Miyako 17.7(17.8]| 19.7( 22.3]| 246 271|285 28.1| 27.1| 25.1| 22.3| 194 23.3
| 3 Fukuoka 6.4] 69| 99| 148]|19.1|226| 26.9| 27.6| 23.9| 18.7| 134| 87 16.6
| 4 Kagoshima 83| 9.3[121]16.8]|20.2)| 236] 27.9( 282| 25.8| 20.8| 15.6| 104 18.3
| 5| Kohchi 6.1]| 6.9(105] 155 19.3| 22.7| 26.4| 27.2| 241| 188| 134| 82 16.6
| 6| Hiroshima 53| 57| 9.0]14.6]189) 22.8]| 269 27.9[ 23.9| 18.0] 123 75 16.1
| 7] Matsue 42| 43| 73|127[173|211|252| 26.3[ 22.1| 164 11.3| 6.7 14.6
| 8|AsiaJapan Kyoto 46| 48| 81|141(188| 22.7|26.7| 27.8[ 236| 175[ 11.9| 6.9 15.6
| 9| Gifu 43| 47| 82]141]|186|225]| 26.2| 27.5]| 235| 17.7| 11.9| 66 155
| 10| Koufu 25| 37| 76]135/18.0]|216] 251|262 222]161)101| 45 14.3
| 11 Tokyo 58| 61| 89|144|187(218]|254|271]| 235]182] 130| 84 15.9
| 12| Niigata 26| 25| 54]112]|161|204| 245]| 26.2| 22.0| 16.0] 10.2| 53 135
| 13| Sendai 15| 17| 45[101)149(183]221(241]|204(148] 91| 43 12.2
| 14| Wakkanai 50| 51| -14| 42| 86| 124]|169| 195] 16.6] 108 33| -20 6.6
15 Nemuro -40| 47| -1.7| 32| 73]|105|144|173| 155|111 50| -05 6.1
| 16| Beijing -36| 16| 82]|140]| 215|254 25.2( 25.2| 21.3| 138] 3.6| -0.8 13.0
1 17| Shanghai 35| 67| 87]|142]| 186|243 26.7| 259| 23.8| 182| 134| 58 15.8
| 18 Dalian -36| -03| 52]|105]| 174|192 219(241[21.6]| 134] 53| -02 11.2
| 19| Guangzhou 11.9(165]| 185( 21.5]| 25.8| 27.5] 29.5( 29.2] 27.3| 235] 20.1 | 15.2 22.2
| 20 Nanking 16| 35| 85[148]| 209 242]|273[274]|226( 166] 10.3[ 34 15.1
| 21 Hong Kong 15.8[ 159| 185( 22.2]| 259 27.8| 28.8| 28.4| 276 25.2| 214 | 17.6 22.9
| 22| Taipei 153( 157| 17.7( 21.6| 24.8| 27.0| 29.0( 28.8] 27.1| 241| 20.7| 17.2 224
| 23] Asia Seoul -3.41 -11| 45] 118|174 215] 246| 25.4| 206| 14.3| 6.6 -0.4 11.8
| 24| Singapore 255(26.1]| 265(269]| 27.1| 27.1]| 26.8| 26.7]| 26.6 | 26.5| 26.0| 25.5 26.4
| 25 Manila 25.7(26.2| 275(29.0]| 20.4| 28.6| 27.9( 27.3| 27.4| 27.6| 275 26.2 275
| 26 KualaLumpur| 26.1| 26.5| 26.8| 27.0| 27.2| 27.0| 26.6| 26.7]| 26.4[ 26.5] 26.1| 26.1 26.6
| 27| Bangkok 25.6(27.2]| 286 29.6] 290.3| 28.7| 28.1 | 27.9| 27.6| 275 26.7| 255 27.7
| 28| Ho Chi Minh | 26.7| 27.6| 28.4| 29.7| 29.1| 27.8| 27.6| 28.0]| 27.3[ 27.1]| 279 27.1 27.9
| 29| Hanoi 17.8( 189| 185 25.4| 27.7| 28.7]| 284 | 28.3]| 27.0| 24.3| 23.2| 19.7 24.0
| 30| Jakarta 26.2)| 266 271|277 278 27.7]| 274| 27.3| 276 27.7| 274 | 27.0 27.3
31 New Delhi 14.2(17.2]| 22.7( 189] 32.8| 33.8] 31.0[ 29.6] 29.2| 26.2| 205 15.7 24.3
| 32| New York 01] 08| 51]112]|16.8|220| 24.8|238]| 202|148 86| 19 125
| 33| LosAngeles | 12.3] 13.1| 14.0| 159] 17.8| 19.6| 22.3| 229]| 22.1( 19.4] 159 131 174
| 34| San Francisco | 10.7] 10.1| 12.9| 12.9( 14.0| 155 15.7| 17.0| 16.8| 14.4]| 10.2| 9.0 133
| 35| Chicago -43| -26| 27| 99]|156| 21.4| 23.7(232| 188]| 13.0] 47| -19 104
| 36 Houston 11.2( 129] 16.0( 20.8| 24.2| 27.3| 285 28.6| 26.2| 21.6| 16.2| 12.6 20.5
| 37|U.S.A. continent |Honolulu 22.4) 224 228(238[24.9]|261]26.7| 27.1]| 269 26.1| 24.7| 23.2 24.8
| 38| Atlanta 58| 7.2[106] 16.2| 20.6| 24.2| 25.6| 25.3| 22.4| 169| 10.8| 64 16.0
| 39| Montreal -9.8| -89| -22| 56/ 131]184| 21.0| 19.8| 152| 89| 22| -66 6.4
| 40| \ancouver 29| 51| 60| 85|118]| 148 169]| 16.8] 143|103 62| 41 9.8
| 41 Mexico City. | 12.9] 145 17.0| 180] 18.1| 17.2| 16.0| 16.3] 15.7( 15.1] 140 12.9 15.6
42 Sao Paulo 23.6| 25.6| 224 [ 24.2| 203| 175] 18.6| 18.3| 21.0( 21.8[ 22.8| 24.1 21.7
| 43| London 36| 41| 56| 79|111]|143]|161|159] 13.7]|10.7| 64| 44 9.5
| 44| Paris 33| 40| 66| 96| 133|164 18.2| 17.8| 153| 11.2| 6.6| 43 10.6
| 45| Milan 11| 36| 7.8[121)|16.6(205]|229( 218|182 124| 66| 21 12.1
| 46 Roma 79| 88[105] 132|172 21.2| 23.6| 23.6] 20.9| 16.3| 12.3| 9.0 154
| 47| Vienna -08] 11| 49]|100] 145|181 19.7( 19.0] 153 99| 49| 11 9.8
| 48|Europe Brussel 23| 31| 58| 88| 130|158 17.2| 17.0| 145] 10.7| 6.0| 36 9.8
| 49] Amsterdam 52| 15| 73| 81[124(152]211|176]136| 92]102| 54 10.6
| 50| Dusseldorf 48| 21| 79| 9.0[133|165f227)|186f 141 95[100| 57 112
| 51 Geneva 11| 23| 59| 97]|142[17.7]20.1|189] 158 10.8| 58| 24 10.4
| 52| Stockholm -30| -36[ -05]| 41| 99]|154]|169]|160|117| 71| 22| -08 6.3
53 M oscow -95| -84| -33| 51124 16.8| 184|165 109| 48] -1.7| -6.0 4.7
| 54 Oceania Sydney 223 224]215| 189| 156| 13.4| 124 13.4] 153| 17.7]| 19.6| 215 17.8
55 Melbourne 10.2(192| 17.7( 145] 114| 91| 83| 96| 120( 145] 16.0( 17.7 14.1
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531 Rdationship between Magnification of Deterioration Progress and
Temperature

The magnifications of deterioration progress of reinforced concrete in severd
cities around the world considering the regional and seasond temperature are shown in
Fig. 5.3.1 to Fig 5.3.4. Each bars in these figures shows the month (from January to
December). From these figures it can be seen that the deterioration progress of
reinforced concrete is quite different from the cities. Also it can be easily imagined the
deterioration progress is different even if the average temperature is same. This is
because the rate of deterioration progress exponentidly increases with temperature
increasing.

From above results, it is congdered that the deterioration progress of
reinforced concrete is quite different from the city. Therefore it is necessary to consider
the influence of temperature on deterioration of reinforced concrete when the life cycle
of reinforced concrete structures is estimated. The deterioration progress of reinforced
concrete induced by Cl” is discussed in following sections based on Arrhenius theory.
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5.3.2 CI" Diffusion in Concrete Considering Regional and Seasonal Temperature

In this section the rate of Cl” diffusion in reinforced concrete considering the
temperature effect is investigated using a numerical anayss. In this numerica anaysis
Nernst-Planck equation considering with Debye-HUickel equation and e ectro-neutrality
condition is used. By conddering these equation and condition, the influence of
co-existing ions in pore solution of concrete can be smulated. The effectiveness of this
numerica analysis is aready confirmed in the literature survey held by Minagawa et.
a.>?. In this study the above numerica analysis is modified in order to consider the
effect of the temperature. The method and results of prediction for CI” diffusion in
concrete considering temperature effect are discussed as following.

(1) Method of prediction
(@) Assumption

It is difficult to solve ion migration in concrete strictly. Hence, in order to
establish a prediction method for the Cl™ diffusion considering temperature effect, ion
migration and adsorption of the Cl” are modeled under the following assumptions:

1 Concreteis amacroscopically homogeneous materid.

2 lon migration in concrete follows the Nernst-Planck equation®® for
electrochemica mass transfer. Namely, the driving force for ion motion in
concrete is developed by the concentration gradient and electrostatic potential
gradient.

3 The influence of ionic grength on diffuson can be considered using the
Debye-Hiickel equation®®.

4 The migration of multiple ions depends on the e ectro-neutraity condition.

5  All poresin concrete can be thought of as continuous capillaries filled with pore
solution.

6  The adsorption of CI" can be evauated by CI™ speciation modd constructed by
Maruyaet. a>”.

7 It is assumed that Six types of ion are contained in pore solution. That is, only
ca*, Na', K*, I, Mg*, SO,%, HY, OH.

(b) Nernst-Planck equation

In this study, it is assumed that ion migration in concrete follows the

Nerngt-Planck equation. This, which is commonly used in solution chemistry, is

formulated asfollows:
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J =—k~T-Ei-[l+my‘J-aC'—e-Zi-B.~Q-6¢ (5'5)
aInC ) ox ox
where, i : ionic species

: flux (mol/cm?/sec)

: Boltzman number (=1.38x102JK)

: temperature (=297K)

: absolute mobility (cnm/sec/dyne)

: activity coefficient

: concentration of ions (mol/cm®)

: distance from the exposure surface (cm)

: elementary dectric charge (=1.60x10°C)
: ionic charge number

: electrodtatic potentia (V)

SN D X O mw 14 &«

The fird term describes diffusion, in which the driving force is the
concentration gradient, and it is referred to as the ‘diffusion term’. The second term
describes the dectro-migration, which is driven by the eectrogtatic potential gradient.
This member is referred to as the ‘eectro-migration term’. Note that Equation (5-5)
shows that the ion migration index of diffuson and eectro-migration is the absolute
mobility B; only.

Incidentally, in an agueous solution of multiple ions, such as concrete pore
solution, diffusion isinfluenced by the co-existence of ions. The activity coefficient y is
a coefficient that account for this influence, and it is given by the Debye-Hiickel
equation asfollows:

_uz?Vi (5-6)
log7: = 1+v~a,-xﬁ
where, a, : ion Sze parameter (cm)

I  ionic strength (mol/1), u is a constant (=0.5115 dm®% mol¥2)
y - constant (=0.3921x108 dm*? /mol?).
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lonic strength is defined by the following equation:
I :%Z(Ziz'ci) (5-7)

The accuracy of the Debye-Hiickel equation depends on the accuracy of the
estimate of ion Sze parameter a . However, Equation (5-6) can be smplified
engineeringly as shown in Equation (5-8), because the ion size parameters ai of many
ionsare about 3 A 9.

g7, =- 052 58)

Equation (5-8) is partidly differentiated about Ci after substituting Equation
(5-7). Asaresult, the following equation can be introduced:

07 _jn1owe, x— 00V 2 (59)
aInC, 2.\/T.(1+\/T)2

Equation (5-9) is part of Equation (5-5). Therefore, by subgtituting Equation
(5-9) and Equation (5-7) into Equation (5-5), the flux shown in Equation (5-5) can be
described as afunction of ion concentration and el ectrostatic potential.

(c) Electro-neutrality condition

The paragraph above explains that the ion migration equation is described by
ion concentration and eectric potential. In this method, the ion concentration
distribution is caculated from the initiad ion concentration distribution. Hence, the ion
concentration is the known parameter. However, the dectric potential gradient can be
caculated by considering the eectro-neutraity condition.

The dectro-neutraity condition means that cations and anions maintan
electrical neutrality in passing through an arbitrary section. This condition, described by
ionic charge number and flux in Equation (5-10), shows that the multiple ions in
concrete migrate while maintaining a charge balance.

>.(z-3)=0 (5-10)

-142-



Chapter 5

The flux of each ion shown in Equation (5-5) is substituted into Equation
(5-10). As a result, the eectrogatic potential gradient is given by the following
equation:

o4 Z[Z[“g'l:éjB%i]k (5-11)
ox > (z?-B-C) e

If Equation (5-11) is used, the eectric potentia gradient can be described by
ion concentration, aso. Therefore, the flux of an ion species (ion) is a function of the
concentrations of severa kinds of ion asfollows:

olny, ) . oc
-051.2%, | éC Z{Z‘ [halnc,J B axJ (5-12)
‘]lon:_k'T'B\un' l+|nlo)<c\unx7mn 'ﬁ_"k'T'Zlon'Blon'Cion' 2
a1 -Tf) o Y(zi-B-c)

(d) Cdculation of diffusion coefficient
The engineering absolute mobility of ion is shown in Table 5.3.3. These
values are obtained by theion migration cell test.>®

Table 5.3.3 Engineering Absol ute Mobility>®

lon species Engineering Absolute Mobility
(cm’/sec/dyne)
ca” 8.80x 102
Na 1.47 x 10"
K* 221 x 10"
Mg 9.87 x 102
cr 2.10x 10%
sos 7.77 x 102
OH 590 x 10°
H 1.09 x 10%
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Here, from Equation (5-12), the flux of ion can be written asfollows,

051-Z* Lo
k-T-¥|Z2,-/1-1n10xC, - n|-B, 2
Z[ [ a1+ fl)zj i;“] ac
Jion=—1K-T-Bg, | 1-In10xC,, ~Zigy Boy  Cion - 3 =
4\/T-(1+x/T)Z Z(Zn‘Bn‘Cn) ox

.
051-2%, , c

(5-13)

By comparing Equation (5-14) and Fick’s low, the diffusion coefficient of ClI’
at 20 °C can be written asfollows;

z[zn.[l_mloxcn. 0s1.2; ]BJ (5-14)
051.2%, J_Z o . N .
4\/T~(1+\/T)2 o > (zZB,-C,)

n

Dm0 = k- (20+273)-| | 1-In10xC,,, -

Also the diffusion coefficient of ion at different temperature can be written as
follows;

Du. =epSE( 1 1 p (5-15)
sz R|(20+273) T, 20

where, D,,; : diffusion coefficient (cm/sec)

AE : activation energy of Cl™ diffuson (=16.8 kca/mal)
R : gas congtant (=1.99 cal/K/mol)
T : absolute temperature (K)

Therefore theion flux can be obtained asfollows;
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051-2° Lo
k-T-)»|Z,-/1-In10xC, - n ‘B,
gl { )

Xz 8,c)

n

05124

NN §

Ja=-k-T-By-[1-In10xC, - ~Zy By -Cq-

exp[AE( 1 1”80CI (5-16)

R (20+273) T,)| ox

(e) ClI” gpeciation modd

ClI” which permeates in concrete are fixed in solid phase. In order to calculate
the CI" diffusion in concrete it is necessary to use the reliable model of Cl™ adsorption
phenomenon to the wall of cement phase. In this study the Maruya's modd is used as
the CI” adsorption model®?. In this model 3 kinds of Cl are defined asfollows; (1) fixed
Cl in the cement phasg, (2) fixed Cl” on the wall of cement phasg, (3) free CI". Here the
migration of Cl™ occur only free CI". This quantity of free Cl” can be calculated from the
following equations.

Clived = Xixed * Crar (5' 17)
Cfree = Ctot - Cfi><ed (5-18)
where, C, - quantity of total Cl (wt% of cement)

Cfixed - quantity of fixed Cl (wt% of cement)
Chree > quantity of free Cl” (wt% of cement)
X fived : immobilization coefficient

The vaue of asixeg depends on the quantity of total Cl and kinds of binder and
the asixeq O Ordinary Portland cement can be expressed by Equation (5-19).

Ay =1 Cn <05
® e =1-0.5-(C,, —0.5)* 05<C, <45
e =0.141 45<C,, <10.0 (519)
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(g) Boundary conditions

The boundaries of this method are interface-m, which is the exposure surface,
and interface-0, which isthe deepest part of the concrete.

The ion concentration at interface m is assumed to be equa to the externd
environment. Also, the engineering absolute mobility at outer interface is assumed to be
equal to that of absolute mobility in the dilute solution. In other words, a outer
interface, the pore ratio & and the tortuosity factor 7 are assumed to equa 1.
Incidentally, the ion concentration gradient, required when calculating the flux at
interface-m, is defined as shown in Fig. 5.3.5. Also, ion migration does not occur at the
interface-0.

< >
< »

Concrete | External Environment
Element 1 Element 2 Element m-1 Element m

= > = m )

<+— 1cm —>
Interface No.

0 1 2 m-1 m m+1

Fig. 5.3.5 Boundary Condition.

(2) Influence of temperature on CI distribution considering regiona and seasond
temperature effects

Fig. 5.3.6 shows the prediction results of Cl™ digtribution after 1, 5, 10, 20
years in severa cities in Japan. From these figures it can be seen that the distributions
of CI" concentration in severd cities are influenced by regiona or seasond temperature.
For example the rate of CI™ diffuson of Naha-city (average temp: 22.7°C) is more than
2 times of Nemuro-city (average temp.: 6.1°C). From thisresult it can be redlized that it
IS necessary to apply the appropriate maintenance method to reinforced concrete
member considering the influence of temperature on CI” diffusion.
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Fig. 5.3.6 Prediction Results of CI” Distribution

5.3.3 CI" Induced Corrosion in Concrete Conddering Regional and Seasonal
Temperature

In this section the rate of steel corrosion in reinforced concrete induced by CI°
consdering the temperature effect is investigated. The tota quantity of corroson is
caculated by the sum of the quantity of corroson in each month. The method and
results of prediction for tota quantity of sted corroson in concrete consdering
temperature effect are discussed asfollowing.

(1) Method of prediction

Conddering the influence of temperature on deterioration of reinforced
concrete, the rate of corrosion of sted bar (macrocell and microcell) in concrete is
different from each month. Especidly it is confirmed that the influence of temperature
on macrocell and microcell corrosion is different in previous chapters. Therefore when

-149-



Chapter 5

the deterioration progress of stedl corrosion is predicted, it is necessary to consider the
influence of temperature on macrocell and microcell corrosion rate respectively.

In case of prediction of progress of corroson in concrete it is necessary to
know the basic rate of corrosion at atemperature. In this section the corrosion rate at 20
°C shown in Table 5.3.4 are used. In case of the corrosion rate of steel bar in concrete
before cracking, the experimenta results obtained in Chapter 2 are used. On the other
hand in case of the corrosion rate after cracking, the experimenta results obtained by
Miyazato™® are used.

The total quantity of corroson is calculated by the sum of the quantity of
corrosion in each month. Here it is reported that the total quantity of corrosion for crack
propagation equals to 10 mg/cm?. Also it is reported that the bending property of
reinforced concrete becomes 70% of initid property when 15 % of the sted bar
decreases due to corrosion.> In this case the quantity of corrosion becomes about 510
mg/cm? (diameter of steel bar: 19mm). In this study above values are used in order to
determine the periods of cracking and structural deterioration.

Table 5.3.4 Corroson Rate of Sted Bar in Concrete at 20 °C.

Corrosion rate at 20 °C (mm/year)

Macrocell Microcell
Before cracking 0.00555 0.000264
After cracking 0.02 0.06

(2) Influence of temperature on Cl” induced corrosion in concrete considering regional
and seasonal temperature effects

Fig. 5.3.7 shows the prediction results of the total quantity of corrosion. From
these figures it can be seen that the total quantity of corroson in severa cities is
influenced by regiona or seasonal temperature. For example the rate of CI™ induced
corroson of Nahacity (average temp: 22.7°C) is more than 3 times of that of
Nemuro-city (average temp.: 6.1°C). From this result it can be seen that it is necessary
to apply the appropriste maintenance method to reinforced concrete member
considering the influence of temperature on rate of corrosion induced by CI'.
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Fig. 5.3.7 Prediction Results of Total Quantity of Corrosion

5.34 Discusson of Deterioration Progress Considering Regional and Seasonal
Temperature

In this section the deterioration period (incubation, propagation, acceleration
periods) are calculated using the results of 5.3.2 and 5.3.3. In case of determination of
deterioration progress of reinforced concrete, the threshold values used in this section
are shown in Table 5.3.5. Here the water cement ratio, water content in mixture
proportion and concrete cover are set at 55%, 175kg/m® and 7.0cm respectively. The
environmental condition considered in this prediction is tida zone which is the most
sever environment for chloride attack.
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Table 5.3.5 Threshold Vaues for Determination of Deterioration Periods.

Incubation period Concentration of CI” (kg/m?) 12

Propagetion period Total quantity of corrosion at cracking (mg/cm?) 10

Acceleration period Totd quantity of corrosona 70% of initid loading capacity 510
(mglem?)

Table 5.3.6 shows the deterioration period of reinforced concrete induced by
Cl"in severd cities. From this table it can be seen that the period of inculcation,
propagation and acceleration is quite different from cities. The shortest period of
deterioration is about 20 years such as Ho Chi Minh, Bangkok or Manila and these
cities are located in South-East Asia. On the other hand the longest period is more than
100 years such as Stockholm, Nemuro and M oscow.

Fig. 5.3.8 shows the relationship between life time of reinforced concrete and
average temperature. From this figure it is confirmed that the period of inculcation,
propagation and accel eration varied with the regiona and seasond temperature, and the
lifetime of reinforced concrete exponentially decreased with the temperature of the city
increasing. Therefore when the reinforced concrete structure is designed or maintained
it is necessary to consider the temperature effect.

And it is indicated that the cities in South-East Asian countries is most
severe environment againgt sted corrosion in concrete from the viewpoint of
temperature effect and the life time of reinforced concrete in South-East Asia becomes
70% of that in mild temperature environment (20°C).
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Table5.3.6 Deterioration Period of Reinforced Concrete at Severd Cities.

Name of City Average Temp. | Incubation Period| Propergation Period] Acceleration Period|life Time
°C year year year year

| 1 Naha 22.7 4.0 5.2 19.7 28.9
| 2| Miyako 23.3 3.7 4.9 18.6 27.2
| 3 Fukuoka 16.6 6.2 7.7 26.5 40.4
| 4 Kagoshima 18.3 54 6.8 23.9 36.1
| 5| Kohchi 16.6 6.2 7.7 26.5 40.4
| 6 Hiroshima 16.1 6.3 7.8 26.8 40.9
| 7 Matsue 14.6 7.4 8.8 29.6 45.7
|_8|AsiaJapan Kyoto 15.6 6.4 7.8 27.6 41.8
| 9 Gifu 15.5 6.5 7.8 27.8 42.1
| 10| Koufu 14.3 7.5 8.8 29.9 46.2
| 11| Tokyo 15.9 6.5 7.8 27.7 42.0
| 12] Niigata 135 7.7 9.3 315 48.5
| 13 Sendal 12.2 9.3 10.7 34.8 54.7
| 14| Wakkanai 6.6 15.6 17.9 57.7 91.2

15 Nemuro 6.1 19.1 20.0 62.8 101.9
| 16| Beijing 13.0 75 8.8 318 48.2
| 17| Shanghai 15.8 6.7 7.7 27.4 41.8
| 18] Dalian 11.2 9.4 11.4 38.7 59.5
| 19| Guangzhou 22.2 4.0 5.2 19.4 28.6
| 20| Nanking 15.1 6.5 7.7 27.7 41.9
| 21| Hong Kong 22.9 3.8 4.9 18.7 27.4
| 22| Tapel 22.4 4.0 5.2 19.3 28.5
EAsia Seoul 11.8 8.8 10.5 36.4 55.7
| 24| Singapore 26.4 3.0 4.0 15.6 22.6
| 25| Manila 275 2.6 3.7 14.6 20.9
| 26| Kuala Lumpur 26.6 2.8 4.0 155 22.3
| 27 Bangkok 27.7 2.6 3.6 14.4 20.6
| 28| Ho Chi Minh 27.9 25 3.6 14.3 20.4
| 29| Hanoi 24.0 3.6 4.7 17.7 26.0
| 30| Jakarta 27.3 2.7 3.8 14.8 21.3

31 New Delhi 24.3 3.6 4.3 16.6 24.5
| 32| New Y ork 12.5 8.4 9.6 33.0 51.0
| 33 Los Angeles 17.4 6.6 7.8 27.7 42.1
| 34| San Francisco 13.3 10.4 11.1 35.8 57.3
| 35| Chicago 10.4 10.0 11.6 39.7 61.3
| 36 Houston 205 4.4 5.7 21.3 31.4
| 37|U.S.A. continent |Honolulu 24.8 35 4.6 17.3 25.4
| 38| Atlanta 16.0 6.5 7.8 27.6 41.8
| 39| Montreal 6.4 135 15.6 49.5 78.6
| 40| \ancouver 9.8 13.7 14.2 43.8 71.7
| 41| Mexico City. 15.6 8.3 9.3 30.9 48.5

42 Sapo Paulo 21.7 4.6 5.7 20.8 31.1
| 43 London 9.5 14.6 14.7 45.1 74.4
| 44| Paris 10.6 12.0 13.0 41.3 66.3
| 45| Milan 12.1 9.5 10.6 35.3 55.4
| 46 Roma 15.4 7.7 8.7 29.7 46.1
| 47 Vienna 9.8 12.0 12.8 41.5 66.3
| 48|Europe Brussel 9.8 13.7 13.8 43.4 70.9
| 49| Amsterdam 10.6 12.4 12.9 41.1 66.4
| 50| Dusseldorf 11.2 11.3 12.3 39.0 62.6
| 514 Geneva 10.4 11.6 12.7 40.5 64.8
| 52| Stockholm 6.3 18.8 19.8 62.7 101.3

53 Moscow 4.7 18.5 19.7 63.8 102.0

54 . Sydney 17.8 6.3 7.5 26.3 40.1
55 Ocenia Melbourne 14.1 9.1 102 B®4| 527
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Fig. 5.3.8 Relationship between Life Time of Reinforced Concrete and Average
Temperature.

54 Summary of Chapter 5

The conclusions derived from this chapter can be summarized asfollows:

1 It was confirmed that the period of inculcation, propagation and acceleration
varied with the regional and seasona temperature, and the life time of reinforced
concrete exponentially decreased with the temperature of the city increasing.

2 It wasindicated that the environment in the cities of South-East Asian countries
was the most severe environment againgt stedl corrosion in concrete from the
viewpoint of temperature effect and the life time of reinforced concrete in
South-East Asia became 70% of that in mild temperature environment (20°C).

3 From the Arrhenius equation it could be said that the deterioration progress of the

reinforced concrete structure & T, became exp{AE [1_1H times of that at Ts.
RIT, T,

Using this relation, the influence of temperature on the deterioration progress of
reinforced concrete structures could be expressed. Additionally it was indicated
that the temperature dependencies of deterioration progress of reinforced concrete
were different from the kinds of deterioration (ClI” induced corrosion or CO;
induced corrosion) asshown in Table5.4.1
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Table 5.4.1 Magnification of Deterioration Progress of Reinforced Concrete against

20°C
Cl" induced corrosion CO, induced corrosion
20~4.4times 12~13times
(CI" diffusivity) (Carbonation coefficient)
Z(;z 1.3~3.1times 1.3~3.1times 1.3~3.1times 1.3~3.1times
(Macrocdll (Microcell (Mecrocell (Microcel
Corrosion) Corrosion) Corrosion) Corrosion)
3.7~17.3times 14~16times
. (CI" diffusivity) (Carbonation coefficient)
12000 1.7~9.0times 3.0~9.0times 4.2 ~24.0times 5.2 ~26.8times
(Macrocell (Microcell (Macrocell (Microcell
Corrosion) Corrosion) Corrosion) Corrosion)

4  Thedidributions of Cl" concentration in severa cities were influenced by regiona
or seasond temperature. For example the rate of ClI° diffuson of Naha-city
(average temp: 22.7°C) was more than 2 times of Nemuro-city (average temp.:
6.1°C). From this result it can be redized that it was necessary to apply the
appropriate maintenance method to reinforced concrete member considering the
influence of temperature on CI diffusion.

5 The tota quantity of corrosion in severd cities was influenced by regiona or
seasond temperature. For example the rate of Cl™ induced corroson of Naha-city
(average temp: 22.7°C) was more than 3 times of that of Nemuro-city (average
temp.: 6.1°C). From this result it can be realized that it was necessary to apply the
appropriate maintenance method to reinforced concrete member considering the
influence of temperature on rate of corrosion induced by Cl".
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Conclusions.

The main objectives of this study became as follows; (1) To
investigate the influence of temperature on the rate of diffusion of
substance and steel corrosion in concrete induced by Cl™ or CO,, (2) To
study the influence of temperature on deterioration of reinforced concrete
using the activation energy calculated by Arrhenius theory using the result
of the objective (1), and (3) To predict the deterioration progress of
reinforced concrete considering the temperature effect.

As aresult of this study, it was confirmed that the Cl™ diffusivity
and carbonation coefficient of concrete increased with the temperature
rising. Also the rate of macrocell and microcell steel corrosion in concrete
induced by CI" and CO, increased with the temperature rising.
Additionally it was confirmed that the logarithms of this phenomenon,
diffusion of substance or steel corrosion in concrete, were proportiona to
the reciprocal of absolute temperature. This fact indicated that the
deterioration of reinforced concrete due to the stedl corrosion induced by
Cl" or CO, apparently agreed with the Arrhenius theory.

After consgdering the above results, the activation energies of
deterioration phenomenon of reinforced concrete were caculated based
on Arrhenius theory. As a result, the activation energies of diffuson of
harmful substance against stedl corrosion in concrete such as Cl', CO, and
O, obtained were 12.0 to 32.2kca/mol, 3.1 to 3.9kca/mol and 10.5 to
23.8kcal/moal respectively. It was also confirmed that these vaues were
largely influenced by the property of concrete, especialy the pore
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structure of concrete derived from mix proportion. On the other hand, the
activation energy of sted corrosion in concrete induced by Cl™ and CO,
obtained were 5.2 to 19.4 kcal/mol and 7.2 to 44.5 kcal/mol respectively.
These activation energies seemed to be changed with the property of
concrete or the kind of substance. And it was confirmed that the rates of
macrocell corrosion and the microcell corroson had different temperature
dependency. Especidly, it was consdered that the rate of macrocel
corrosion seemed to be easily influenced by concrete resstance and the
activation energy increased with the concrete resstance increasing. Also it
was confirmed that the activation energy of corrosion of sted bar was
amost same with that of oxygen permesbility when the corrosion rate of
steel bar in concrete controlled by oxygen permeability.

Finaly, the deterioration progress of reinforced concrete due to
steel corrosion induced by Cl” was discussed using the data of temperature
of various cities in the world. According to the results, it was confirmed
that the period of inculcation, propagation and acceleration varied with the
regional and seasond temperature, and the life time of reinforced concrete
exponentialy decreased with the temperature of the city increasing.
Especidly it was indicated that the environment in the cities of South-East
Asan countries was the most severe environment against steel corrosion
in concrete from the viewpoint of temperature effect. The life time of
reinforced concrete in South-East Asia became 70% of that in mild
temperature environment (20°C).

Conclusons Obtained in Each Chapter

Conclusions of Chapter 2

1 Itwasconfirmed that the Cl™ diffusivity of concrete increased with the temperature
risng. Also the rate of macrocell and microcell corrosion of stedl bar in concrete
induced by Cl" increased with the temperature rising. Especialy the CI™ diffusivity
became amost 1.6 ~7.5 times, while the corrosion rate of sted bar in concrete
induced by Cl- became dmost 1.2 ~3.5 timeswith 10 oC of temperature rising.

2 The logarithms of these phenomena, diffusion of substance or corrosion of sted
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bar in concrete, were proportional to the reciprocal of absolute temperature. This
fact indicated that the deterioration of reinforced concrete due to the stedl corrosion
induced by Cl” apparently agreed with the Arrhenius theory.

The CI" diffusivity in concrete increased with the higher position of concrete. This
tendency became larger in case of concrete with high bleeding.

Macrocell and microcell corrosion rate in concrete influenced by bleeding became
high with the bleeding ratio increasing. Moreover, higher macrocell corrosion rate
generally prevailed in concrete influenced by bleeding.

Conclusions of Chapter 3

1

It was confirmed that the carbonation coefficient of concrete increased with the
temperature rising. Also the rate of macrocell and microcell corrosion of stedl bar
in concrete induced by CO; increased with the temperature rising. Especidly the
carbonation coefficient of concrete became 1.2~1.9 times with 10 °C of
temperature rising, while the corrosion rate of stedl bar in concrete induced by CO,
became 1.4 ~ 3.5 timeswith 10 °C of temperature rising.

The logarithms of above phenomenon, diffusion of substance or corrosion of steel
bar in concrete, were proportional to the reciprocal of absolute temperature. This
fact indicated that the deterioration of reinforced concrete due to the stedl corrosion
induced by CO, apparently agreed with the Arrhenius theory.

Concrete specimens containing Ordinary Portland cement had shown better
performance againgt carbonation and corrosion at lower temperature (20°C) as
compared with Blast Furnace Sag Cement. On the other hand, Blast Furnace Slag
Cement concrete performed better at higher temperature (30°C and 40°C) as
compared with Ordinary Portland Cement concrete and High Early Strength
Cement concrete.

The corrosion rate of steel bar in concrete induced by CO, was largely influenced
by carbonation reminder and oxygen permeahility of concrete.

Macrocell and microcdl corrosion rate in concrete with cold-joint became high
with the bleeding ratio increasing. Moreover, higher macrocell corrosion rate
generally prevailed in concrete with cold-joint. This tendency was aso confirmed
in exigting reinforced concrete constructed 35 years ago.

Conclusions of Chapter 4

1

The activation energies of deterioration phenomenon of reinforced concrete were
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caculated based on Arrhenius theory. As a reault, the activation energies of
diffusion of harmful substance against steel corrosion in concrete such as CI°, CO,
and O, obtained were 12.0 to 32.2kcal/mol, 3.1 to 3.9kcad/mol and 0.5 to
23.8kcal/mol respectively. It was aso confirmed that these values were largely
influenced by the property of concrete, especially the pore structure of concrete.
The activation energy of stedl corrosion in concrete induced by CI” and CO,
obtained were 5.2 to 19.4 kcal/mol and 7.2 to 44.5 kca/mol respectively. These
activation energies seemed to be changed because the rate-limiting condition
changed with the increase of specific concrete resistance. Especialy, the activation
energy of corrosion of stedl bar was amost same with that of oxygen permeability.
This indicated that the rate-controlling factor of corroson rate was mainly the
quantity of O, around the steel bar and the activation energy of corrosion reaction
increases with that of O, permeability increasing.

It was confirmed that the macrocell corrosion rate and the microcell corrosion rate
had different temperature dependency. Especidly, the rate of macrocell corrosion
seemed to be easily influenced by concrete resistance and the activation energy
increased with the concrete res stance increasing.

The activation energy of corroson of sted bar was amost same with that of
oxygen permesability when the corrosion rate of steel bar in concrete controlled by

oxygen permegbility.

Conclusions of Chapter 5

1

It was confirmed that the period of inculcation, propagation and acceleration
varied with the regional and seasona temperature, and the life time of reinforced
concrete exponentially decreased with the temperature of the city increasing.

It was indicated that the environment in the cities of South-East Asian countries
was the most severe environment againgt steel corrosion in concrete from the
viewpoint of temperature effect. The life time of reinforced concrete in South-East
Asiabecame 70% of that in mild temperature environment (20°C).

From the Arrhenius equation it could be said that the deterioration progress of the

reinforced concrete a T, became exp{AE ( 1_1 H times of that at T,. Using this

RIT, T,

relation, the influence of temperature on the deterioration progress of reinforced

concrete could be expressed. Additionadly it was indicated that the temperature
dependencies of deterioration progress of reinforced concrete were different from
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the kinds of deterioration (CI” induced corroson or CO, induced corrosion) as
shownin Table6.1

The distributions of CI” concentration in severd cities were influenced by regional
or seasond temperature. For example the rate of ClI° diffuson of Naha-city
(average temp: 22.7°C) was more than 2 times of Nemuro-city (average temp.:
6.1°C). From this result it can be redized that it was necessary to apply the
appropriate maintenance method to reinforced concrete member considering the
influence of temperature on Cl diffusion.

The tota quantity of corroson in severa cities was influenced by regiona or
seasonal temperature. For example the rate of Cl™ induced corroson of Naha-city
(average temp: 22.7°C) was more than 3 times of that of Nemuro-city (average
temp.: 6.1°C). From this result it can be realized that it was necessary to apply the
appropriate maintenance method to reinforced concrete member considering the
influence of temperature on rate of corrosion induced by Cl".

Table 6.1 Magnification of Deterioration Progress of Reinforced Concrete againgt 20°C.

Cl" induced corrosion CO, induced corrosion
20~4.4times 12~13times
(CI" diffusivity) (Carbonation coefficient)
/?;:(:: 1.3~3.1times 1.3~3.1times 1.3~3.1times 1.3~3.1times
(Macrocell (Microcell (Macrocell (Microcell
Corrosion) Corrosion) Corrosion) Corrosion)
3.7~17.3times 14~16times
A0°C (CI" diffusivity) (Carbonation coefficient)
120°C. 1.7~9.0times 3.0~9.0times 4.2 ~24.0times 5.2 ~26.8times
(Macrocdl (Microcdll (Macrocdll (Microcdll
Corrosion) Corrosion) Corrosion) Corrosion)
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