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4 . Influence of Temperature on Deterioration
Process due to Chloride Attack
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Nobuaki Otsuki Tokyo Institute of Technology
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Background 21

® Our Experience
Deterioration speed increases with temperature elevation

§ PN . - 1 e
Acceleratlon test In Iaboratory

There is little quantitative information of
temperature dependency of deterioration of
RC members due to chloride attack.



Objectives of Present Study 28

(1) To investigate the influence of temperature on
Cl- diffusivity and corrosion rate of steel bars
In concrete induced by chloride attack.

(2) To study temperature dependency of CI- diffusivity
and corrosion rate based on Arrhenius theory.

(3) To clarify the influence of temperature on
deterioration process of reinforced concrete
due to chloride attack based on the predicted
results considering temperature profile

. . A}
In each city. ‘“X/H_:\;




Influence of Temperature on Cl- Diffusivity 29

NaCl Solution _ Ca(OH)2 Solution |

owt%) [ (Saturated)

Bleeding Ratio
—0—0.18%

——-0.51%
10 —A—4.58%

Test Piece setting in
Epoxy

AQ=AC/At
4

j— aqVer

A

CI- Diffusivity x 10”7(cm?/sec)

Cl- Concentration
in Ca(OH), Solution

10 20 30 40 50
Temperature (°C)

CI- diffusivity of concrete increases
with temperature elevation.



Arrhenius Plot of CI- Diffusivity 30

NaCl Solution | Ca(OH)Solution |
(3.0wt%) [ (Saturated)

Bleeding Ratio
—0—0.18%

——-0.51%

Test Piece setting in

—&—4.58%

AQ=AC/At
¥

= 8%

A

D cl Ox

=J

cl

Cl- Concentration

e
i)
=
o
7))
N
T
o
©
O
£

3.1 3.2 3.3 3.4 3.5
1000/Temperature(1/K)

CI- diffusivity of concrete apparently follows Arrhenius theory.



Arrhenius Theory 31

Expressing the influence of temperature on reaction or diffusion

AE AE :activation energy a : frequency factor
k =a EXP| — ——| &k :rateconstant R :gas constant
RT T . absolute temperature

Rate of reaction can theoretically express as follows.

|\ =} . C : concentration of reactant

From Arrhenius Equation

AE 1
logV :—Iogloe??Hog(a-C)

From Experiment

ogV = A~ B
T

AFa : Apparent Activation Energy
£ Slope of Arrhenius Plot



Activation Energy of Cl- Diffusivity 32

1.E+01

1.E+00

1.E-01

Diffusion Coefficient (cm?/year)

Equation proposed by JSCE
D= -3.9(W/C)*+7.2(W/C)-2.5

1.E-02

02 03 04 05 06 0.7 038
wW/C

It is important to consider temperature of exposed environment



Corrosion Formation of Steel Bar in Concrete 33

Anode Reaction :Fe — Fe2t + 2e €Y : Anode

Cathode Reaction : 2H>O+ O, + 46 — 40H- [ C Bl

Middle

/

1500mm
Divided Steel Bar

GQ G@GQ G@ Concre{




Influence of Temperature on Corrosion Rate 34

0.03 ” 0.003 ”»
) Position of Steel Bar ) Position of Steel Bar
g —A&— Upper : g —A— Upper :
= —B- Middle = —#- Middle
(0] Q
£ 0.02 £0.002
x x
C c
2 e
79} n
O O
S S
O 0.01 ©0.001
[ [
(&) (&}
O S
S S
= =

0.00 0.000

10 20 30 40 50 10 20 30 40 50
Temperature (°C) Temperature (°C)

Corrosion rate of steel bars in concrete increases
with temperature elevation.



Macrocell Corrosion Rate (mm/year)

Arrhenius Plot of Steel Corrosion 35

0.0

-1.0

-2.0

-3.0

-4.0

-5.0

-6.0

logV = A£+B
T

corr

0.0

-1.0

-2.0

-3.0

-4.0

-5.0

""Positioh of Steei Bar
A Upper BMiddle

Microcell Corrosion Rate (mm/year)

A Upper BMiddle ® Lower

-6.0
3.1 3.2 3.3 3.4 3.5 3.1 3.2 3.3 3.4 3.5
1000/Temperature(1/K) 1000/Temperature(1/K)

Corrosion rate apparently follows Arrhenius theory.



Activation Energy of Steel Corrosion 30

25 ,
A Macrocell Corrosion

3 B Microcell Corrosion
o 20 ¢ :
(=
L
(-
9o ’—C';15
<
S E
= T
(®]
<&
c 10
Qo
]
o
o
< 5

0

0 5 10 15
Specific Concrete Resistance (kQ+cm)

Activation energy of macrocell corrosion tends to change
with specific concrete resistance.
Activation energy of microcell corrosion is almost constant
regardless of specific concrete resistance.



Outline of Prediction 37

#® Deterioration Process due to Steel Corrosion

4 Structural Degradation

5

S
JSCE Specification

Crack Propagation

Corrosion
Generation

Life Time

Deterioration due to
Steel Corrosion

Performance
Degradation

w Propagation Deterioration
\4

Diffusivity Corrosion Rate



Initiation Period 38

# Initiation Period : The period before the steel bars in
concrete starts to corrode

— CI- concentration at steel bars: 2.0kg/m3

Cl- Concentration
(kg/m3)

k | 0.51.z§ | oc_ /ocy
n n = 7 . N o/ @
n \ 4\51-{1+\;/Jz ox Ox

Z]Zi .Bn 'Cn ‘
n

1-In10xC,,- e
‘ 4\"(1+/\/)2] ¢ Fata



Propagation and Acceleration Period 39

# Propagation Period : The period before cracking

— Corrosion Quantity : 10mg/cm?
(JSCE, 2001)

# Acceleration Period :The period the corrosion rate of steel
bar rises up

— Corrosion Quantity : 510mg/cm?

=70% of bending load capacity
(Miyagawa, 1998)

Corrosion rate at 20°C (mm/year)

Propagation Period 0.0056 0.0003
Acceleration Period

"(Miyazato, 2001)



Example of Temperature Profile

Monthly Mean Temp.(°C)

1 2 3 4 5 6 7 8 9 10 11 12
Month

Life time of RC members were predicted
using 55 cities of temperature profile.




Lifetime Considering Temperature Profile

Results of 55 cities

-Conditions-
W/C 0.55
Water Content
(kg/m?) 175
Concrete Cover 70
(cm)

Sever

Environmental Condition

Condition

such as Tidal
Zone

Life Time (year)

00)
o

o
o

AN
o

N
o

0

® Japan

A Other Asian Countries
¢ U.S.A.Continent

® Europe

South-East Asia

41

0 10 20
Annual mean Temperature (°C)

30



Conclusions

v CI- diffusivity and corrosion rate in concrete
Increased with the temperature elevation.

v In addition, these phenomenon can be explained
by Arrhenius theory from the viewpoint of practice.

v According to estimated results of the Life time
exposed to several cities in severe marine
environment, the life time of the structures in south
east Asian cities are estimated relatively short.

42
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