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Type Chloride content (% by weight of binder)
of 180-day 365-day
concrete 5 mm. 15 mm. 25 mm. 5 mm. 15 mm. 25 mm.
145CT 0.92 0.17 0.00 4.35 1.03 0.11
I45FN15 0.86 0.06 0.00 3.38 0.29 0.00
I45FN25 0.96 0.00 0.00 3.06 0.06 0.00
I45FN35 0.34 0.00 0.00 3.33 0.06 0.00
I45FN50 0.33 0.00 0.00 2.78 0.06 0.00
I55CT 1.46 0.69 0.21 6.26 2.85 0.33
I55FN15 2.01 0.55 0.00 443 1.87 0.14
I55FN25 221 0.55 0.00 4.01 0.48 0.00
I55FN35 0.55 0.14 0.00 4.00 0.28 0.07
I55FN50 0.89 0.00 0.00 3.23 0.07 0.00
165CT 1.96 1.23 0.41 8.53 5.66 1.39
I65FN15 2.29 0.25 0.08 5.96 3.51 0.41
I65FN25 1.06 0.08 0.00 6.29 2.12 0.33
I65FN35 1.86 0.08 0.00 5.05 0.90 0.08
165FN50 0.48 0.00 0.00 4.09 0.32 0.00
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Type Rusted area of the embedded steel (%)
of 4-year exposure S-year exposure
concrete 10 mm 20 mm 50 mm 75 mm 10 mm 20 mm 50 mm 75 mm
145 100 45 2 0 100 65 4 0
V45 78 49 2 0 100 90 45 7
145015 23 13 0 0 100 20 2 0
145025 35 5 0 0 100 30 2 0
145035 36 10 0 0 100 7 0 0
145050 56 4 0 0 100 5 0 0
145F15 100 4 0 0 93 30 2 0
145F25 90 1 0 0 100 35 0 0
145F35 38 0 0 0 87 13 2 0
145F50 0 0 0 0 7 2 0 0
155 100 77 11 3 100 100 70 57
V55 100 50 13 2 100 95 73 48
155015 100 15 0 0 100 95 5 0
155025 100 10 0 0 100 100 7 0
155035 100 9 0 0 100 56 2 0
155050 100 13 0 0 100 14 2 0
I55F15 100 21 0 0 100 60 3 0
I55F25 88 4 0 0 100 100 15 5
I55F35 98 3 0 0 100 13 3 1
I55F50 3 0 0 0 100 10 2 0
165 100 85 11 4 100 100 80 60
V65 100 96 19 6 100 100 85 73
165015 100 83 6 0 100 100 23 0
165025 100 87 0 0 100 95 4 0
165035 100 42 1 0 100 93 2 0
165050 88 8 0 0 100 25 0 0
I65F15 100 94 1 0 100 65 2 0
165F25 98 30 0 0 100 84 5 2
165F35 100 16 0 0 100 78 5 0
165F50 21 1 0 0 100 15 0 0
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Type of concrete Coefficient of permeability (K, m/s)
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CHLORIDE PENETRATION PROFILE AND STEEL CORROSION IN FLY ASH
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ABSTRACT : In this study, chloride penetration profile and steel corrosion of fly ash concrete with
various covering depths under marine environment are investigated. Control concretes were designed by
using Portland cement type I and V with W/B ratios of 0.65, 0.55, and 0.45. Fly ash concretes with W/B
ratio of 0.65 were cast by using original and classified fly ashes to replace Portland cement type I at
percentages of 15, 25, 35, and 50% by weight of cementitious material. Concrete specimens with steel
bar of 12-mm in diameter and 50-mm in length embedded at coverings of 10, 20, 50, and 75 mm were
cast. The specimens were cured in fresh water for 28 days and then were exposed to tidal zone of marine
environment in the gulf of Thailand. The specimens were tested for the chloride penetration profile and
corrosion of embedded steel after being exposed to tidal zone for 4 years. The results showed that
concretes mixed with Portland cement type I tend to have lower chloride penetration profile than those of
Portland cement type V. The increase of fly ash replacement in concrete reduced the chloride penetration
profile. The concrete with classified fly ash gave a good result in lowering chloride penetration profile
when comparing to concrete with original fly ash. Interestingly, the steel bar with 20-mm covering depth
and 50% of classified fly ash concrete had less corrosion than that of 75-mm covering depth of concretes
mixed with Portland cement type [ and V. This result suggested that the use of fly ash in concrete up to
50% could reduce the concrete covering from 75 mm to 20 mm for protecting steel bar in marine
environment at 4-year exposure.

KEYWORDS: Fly Ash, Marine environment, Chloride penetration, Corrosion, Covering depth.
1 INTRODUCTION

At present, concrete is widely used in marine structure and acknowledged that the destroying of concrete
structure is mainly due to sulfate attack and the corrosion of steel under chloride attack. However, all of
these mechanisms are combination of many influences, such as moisture, temperature, impacted force,
abrasion by sand in seawater and so on [1]. There are various methods to prevent or reduce concrete from
the attack of marine environment, each method has applied differently depending on economy and
environment exposure. The prevention of seawater attack can perform by using fly ash to partly replace
cement and leads to protect or reduce chloride ingress. Several studies had been reported that fly ash in
concrete had achievable improvement in pore structure, permeability and strength, which clearly showed
at increasing concrete durability [2-4]. However, concrete in marine environment needs to be studied
chloride penetration profile and steel corroded in together leading to serve the serviceability life of
building. Presently, many researchers have obtained the durability data of marine structure concrete in
long term exposure [5-7]. However, less research studied in corrosion of fly ash concrete relating to fly
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ash fineness, various coverings, corrosion of steel, and chloride penetration profile. Throughout, it has
not been found the long term data on marine environment of South East Asia which is in a hot and high
humidity climate. Therefore, the aim of this work is to present the effect of marine environment on
original and classified fly ash concretes. Variables in this study include W/B ratio, fly ash fineness, fly
ash content, and covering depth of concrete. Corrosion of embedded steel and chloride penetration profile
of concretes were investigated at 4-year exposure. The objectives of this study were to investigate the
amounts of fly ash replacement and the effects of original and classified fly ash on durability of concrete
in marine environment.

2  EXPERIMENTAL PROGRAM
2.1 MATERIALS

Portland cement type I and V, fly ash obtained from Mae Moh power plant in Thailand, graded sand and
crushed limestone with maximum size of 3/4” were used in this study. The original fly ash had the
median particle size of 30.6 um, and was then classified to have 9.7 um median particle size by using air
classifier. Portland cement type I and V had the median particle size of 25 and 19.2 pm, respectively.
For chemical compositions, the sums of SiO,, Al,Os, and Fe,0; in original and classified fly ashes were
79.45 and 78.47%, respectively indicating the class F fly ash in accordance with ASTM C 618. It was
also concluded that the chemical compositions of classified fly ash were not different from those of the
original fly ash. In addition, Portland cement type I and V had C;A content of 9.23 and 1.80%,
respectively. It is noted that C;A content of Portland cement type V are less than 5% as specified by
ASTM C 150.

2.2 SPECIMENS AND TEST PROGRAM

In this study, 200-mm concrete cube specimens and 12-mm in diameter steel bar with 50-mm in length
were prepared. Steel bars were embedded in concrete with coverings of 10, 20, 50, and 75 mm. Control
concretes were designed by using Portland cement type I and V to have compressive strength about 30.0,
40.0 and 50.0 MPa or had W/B ratios of 0.65, 0.55, and 0.45, respectively. Fly ash concretes were cast by
using original or classified fly ash to replace Portland cement type I at percentages of 15, 25, 35, and 50
by weight of binder for concrete with W/B of 0.65. A total of 14 mixture proportions of concretes are
shown in Table 1. The concrete specimens were removed from the molds after casting for 1 day and then
were cured in water for 27 days. After that, the specimens were transferred to the tidal zone of the marine
site in Chonburi Province, Thailand. The range of annual temperature at this site is between 26 and 30°C,
and the chemical analysis of seawater, chloride and sulfate compositions are ranging from 16,000 to
18,000 and 2,200 to 2,600 mg/l, respectively. Concretes were tested to determine the chloride
penetration profile and corrosion of the embedded steel after being exposed to seawater in the wet-dry
condition for 4 years.

23 DETERMINATION OF CHLORIDE PENETRATION PROFILE

Chloride tests were conducted to measure the chloride ingress at any depth of concrete. Concretes were
dry-cored to obtain 50-mm diameter cylinders. The core sample was dry-cut from surface having 10-mm
thickness, and then was ground into fine powder. Concrete powder of 10 g was needed for chloride tests
by acid-soluble chloride method, resulted in the total chloride content in concrete, accordance to ASTM
C1152 [8]. In addition, the chloride contents at the position of the embedded steel were also determined.

24 DETERMINATION OF CORROSION OF EMBEDDED STEEL BAR

After coring, the concrete was broken and the steel bars were removed from the concrete cube, and then
were cleaned by brush. The corrosion of embedded steel bar were measured in term of the percentage of
rusted area and image recording.



Table 1. Mixture proportions of concrete
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Mixture Proportion of Concrete (kg/m")
Mix Original Classified Fine Coarse

Cement Fly Ash (F) | Fly Ash (F) | Aggregate Aggregate Water | W/B
145 478 - - 639 1024 215 0.45
155 478 - - 639 971 262 0.55
165 478 - - 639 922 311 0.65
V45 478 - - 639 1024 215 0.45
V55 478 - - 639 971 262 0.55
V65 478 - - 639 922 311 0.65
16501 406 72 - 639 898 311 0.65
16502 359 119 - 639 881 311 0.65
16503 311 167 - 639 864 311 0.65
16505 239 239 - 639 840 311 0.65
165F1 406 - 72 639 898 311 0.65
165F2 359 - 119 639 881 311 0.65
165F3 311 - 167 639 864 311 0.65
165F5 239 - 239 639 840 311 0.65

3. RESULTS AND DISCUSSION
3.1 CHLORIDE PENETRATION PROFILE

Figures 1 to 3 show chloride penetration profiles for concrete mixtures. The chloride contents were
reported in the percentage of binder (by weight). In Figure 1, for control concretes I and V at W/B
ratios of 0.45, 0.55, and 0.65, the results indicated that there was a substantial variation in chloride
content at a depth less than 15 mm from the surface. However, beyond 15 mm depth, concretes I and
V with lower W/B ratio tended to have lower chloride content (chloride penetration profile) than that
with higher W/B ratio. These results clearly supported the general knowledge that concrete with lower
W/B ratio gave higher strength and lower water permeability, resulted in lower chloride ingress.
Owing to these results, concrete with high compressive strength could produce a good result on
durability of concrete in marine environment. In addition, at the same W/B ratio, concrete from
Portland cement type I gave a better chloride resistance than concrete from Portland cement type V,
since it was distinctly presented at more depth of chloride content in concrete cores. It could also be
explained that chloride was more bound when C;A content of the cement was higher. Since Portland
cement type I used in this study had higher C;A content than type V for 5 times, approximately, and
consequently had less chloride content than of concrete type V. This result was also confirmed by
other research [9]. Figure 2 shows chloride penetration profiles of control concretes using Portland
cement type I comparing to original and classified fly ash concretes. The result showed that the
original and classified fly ash concretes provided the lower chloride content than concretes without fly
ash at the same W/B ratio. This result is confirmed by several researches [10-11] that the pozzolanic
reaction of fly ash in concrete performs lower permeability, thus leads to lower chloride ingress than
normal concrete. It can also be seen that fly ash concrete with W/B ratio of 0.65 provides a better
resistance of chloride ingress than the normal concrete with W/B ratio of 0.45. Evidence is clearly
shown in Figure. 2. Focusing on 1% chloride content which was detected at 35, 45, and 50-mm
covering depths of control concrete I with W/B ratios of 0.45, 0.55, and 0.65 respectively, while the
same amount of chloride content was found at 22, 25, 32, and 33-mm depths of original fly ash
concretes containing 50, 35, 25, and 15% (by weight) of fly ash, respectively. This implies that, if
concrete I with W/B ratio of 0.45 is used in marine environment and is destroyed by 1% of chloride
content, it will need 35-mm covering depth to prevent the destruction. However, only 22-mm covering
depth of the 50% original fly ash concrete with W/B ratio 0.65 is sufficient to protect this damage.
Figure 3 shows the effect of addition of original and classified fly ashes on chloride content of fly ash
concretes with W/B ratio 0.65 at 4-year exposure. The results showed the similar trend of chloride
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content at any covering depth, and the increase of fly ash replacement reduced the chloride penetration
profile. The concrete with classified fly ash gave a good result in lower chloride penetration profile
comparing to concrete with original fly ash. In addition, concrete with original or classified fly ashes
up to 35% by weight of binder did not show any chloride content at 50-mm covering depth, while
1.2% of chloride content was found in concrete without fly ash.
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Figure 1. Effect of W/B ratio on chloride penetration profile of Portland cement type I and V concretes at

4-year exposure.
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Figure 2. Chloride penetration profile of original and classified fly ash concretes compare to Portland
cement type I concrete at 4-year exposure.
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32 CORROSION OF THE EMBEDDED STEEL

Figure 4 shows the percentages of rusted area relating to chloride content at the position of the
embedded steel in concrete at 4-year exposure. The results indicated that the higher is the chloride
content in concrete, the higher is the corroded steel. The corrosion of embedded steel with 10-mm
covering depth was extremely rusted in all specimens and could not recognize what concrete mixture
provided the best result. Figure 4(a) shows the embedded steel with 20-mm covering depth of all
concretes. It was found that W/B ratio had affected on the corrosion of embedded steel of the control
concretes. The corrosion was reduced with the decrease in W/B ratio. For example, concretes 145, 155,
and 165 had percentages of rusted area at 20-mm depth of 45, 77, and 85%, respectively. Comparison
of c__-oded embedded steel between concrete I and V, it was found that embedded steel in concrete V
had more corrosion than that of concrete I. The use of fly ash affected on the reducing of corrosion of
embedded steel. The embedded steel with 50-mm covering depth was rustless in all fly ash concretes,
however, slightly rusty steel could be seen in concrete I and V with W/B ratios of 0.55 and 0.65 as
shown in Figure 4(b). Interestingly, concretes with the replacement of both original and classified fly
ashes at the percentage between 15 and 50 did not have or have little corrosion of steel at 5S0-mm
covering depth of 4-year exposure in marine environment.
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Figure 4. Chloride content at the position of the embedded steel related to the percentages rusted area
of embedded steel which was removed from concretes at 4-year exposure.
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4. CONCLUSION
Based on the experimental investigation reported in this paper, the following conclusions are drawn:

1. Concretes from Portland cement type I gave chloride penetration profile lower than that of concretes
from Portland cement type V.

2. Fly ash concretes had chloride penetration profile lower than that of concretes without fly ash. The
increase of fly ash replacement in concrete could reduce the ingress of chloride in concrete.

3. The 50% replacement of classified fly ash in concrete produced the lowest chloride penetration
profile.

4. Fly ash concretes at 4-year exposure in marine environment had a little or no corrosion of steel
when 50- mm covering depth of concrete was used.
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