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Abstract. The Southern and Eastern parts of Thailand have long coastlines and atre located
in a hot and humid climate zone. A concrete structure in such environmental conditions
tends to deteriorate owing to the corrosion of the steel reinforcement by airborne chloride.
The concentration of airborne chloride varies by location and exposure conditions in each
country. Thus, when designing concrete structures in such environments, the amount of
aitborne chloride and the concrete mix proportions should be carefully considered.
However, the study of airborne chloride intensity and penetration in Thailand is still limited.
This study examined the airborne chloride in the atmosphere in Phuket, Phang-Nga, and
Chonburi Province. The amount of airborne chloride was checked every 1-3 months during
the test period. Although the distances from the seashore are almost the same in all three
locations, the airborne chloride intensity varied owing to the different exposure directions
and environmental conditions. Additionally, analysis of mortar specimens with different
sources of fly ash installed in Chonburi province to assess the airborne chloride penetration
behavior showed that airborne chloride concentration varied with the breaking wave height,
rainfall, and varied penetration rate based on the source of fly ash.
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1. Introduction

Airborne salt (sea salt acrosol or airborne chloride;
ABS) are chloride particles generated by breaking waves
and are transported in the atmosphere by the wind flow.
ABS particles contain around 3-3.5% chloride, similar to
the concentration in seawater [1, 2]. In a marine
environment, concrete structures encounter corrosion of
steel reinforcements due to airborne chloride, even
though the structures are not directly in contact with
seawater [3]. The ABS carried inland by wind flow to a
target concrete structure, binds and accumulates on the
concrete surface, penetrates through pores, and initiates
the depassivation of reinforcing steel inside concrete,
which leads to steel corrosion.

Unlike concrete structures in the splash or tidal zones,
surroundings and environmental conditions play an

important role in airborne chloride generation and
transportation [2]. ABS particles are generated when sea
waves reach the seashore or an obstacle [4]. The size of
ABS particles mainly depends on the weather, wave
conditions, and coastal topology [2]. It has been reported
that obstacles such as wave breakers or cliffs contribute to
a higher amount of large size airborne chloride [4]. Larger
particles of airborne chloride rapidly drop vertically owing
to gravity. However, smaller particles can be transported
by the wind across long distances.

Previous research shows that ABS intensity varies in
each area owing to different environmental conditions [4-
6]. As a result, the amount of ABS in each area differs.
Table 1 shows the change in ABS intensity based on the
difference in exposure location and distance from the
coastline.

Table 1. Airborne chloride collection method and duration in different locations.
Duration Collection Distance from . Airborne chloride
Reference month method h dine (m Location amount
(months) etho e coastline (m) (mg-Cl/dm?/day)
PWRI (1988) [5] 12-36 Capture tank 0—-1000 Japan 0.00-146.10
1[2? kamura et.al (2014) 12 Capture tank 0 Japan 0.01-5.95
Meira (2004) [7] 17 Wet candle 10-1100 Brazil 0.04-2.79
Hossain & Easa
(2011) [8] 6 Wet candle 93-7012 Bangladesh 0.01-0.54
Mustafa & Yusof .
(1994) [9] 12 Wet candle 30-400 Malaysia 0.60-2.43
Saeki (2010) [10] 12 Mortar chip 0—4500 Japan 0.05-11.27
Chen et.al [11] 36 Capture tank* 3-8469 Taiwan 0.16-15.21

*Modified capture tank.

The Southern and Eastern parts of Thailand have long
coastlines and are located in hot and humid climate zones.
A concrete structure in such environmental conditions
tends to deteriorate owing to the corrosion of the steel
reinforcement by airborne chloride. If the actual amount
of the ABS deposited on the concrete structure is known,
it will be beneficial to design durable structures. However,
the long-term trecorded data of airborne chloride in
Thailand's coastal area are still limited. This study
conducts an exposure test to check the amount of
airborne chloride in select locations.

Many researchers have conducted exposure tests by
using several methods to measure the amount of ABS ata
specified position. The dry gauze method, standardized as
JIS Z 2382, is a conventional method. However, this
method is recommended to capture airborne chloride only
during a few hours [12]. In 1988, the airborne chloride
capture tank method determined the amount of ABS over
an extended period (more than one month) [5]. This
method has been widely used in Japan [6]. In other

countries, some researchers alternately used the wet candle
following ASTM G140 to check the ABS [7, 8, 9]. The
capture tank and the wet candle, however, require large
spaces for the equipment, which cannot be restricted to a
precise position.

Additionally, an exposure experiment was conducted
by introducing a thin mortar plate of size 40 X 40 mm?,
which is smaller than the capture tank equipment or wet
candle [10]. In 2017, the thin mortar plate and tank
methods were compared. The results showed that the
amount of ABS obtained by the tank and mortar chip
methods was similar when the equipment was installed in
the same position.

Consequently, it is easy to check the amount of ABS
at a specified position for which the thin mortar chip
method was selected. In this study, mortar specimens with
different sources of fly ash were installed in Chonburi
province to clarify the airborne chloride penetration
behavior.
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2. Experiment Methodology
2.1. Airborne Chloride Collection

There are several methods to measure the amount of
aitborne chloride at a specified location [7, 13, 14]. The
aitborne chloride collection methods described can
determine the relative amount of chloride at specific
locations and times. Owing to the limitation of space at
the exposure site, the mortar chip was used as the chloride
collection instrument [10, 13]. The size of the mortar chip
in this test was 40 X 40 mm? with a thickness of 5 mm
and the weight of water to concrete ratio (W/C) around
0.60. The mortar chip specimen was produced by Denka-
Renotec Co. ltd. (Fig. 1) without any initial chloride
content.

Mortar chip specimens were placed at different
positions to check the airborne chloride intensity around
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amount of airborne chloride, we titrated the mixture of
water and mortar powder with silver nitrate solution
AgNOs; [15]. The chloride deposition amount was
checked every 21-44 days during the testing period. The
mortar chips were placed near the sea in the Phuket,
Phang-Nga, and Chonburi provinces of Thailand. The
exposure site and durations are listed in Table 2, and the
exposure position is shown in Fig. 2.

. . Fig. 1. Mortar chip used in the experiment.
the exposure sites. After the exposure, each mortar chip
was ground into a powder with a grinder. To find the
Table 2. Exposure site, dates, and durations.
Area Distance from coast (m) Height (m) Exposure duration
Phuket Province 30 2.0, 14.0, and 15.5 January—June 2017
Phang Nga Province 30 2 January 2017-December 2018
Chonburi Province .
(mortar chip) 30 2 April 2018—January 2019
Chonburi Province 30 2 April 2018-April 2019
(mortar specimen)
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2.2.1. Materials
1) Cement (OPC)

Type 1 ordinary Portland cement conforming to
ASTM C150 was used in this study. The specific gravity of
cement is 3.15.

2) Fly ash (FA)

The fly ash used in this study was obtained from three
different sources, as shown in Table 3. From the chemical
properties, the fly ash from each source can be classified
as class C fly ash conforming to ASTM C 618 [10];
(S8102+ALO3+Fe205 over than between 50% and 70%)

3) Fine aggregate
Natural river sand with a fineness modulus of 2.65

with a maximum size of 4.75 mm and an aggregate
absorption value of 0.51% was used as the fine aggregate.
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2.2.2. Specimen preparation

The chloride ion ingression mechanisms were studied
by casting two sets of 10 x 10 x 10 cm? mortar specimens
with four different mix proportions (Table 4) and curing
them by submerging them in water in the laboratory.

After curing the mortar specimens for 28 days, each
specimen was coated with epoxy on five surfaces, leaving
one surface exposed to analyze one-dimensional chloride
penetration, as shown in Fig. 3.

Specimens were placed at the site and exposed to the
actual environment in Amphor Sattaheep, Chonburi
province. The specimens and the exposure site in the test
are shown in Fig. 4.

After three, six, nine, and twelve months of exposure,
the specimens were drilled to get the powder at different
depths, as shown in Fig. 5.

The powder specimens were titrated with silver nitrate
solution (AgNO3) [15] to determine the chloride
concentration at each depth.

Table 3. Source and basic properties of Fly ash*.
Specifi Fineness air
Source Power plant area Si02+AlLO3+Fe;03 Class pecriic permeability
gravity 2/
(cm?/g)
Lampang Province
Mae MOhl\E ow ;lplant (Northern 68.26% C 2.2 2,690
(Mac Moh FA) Thailand)
BLCP Power plant Rayong Province o
(BLCP FA) (Eastern Thailand) 62.10% ¢ 2:35 3,000
Shikoku Electric Power
Co., Inc. Takamatsu, Japan 66.50% C 2.55 2,589
(Japan FA)
*The chemical properties are from the test sample only.
Table 4. Mix proportions of the mortar specimens (per m3).
Fly
Mix No. Definition wyp Cement .  Water  Sand
(kg) (ko) kg)  (kg)
1 OPC 100% 0.55 590 0 325 1280
2 OPC 70%, Mae Moh 30% 0.55 395 170 315 1280
3 OPC 70%, BLCP 30% 0.55 395 170 315 1280
4 OPC 70%, Japan 30% 0.55 395 170 315 1280

Fig. 3. Mortar specimens coated with epoxy resin.
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Fig. 4. On-site exposure specimens in Chonburi Province.

0—-5mm

5—-10mm
10-15mm
15-20 mm

20— 30 mm

Fig. 5. Drilling depth and powder sample for the experiment.

3. Exposure Site and Condition

3.1. Overall Climate and Exposure Condition in
Thailand

Southern and Eastern Thailand is surrounded by the
ocean. The Andaman Sea covers the west coast, and the
Gulf of Thailand covers the east coast. Thus,
comparatively, the Southern part tends to have higher
aitborne chloride. The annual South-West monsoon
affects Thailand from May to October, and the North-
East monsoon from November to January [17], as shown
in Fig. 6. In the West-coast areas, such as Phuket and
Phang-Nga, the South-West monsoon carries moist wind
from the Indian Sea. On the other hand, the cold, dry wind
from the North-East monsoon cannot fully reach these
areas owing to the Gulf of Thailand. Thus, concrete
structures in these areas are exposed to a harsh marine
environment, with a hot and humid moist climate
throughout the year.

3.2. Phuket

Kalim beach, on the Andaman Sea coast, was selected
as the location to collect the quantity of airborne chloride.
The site is located about 30 m from the sea. Five mortar
chips were installed 30 m from the coast at elevations of
2.0, 14.0, and 15.5 m, as shown in Fig. 7. The mortar chip

specimens were exposed to the environment from January
to June 2017 in Phuket.

Fig. 6. Annual monsoon in Thailand (modified from the
reference) [17].
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Fig. 7. Mortar chip positions in Phuket site.

The survey of the location showed that there were no
obstacles, providing the specimens and equipment with
exposure to the wind flow and rainfall to imitate the actual
airborne chloride environment. The exposure conditions
around the testing location in Phuket are shown in Fig. 8.

\
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@Hotel Novotel
Phuket Resort

7|

Baan Rim Pa Patong @

Fig. 8. Map of exposure position and exposure direction
in Phuket (from Google maps).

3.3. Phang-Nga

Tambon Khok Kloi, Amphoe Takua Thung, Phang-
Nga Province was selected for data collection. Phang-Nga
also presents beach coast conditions. Three mortar chips
were installed 30 m from the beach coast at 2.0-m height
(Fig. 9). The exposure direction and position are shown in

Fig. 10. The exposure duration was between January 2017
and December 2018.

Fig. 9. Mortar chip positions at Phang-Nga site.

wiedte ©

Sarosin Bridge m

Fig. 10. Map of exposure position and exposure direction
in Phang-Nga (from Google maps).

3.4. Chonburi

Sattahip beach, Chonburi, was selected to collect the
aitborne chloride data from and conduct the chloride
penetration analysis. Three mortar chips were installed 30
m from the beach coast at 2.0 m height (Fig. 9). The
mortar chip specimens were exposed from April 2018 to
January 2019. Additionally, the mortar specimens with
different sources of fly ash were also installed at the same
place from April 2018 to April 2019. The exposure
direction and position are shown in Fig. 12.

Fig. 11. Mortar chip positions at Chonburi site.
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Fig. 12. Map of exposure position and exposure direction
in Chonburi (from Google maps).
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Fig. 13. Airborne chloride in Phuket.
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4. Experimental Results and Discussion
4.1. Airborne Chloride Intensity

4.1.1. Phuket

The airborne chloride intensity is represented by total
chloride content (‘Cl) in the mortar chip in unit mdd
(mg/dm?/day). Figure 13 shows the amount of airborne
chloride in Phuket.

Previous research has shown that the amount of ABS
tends to decrease at higher elevations [14] as wind speed
reduces at these positions. However, the experimental
results in Phuket from January to May show that the
amount of airborne chloride from the mortar chips is
almost the same at 2 m and 15.5 m elevations.

To examine this, the mortar chip positions were
changed for the period from May to June, as shown in Fig.
14. A significant increase in airborne chloride was
observed, with a large difference at each height. The
survey at the initial position revealed that the vehicles
plying on the street resulted in higher wind turbulence at
the 2 m level. It is postulated that despite the lack of
obstacles, the moving vehicles can change the direction of
wind easily and cause reduction in airborne chloride.

Mar-Apr Ma}: May-Jun
0.28 0.45 0.35 0.61
0.18 0.32 0.34 4.15*
0.25 0.47 0.58 0.66
0.21 0.27 0.35 0.78
0.14 0.25 0.37 2.22
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Old 5o

(Jan + May)

New position
(May-Jun)

Fig. 14. Mortar chip positions in Phuket in January—May
and in May—June.

4.1.2. Phang-Nga

Figure 15 shows the amount of airborne chloride in
Phang-Nga. From January to May, the airborne chloride
intensity in Phang-Nga was around 0.90 to 1.30 mdd.
However, from May to June, the amount of airborne
chloride rapidly increased owing to the significant change
in breaking wave height (Fig. 17) in this period.
Furthermore, based on Thailand’s climate data, it was
observed that the amount of airborne chloride was also
influenced by the annual South-West monsoon from May

)
I

30

1)
o1

20 2017

Total chloride (mdd)

w

to October. The wind from the South-West moves toward
Thailand's coastline, thus increasing the wind speed and
breaking wave height. As a result, the amount of airborne
chloride increases annually from May to October.

4.1.3. Chonburi

Figure 16 shows the amount of airborne chloride in
Chonburi. Similar to Phang-Nga, the amount of airborne
chloride increases from June to August, potentially
influenced by the annual South-West monsoon.

4.1.4. Comparison of ABS amount in Phuket and Phang-
Nga Province (January 2017—June 2017)

The salinity level of the Andaman sea considered in
previous studies was examined to compare the amount of
ABS in Phuket and Phang-Nga areas [18]. The salinity in
the Andaman Basin, which is close to Phuket and Phang-
Nga provinces, was the same as that of these provinces,
and slightly varied in each season. Thus, the salinity
content could be the main factor affecting the chloride
amount.

From the results in Fig. 13 and Fig. 15, at 2 m, the
ABS intensity in Phang-Nga is higher than that in Phuket.
ABS intensity differs in different areas owing to different
exposure directions and conditions, even if the collection
method, distance from the seashore, elevation, and
exposure period are almost the same. Wind turbulence
from the vehicular movement, as explained eatlier, is one
contributor. However, after changing the mortar chip
position, the ABS value in Phang-Nga was higher than in
Phuket. This may be because the breaking wave height in
Phang-Nga is higher (Fig. 17), resulting in an increase in
the amount of airborne chloride [2].

2018

|

Jan- Feb- Mar- Apr- May- June- Aug- Sep- Oct- Nov- Dec- Jan- Feb- Mar- Apr- June- July- Aug-
Feb Mar Apr May June Aug Sep Oct Nov Dec Jan Feb Mar Apr June July Aug Dec
O Experiment 0.637 0.613 0.649 1.196 8.57 11.92 12.71 13.32 3.814 0.445 0.069 0.152 0.144 0.314 1.388 15.59 32.6 0.998

Fig. 15. Airborne chloride in Phang-Nga.
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Fig. 17. Wave height in Phuket and Phang-Nga Province from January to June.

An airborne chloride exposure test was conducted in
Niigata, Japan, with the same method in the same period.
The amount of airborne chloride in Niigata, Japan, from
January to February 2017 was 12.4 mdd [31] while Phang-
Nga and Phuket recorded value between around 0.5-0.6
mdd in the same period. It can be inferred that the amount
of airborne chloride in Thailand differed from that in
Japan owing to their different exposure and climate
conditions.

4.1.5. The comparison of ABS amount in Chonburi and
Phang-Nga (April-December 2018)

Previous studies show that the salinity in the Gulf of
Thailand is around 3.0-3.2 % [19], which is very close to

ENGINEERING JOURNAL Volume 24 Issue 2, ISSN 0125-8281 (https://engj.org/)

the value in the Andaman Sea. Thus, the comparison will
focus on climate and environmental conditions. Figure 18
shows the ABS amount in Chonburi and Phang-Nga,
where the exposure conditions are almost the same.

It is seen that the amount of ABS is higher from June
to August owing to higher breaking wave heights.
However, the amount of ABS in Phang-Nga and
Chonburi from June to August differed significantly. The
weekly weather report by the Thai Meteorological
Department reported higher rainfall in Chonburi than in
Phang-Nga in June [20]. In August, heavy rain was
reported in the Phang-Nga area but low rainfall in the
Chonbuti area [21]. This may be the cause of variance in
the ABS value in each area.
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Fig. 18. Amount of ABS in Chonburi and Phang-Nga Province during April-December 2018.

4.2. Airborne Chloride Penetration

The results of airborne chloride penetration from on-site
measurements are shown in Figs. 19-22. In three months,
the amount of airborne chloride penetration in each mix
design is almost the same. However, at 1.5 cm, the amount
of chloride penetration in the OPC mix is slightly higher.
Additionally, the amount of chloride in the BLCP mix
proportion is marginally higher than the others. The
results may be due to the different pozzolanic reaction
rates between different sources of fly ash [22]. Previous
studies show that the reaction between fly ash and alkaline
solutions in cement paste can differ even though the
amount of silica and alumina in fly ash is almost the same
[23]. BLCP fly ash may have a smaller initial pozzolanic
reaction than Japanese and Mae Moh FA, which makes
the chloride penetration greater.

Figure 20 shows that the amount of chloride at 0.75—
1.75 cm in each mix is higher than that in the three-month
specimen. At 1.75 cm depth, the OPC mix and Mae Moh
mix have a higher amount of chloride. Besides, BLCP and
Japanese fly ash have a lower amount of chloride. At this
stage, although the fly ash is classified as the same class,
the amount of chloride penetration differed.

After nine months (Fig. 21), the results are still in the
same trend as the six-month exposure. At 1.75-cm depth,
the OPC and Mae Moh mixture has a higher amount of
chloride. However, the amount of chloride at 0.25 cm in
each specimen is lower than that at 0.75-cm depth. This
may be due to the washout effect during the rain [17],
which reduces the chloride close to the specimen surface.

After 12 months (Fig. 22), one sample was lost during
the monsoon period while the overall chloride amount

was unchanged. This may be because of the reduction of
airborne chloride from January to March.

From Fig. 19 to 22, it can be seen that chloride ions
continuously ingress into the materials by diffusion [24, 25,
26]. However, airborne chloride concertation on the
surface was found to have reduced potentially owing to
the washout effect of rainfall [12, 27]. Water particles from
rainfall or melted snow wash chloride from the concrete
surfaces [1, 27, 28] resulting in a change in the amount of
chloride on the surface during the experiment.

The mortar specimen with Japanese fly ash 30%, at
0.75 cm depth, contains higher total chloride content than
the 100% OPC cement specimens at the same water to
binder level. This may be because the pozzolanic reaction
in the fly ash specimen produces additional calcium silicate
hydrate (C-S-H) product to fill up capillary pores, making
the porosity of the fly ash concrete differ from normal
concrete [29]. Additionally, the amount of bind chloride in
fly ash concrete was higher than the normal cement paste
[30]. As a result, the chloride could not penetrate deeper.

In the six-month and nine-month specimens, the
mortar with BLCP FA had lower total chloride content
inside the specimen (0.75—1.75 cm depth) than the mortar
with Mae Moh and Japanese FA. One of the reasons could
be the difference in fineness. Table 1 shows that the fly
ash from BLCP has higher fineness air permeability,
indicating smaller particles compared to Mae Moh and
Japanese FA. Thus, the smaller particle can act as a filter
inside the mortar specimen and make the sample denser.
However, as the result can be affected by many factors,
such as the human error in the specimen preparation
process and the consistency of fly ash, additional
experiments are needed to clarify the result.
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Fig. 19. Comparison of airborne chloride penetration in each mix design (3 months).
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Fig. 20. Comparison of salt-water penetration in each mix design (6 months).
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Fig. 21. Comparison of salt-water penetration in each mix design (9 months).
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Fig. 22. Comparison of salt-water penetration in each mix design (12 months).

5. Conclusion

It is essential to carefully consider the amount of
airborne chloride and the concrete mix proportions while
designing concrete structures in airborne chloride
environments. From the onsite exposure, it can be
inferred that the amount of aitborne chloride differs
owing to weather and breaking wave height and the
amount of airborne chloride in Southern and Eastern
Thailand in each season. However, in this study, the
exposure duration in some areas were limited, highlighting
the need for additional tests to successfully assess the level
of airborne chloride in Thailand.

The chloride penetration rate under airborne chloride
conditions changes when using different types of fly ash.
Airborne chloride on the concrete surface did not increase
for 3 to 12 months potentially owing to the rainfall.
Additionally, different mix proportions may have different
chloride binding capacities, which affects the chloride
penetration level. Fly ash can be considered as the additive
material that can reduce the chloride penetration and
prolong the corrosion rate in concrete. However, different
sources of fly ash provide different results. Additional
tests should be conducted to assess the potential of each
mix design.
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