
1. INTRODUCTION

In a rebar concrete structure the penetration of chloride ions is 
responsible for the corrosion and expansion of the rebars in the 
building structure, leading to the cracking of covered concrete. Salt 
damage of this kind can be more serious than other deterioration 
phenomena since it reduces the service years and the structural 
safety of the concrete structure. For this reason, there are diverse 
types of regulations and maintenance directives on the chloride 
resistance in preparation for the deterioration of a building[1][2].

Salt damage is a particularly important consideration for 
structures built in the oceanic area, which have direct exposure 
to the sea wind. Chloride from sea waves is in the sea wind, and if 
the chloride ions adhere to the surface of a building structure, they 
may trigger salt damage of the structure. For this reason, many 
researchers have strived to identify the characteristics of airborne 
chlorides under actual environmental conditions. The airborne 
chloride deposition will differ at different locations due to the 

geographical and climatic conditions; moreover, the wide variety 
of collector types makes it difficult to measure airborne chloride 
deposition. Wet Candle of ASTM, JIS in Japan, PWRI and K-Series 
developed by Lee are some examples, to name a few[3][4][5][6][7]. 

In addition, even though the chloride amount in the wind differs 
according to the direction of wind which blows to the each side of 
building: the front(facing the sea), the back and the side, a certain 
value of airborne chloride is applied as a deterioration factor, and 
this is ineffective from an economic perspective when designing 
for chloride resistance. However, the existing collectors described 
above generally measure chlorides in the air, and the accuracy of 
the values measured by the collectors is controversial due to the 
differences in their measuring performance. 

That is, it is necessary to quantify the airborne chloride amount 
in a chloride resistance design of a building structure as a boundary 
condition, and the structures in the oceanic environment are 
affected by sea wind not only on the front but also on the back 
and the sides, making it difficult to calculate airborne chloride 
deposition accurately. In addition, individual collectors have 
different collecting performance, which also makes it difficult to 
derive a value that can be a standard. On this research background, 
the author of this study thought that it is more economically 
feasible to apply a more appropriate value as necessary in order to 
achieve the optimal chloride resistance design than to apply the 
same value to all sides of a building based on the chloride amount 
in the air. 

A collector that can be used as a standard was developed in this 
study through an analysis of the advantages and disadvantages 
of conventional collectors. The collector developed in this study 
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is designed to have a directional character, which means that 
unlike the conventional ones, it enables a user to collect airborne 
chlorides by direction on the basis of a building’s structure. As part 
of its performance verification, the eight-directional collector was 
installed at five different locations in Korea’s actual oceanic settings. 

The eight-directional collector is expected to contribute to the 
effective selection of an anti-corrosive method(selection of a 
finishing material and the thickness of cover) appropriate for each 
side of a structure depending on its geographical conditions. 

2. EXISTING COLLECTORS

(1) JIS(Japanese Industrial Standards)
The collector proposed in JIS Z 2382 focuses on a general 

idea of a collector rather than its specifications. It uses a dry 
gauze by attaching it on the collecting plate(100mm×100mm). 
However, JIS has a drawback in that it collects airborne chlorides 
indiscriminately in the open space, which implies that it cannot 
impose any directionality on the collection. In addition, there is no 
regulation on the shielding plate or box to protect the dry gauze 
from weather conditions such as rain or snow. JIS is shown in 
Figure 1(a). 

(a) JIS[8] (b) PWRI[9]

(c) K3 (d) Wet Candle[10]

Figure 1. Collector type

(2) PWRI(Public Works Research Institute)
Figure 1(b) is PWRI developed by Public Works Research 

Institute of Japan. PWRI consists of a stainless collecting plate, 
silicon hose, water storage bottle, and stainless box which 
houses the collector set in it. The airborne chlorides in the wind 
are deposited directly on the water storage bottle after passing 
through the stainless collector and the silicon hose. The airborne 
chlorides attached on the stainless collecting plate are washed 
in the water storage bottle by spraying distilled water on the 
collecting plate at the last day of the measurement period. The 
airborne chloride concentration is finally measured in the water 
storage bottle and then used as the airborne chloride deposition 
of the measurement period. However, since PWRI uses a smooth 
stainless plate, airborne chlorides are hardly deposited on it due 

to its smooth surface(Lee, 2006). It also has an internal structure 
that is impassable by wind, and the wind flow is stagnant inside of 
the collector. For these reasons, its collecting performance is not 
effective(Lee, 2006).  

(3)Wet Candle
Figure 1(d) illustrates Wet Candle, which is the collector that is 

proposed in ASTM G 140. It uses a dry gauze to collect airborne 
chlorides. A gauze(100cm2) is wrapped on the bar, and the end 
of the gauze is soaked in the water storage bottle, the purpose 
of which is to raise the humidity of the gauze and ultimately 
improve collecting efficiency. However, Wet Candle has a structure 
that makes it difficult to impose directionality on the collecting 
performance; therefore, the collector does not reflect the direction 
of the wind in collecting airborne chlorides at each side differently. 

(a) K1 (b) K3

Figure 2. K1 and K3 collectors(Lee, 2006)

(4) K Series(K1 & K3)
Lee (2006) developed the K1 and K3 collectors in order to 

perform a quantitative measurement of chlorides in the air by 
comparing and reviewing the conventional collectors. Figure 2 
illustrates K1 and K3, and their features are indicated as below. 

Figure 2(a) shows the plane view, the front view and the side view 
of K1, respectively. The collecting plate was designed to have the 
same size as that of JIS and PWRI(100mm×100mm). This collector 
has six collecting plates that collect airborne chlorides coming into 
the entry. The gauze was attached on the floor, four sides and the 
top of the collector to maximize collecting efficiency. 

K3 has an inlet with a size of 100mm×100mm, as shown in Figure 
2(b). There are two collecting plates(100mm×120mm) inside of 
the box. In particular, a 20mm-high shield film was installed to 
prevent the collected airborne chlorides from being lost due to 
wind and rain. Unlike K1, K3 was designed for wind to pass only 
through gauze without being induced to the wind passage because 
airborne chlorides were kept from being directly lost. K2 had the 
same structure as K1, but the number of collection plates was 
reduced from six to three. K2 was a prototype developed during 
the transition from K1 to K3. It will not be mentioned again in this 
study. Table 1 summarizes the aforementioned characteristics. 

Figure 3 is a comparison of the capturing rate between JIS and 
other collectors. In the research findings of Lee (2006), K1 collector 
was verified to show a collecting performance similar to that of JIS. 
K1 collector has six collecting plates installed at a certain interval 
to maximize the collecting efficiency. However, K3 was verified to 
have a 30 percent higher capturing rate compared with K1 and JIS. 
In other words, JIS seems to collect about 70 percent of chlorides in 
the air. According to Lee (2006), Wet Candle was estimated to have 
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about 20 percent of the capture rate compared with K3, and about 
26 percent of the capture rate compared with JIS.

As analyzed earlier, the capture rate of airborne chlorides is 
significantly different in each type of collector. Due to the wide 
differences in the collecting performance of each collector, there 
is no commercial collector with a high level of accuracy that 
can be currently used as a standard. To be specific, many of the 
aforementioned problems of collectors were pointed out by 
researchers in Japan, as well as by researchers in Korea. Therefore, a 
collector needs to be developed that complements the problems of 
the conventional collectors.

Table 1. Classification of collectors

JIS PWRI Wet Candle K3

Collecting 
plate Dry gauze Stainless Wet gauze Dry gauze

Developed 
by JIS Z 2382

Public Works 
Research 

Institute of 
Japan
(1993)

ASTM G 140 Lee
(2006)

Installation 
direction

One 
directional

One 
directional

All directional
(No 

directionality)
One 

directional

Others
Airborne 
chloride 

measurement 
criteria

Due to the 
limitation 

of collecting 
capacity of 
JIS, it was 

developed by 
PublicWorks 

Research 
Institute of 

Japan

Airborne 
chloride 

measurement 
criteria

Problems 
pointed out in 
the research 

conducted by 
Lee (Limitation 

of collecting 
capacity)

Due to the 
limitation 

of collecting 
capacity of 

PWRI, it was 
developed by 

Lee

Comparison 
of capturing 
rate between 

collectors

Figure 3. Comparison of capture rate between collectors

3. DEVELOPMENT AND VERIFICATION OF 
AN EIGHT-DIRECTIONAL COLLECTOR

Figure 4(a) is Upgrade JIS that leads to the wind path by 
surrounding the dry gauze with a box-shaped structure for the 
collector to have directionality in its collecting performance. 

Figures 4(b) and 4(c) show Type A and Type B attached on the 
back of the collector in order to block the airborne chlorides from 
coming into the collector other than through the front. 

The dry gauze has an area of 100cm2, and is installed 150mm 

inside from the front to induce the collector to have directionality. 
The entire length of the box is 200mm, and Back Plate is installed 
50mm from the back, which leads the wind to pass smoothly inside 
of the collector.

(a) Upgrade JIS

(b) Type A (c) Type B

Figure 4. Collector under development

Figure 5. Changes in wind speed within the Upgrade JIS collector

(1) Verification using fluid simulation
In the process of the collector, the performance of Type A and 

Type B was verified. When wind is coming into the collector either 
from the front or from the back, the changes in wind flow passing 
through the collector were analyzed using fluid simulation. 

The equation used in the fluid simulation analysis is a basic 
equation that elucidates computational fluid dynamics, particularly 
non-compressive fluid in this case. Eq.(1) is a constitutive equation 
used in the analysis, and Eq.(2) is the input condition.

Here, η is dynamic viscosity, u is velocity vector, ρ is fluid density, 
and p is pressure. The wind speed coming into the collector was 
set at 0.5, 1.0, 5.0, 10, and 20m/s, respectively, to perform a fluid 

JIS
Collecting plate

Dry gauze



78 Gyuhwan Cho

simulation analysis. Figure 5 shows the changes in wind flow while the 
wind was passing through the Upgrade JIS collector.  The wind speed 

(a)Wind from the front(Type A)

(b) Wind from the front(Type B)

(c) Wind from the back(Type A)

(d) Wind from the back(Type B)

Figure 6. Changes in wind speed with Type A, B

showed a slight increase within the collector, but it is not believed 
to have been significant enough to affect the airborne chloride 
collection. Figures 6(a) and (b) illustrate changes in wind flow 
passing through Type A and Type B, respectively, when wind 
was coming into the collector from the front. The wind speed 
dramatically decreased within the collector, but split stream was 
observed after it passed Type A or Type B. The wind speed is 
expected to decrease by about 40 percent. The back plate installed 
to prevent the wind from coming into the collector from the back 
is believed to disturb the wind flow within the collector, which 
may cause a dramatic decrease in wind speed within the collector, 
causing the airborne chloride deposition to be underestimated. 
Figures 6(c) and (d) illustrate the changes in wind flow passing 
through Type A or Type B when the wind was coming into the 
collector from the back. Even though Type A and Type B was 
installed to block the wind coming into the collector from the 
back, it was observed that wind came inside from the back. Based 
on the observation, it is believed that Type A and Type B cannot 
block the wind coming inside from the back. Therefore, the 
author of this research attached 100㎛-thick polyethylene film 
instead of a fixed back plate in order to prevent airborne chloride 
from coming into or being lost from the collector other than 
the direction intended to measure airborne chlorides. The film 
attached on the back opens when the wind coming from the front 
passes the collector but closes when wind comes into the collector 
from the back. Figure 7 shows the dimension of Open Close 
newly devised.

This collector was manufactured by fixing eight Open Close 
boxes at a certain distance in which a steel plate was added on the 
upper part in order to avoid any influence of rainfall. The Open 
Close boxes are placed radially, and unlike conventional collectors 
that collect chlorides in the air, the airborne chloride data with 
directionality can be obtained using the eight-directional collector. 
On the other hand, a polyethylene cover was equipped on the 
openings of the Open Close box to prevent wind from flowing 
backward, which means the airborne chlorides coming in from the 
back can also be blocked.

Figure 7 .  Open Close Figure  8.  Eight-directional 
collector

(2) Verification of an accelerated airborne 
       chloride collection experiment

The Open Close box developed in this study was verified. Figure 
9 shows the airborne chloride amount collected using the collector 
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devised in the improvement process in an artificial airborne 
chloride collection experiment. The airborne chlorides were 
collected in an artificial airborne chloride collection experiment for 
48 hours. 

20.18mg/dm2/day of airborne chlorides was collected when 
using Open Close, which was almost no difference from the 
amount collected when using Upgrade JIS. However, the 
considerably low amount of airborne chlorides was measured 
when using Type A and Type B. This implies that back plate may 
be responsible for the changes in wind speed within the collector. 
It was proven in the experiment that the airborne chloride 
amount collected using Open Close has almost no difference 
compared with that collected using Upgrade JIS. Figure 10 
illustrates a diagram of an artificial airborne chloride collection 
experiment.

Figure  9.   Airborne chloride deposition by improved collector

Figure  10.  Artificial collection of airborne chlorides

4. PERFORMANCE VERIFICATION THROUGH THE 
ACTUALAIRBORNE CHLORIDE COLLECTION

(1) Locations of the airborne chloride collection
Airborne chlorides were collected at 5 locations in coastal areas. 

Figure 11 illustrates these collection locations. Korea is located 
between 33 and 43 degrees North latitude and between 124 and 
132 degrees East longitude, so it has four seasons with distinctive 
climatic characteristics. The eight-directional collector was used 
for collecting airborne chlorides. In addition, a one-directional 
PWRI was installed at the same locations in order to compare the 
collecting performance of the two.

(Reduced scale 1 : 100km)

Point A, B, C, D
(Reduced scale1: 3.2km)

Point E
(Reduced scale 1 : 3.2km)

Figure  11.  Locations of airborne chloride collection
(Busan and Incheon, Korea)

Table 2. Geographical conditions of the locations of airborne chloride collection

Point Locations 
Direction at the shortest distance from 

the coast
(Effective direction)

A
Mangmi-dong, 

Suyeong-gu, 
Busan, Korea

SE 8.8 km
S 2.7 km

SW 8.5 km

B
Jaesong-dong, 
Haeundae-gu, 
Busan, Korea

SE 3.4 km
S 3.6 km

SW 7.1 km

C
U-dong, 

Haeundae-gu, 
Busan, Korea

SE 0.085 km
S 0.091 km

SW 0.086 km

D
Dongsam-dong, 

Yeongdo-gu, 
Busan, Korea

N 0.036 km
NE 0.03 km
E 0.053 km

E
Songdo-dong, 

Yeonsu-gu, 
Incheon, Korea

N 4.8 km
NW 4.5 km
W 3.2 km

Table 2 indicates the geographical conditions of each location at 
which the eight-directional collector was installed. Three effective 
directions facing the coast were selected. To be more specific, the 
directions with the least separate distance from the seashore were 
selected as the effective directions. The three directions opposite 
to the three effective directions were selected as non-effective 
directions. Airborne chlorides were collected for 12 months, from 
March 2011 through February 2012. The collection gauzes were 
retrieved from the eight-directional collectors once a month to 
measure the airborne chlorides captured on them.
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Figure  12.  Eight-directional collector

(a) Point A

(b) Point B

(c) Point C

(d) Point D

(e) Point E

Figure  13.  Distribution of airborne chlorides by direction 
(Average of January through December)

In addition, to understand the distribution characteristics of 
airborne chlorides according to height Points C and D were divided 
into upper and lower parts, and the eight-directional collectors 
were installed. The lower part was set up to 14m from the ground, 
and the collectors were installed at 3.6m, 7.1m, 10.6m and 14.1m, 
respectively. The higher part was set up to 160m from 16m above 
the ground, and the collectors were placed at 16m and 157.7m, 
respectively. Figure 12 illustrates the eight-directional collector 
installed at an actual location.

(2) Results and the analysis
Figure 13 is the average of the airborne chlorides collected for one 

year at five locations. 
Figure 14 shows the graphs of the overall airborne chloride 

average collected in all of eight directions, the average of three 
effective directions, and the average of three non-effective 
directions. Unlike the conventional one-directional collector facing 
the seashore, it was verified that by using the eight-directional 
collector the airborne chlorides were evenly collected not only 
from the effective directions facing the coast but also from other 
directions. From the analysis results, it was found that the average of 
three effective directions was higher than that of three non-effective 
directions. To be specific, compared with the overall average of 
airborne chlorides collected from eight directions, the average of 
three effective directions was 1.2 times higher, while the average 
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of three non-effective directions was 0.8 times higher. In other 
words, the average of three effective directions was 1.5 times higher 
than that of three non-effective directions. The airborne chlorides 
captured in the effective directions came from the same direction as 
the sources of airborne chlorides, and may have been dominantly 
transported by sea wind. On the other hand, the airborne chlorides 
collected from the non-effective directions had floated in the air, 
and were usually transported by local land breezes. The local land 
breezes are usually weaker than sea wind. For this reason, less 
airborne chlorides were captured from the non-effective directions 
compared those from the effective directions.(Sea wind is generally 
stronger than land breeze, and sea wind speed is usually 5-6m/s, 
but goes up to 7-8m/s depending on the geographical features of 
the seashore, becoming weaker as it blows further inland. On the 
other hand, the velocity of land breeze is only 2-3m/s. The sea wind 
is relatively strong, and usually blows up to 20-50km inland, while 
land breeze blows up to 7-10km inland.)

Figure  14.  A comparison of average airborne chloride amounts between 
all the eight directions, three effective directions, and three non-effective 

directions(Monthly average by direction from January through December)

Figure 15 shows the overall average collected from eight 
directions using the eight-directional collection method proposed 
in this study according to the distance from the seashore. In 
addition, the airborne chloride amount collected by the one-
directional PWRI is shown. The overall average of eight directions 
and the average of three effective directions were analyzed 
according to the distance from the seashore. In terms of the 
distribution of airborne chloride amount according to the distance, 
it dramatically decreased as it became closer to the coast, while it 
gradually decreased as it became farther from the coast. This can 
be expressed as y=mx-n. In the analysis of the airborne chloride 
amount collected using a one-directional collector by distance, a 
dramatic decrease in airborne chloride amount was evaluated at 
about 1km from the seashore. When using the eight-directional 
collector developed in this study, it showed a decreasing tendency 
in airborne chlorides as the distance became farther away from the 
seashore, similar to the result using the one-directional collector. 
However, a considerable amount of airborne chlorides was also 
observed to have been collected at over 2.5km away from the 
seashore, which differed from the result using the one-directional 
collector. That is, there was a significant discrepancy in the 

measured airborne chloride amount depending on collector type 
due to its collecting performance. The airborne chloride amount 
was different depending on collector type and directionality.

Figure  15.  Distribution of airborne chlorides by distance

Figure  16.  Distribution of airborne chlorides by height

Figure 16 shows the airborne chlorides collected in eight directions 
by height using the eight-directional collector. Kazama & Yamada 
(2004), who studied the distribution characteristics of airborne 
chlorides by height, presented the vertical distribution of airborne 
chlorides through advection-diffusion analysis. From the analysis 
results, it was found that the distribution of airborne chlorides 
increased up to the height of 20-30m, while it gradually decreased 
above 30m. The wind flow that has a dominant influence on the 
transport of airborne chlorides caused the closing by obstacles at the 
lower part and the increase in coefficient according to the contours 
of the ground, leading to the drop in the airborne chloride amount. 
On the other hand, at the upper part above 20m, the higher the 
height, the less airborne chlorides were found, which implies that 
airborne chlorides do not have enough strength to scatter in the 
air. Wind speed is usually considered to be increasing at a higher 
elevation, which might help the transport of airborne chlorides. 
However, the analysis result implies that the gravity that results 
in the fall of airborne chloride particles seems to have a greater 
influence compared with the increased wind speed. However, in the 
result, it was verified that the airborne chloride amount was different 
depending on collector type and directionality.
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5. CONCLUSION

It is difficult to set a standard value of airborne chlorides as a 
deterioration factor due to the variety of airborne chloride collector 
types, even though airborne chloride is one of the deterioration 
factors for a structure. For this reason, a new collector that can serve 
as a standard is proposed in this study by comparing the collecting 
performance of the newly developed collector with that of existing 
ones. 

The collecting performance of the newly developed collector 
was verified through the measurement of airborne chlorides at 
actual collection locations. The results showed a similar tendency 
compared with the experimental results analyzed in previous 
studies, but it was found that there was a significant discrepancy in 
the measured amount of airborne chlorides depending on collector 
type. Therefore, a collector that can serve as a standard is needed. 

By developing an Open Close collector that blocks airborne 
chlorides coming into the collector other than through the frontal 
direction, it is possible to collect airborne chlorides in multiple 
directions. This is expected to be conducive to planning an effective 
chloride resistance design by applying a different surface chloride 
amount to different parts of a building.   

In the distribution analysis of airborne chlorides by direction, 
it was revealed that compared with the overall average of eight 
directions, the average of the three effective directions was 1.2 times 
higher, while the average of the three non-effective directions was 
0.8 times higher. In other words, the average of the three effective 
directions was 1.5 times higher than that of the three non-effective 
directions. 

In the distribution analysis of airborne chlorides according to 
distance, the result was shown to be similar to those in the previous 
studies, but due to the overall differences in collection performance 
between the one-directional collector and the eight-directional 
collector, more airborne chlorides were captured when using the 
eight-directional collector proposed in this study compared with 
when the one-directional collectors of previous studies were used. 

Under the geographical conditions of an oceanic environment, 
the airborne chloride amount measured on the front of a building’s 
structure(the direction facing the sea) is different from that 
measured either on one side or on the back of the structure. In 
sum, a different surface chloride amount that serves as a boundary 
condition in a chloride resistance design should be applied 
for each side of a building to determine a chloride resistance 
method(selection of an appropriate finishing material, thickness of 
the coat, etc.).
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