J. Korean Wood Sci. Technol. 2019, 47(3): 311~323 pISSN: 1017-0715 elSSN: 2233-7180

https://doi.org/10.5658/WOOD.2019.47.3.311

Original Article

The Measurement of Physical Properties of
Outdoor Exposed Members'

Gwang-Chul Kim®?2" - Jun-Ho Kin?

ABSTRACT

The number of newly constructed traditional Korean houses, i.e., Hanoks, and light-frame buildings is increasing.
However, related research is limited owing to the lack of awareness regarding safety evaluations. Therefore, this study
conducted an outdoor exposure test to accurately evaluate wooden constructions. Spruce, pine, and fir (SPF) material
was monitored for a year, wherein the SPF materia was artificialy dried under 18% moisture content, and its physical
properties and color differences were measured once a month. Large differences were observed in the materia’s weight
and moisture content, which are indexes sensitive to daily range and rainfall; however, no significant difference was
found for other basic properties in the pre and post test results. Herein, L*, a*, and b* values represent color differences;
these values exhibited a general decrease after the test. Such differences were attributed to the loss of lignin in the
wood. The color difference value was high between the months of May and July, when the daily range and rainfall
significantly fluctuated. Multiple regression analysis was performed on the a* vaue (redness indicator), daily range,
rainfall, and ultraviolet index. The results indicated that the daily range influenced redness the most. According to
the estimated regression equation, the daily range and redness are positively correlated. Based on the results, the types
and influence of independent variables on color difference are expected to change as the wood's duration of outdoor
exposure and the amount of data obtained both increase.
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1. INTRODUCTION

In Korea, there are many wooden cultural heritages
that use timbers. Among them, Hanok, means a
construction made with traditional methods in Korea.
More modern Hanok construction is expected as
large-scale Hanok district promotion projects.

According to statistics of 2016 provided by the
National Hanok Center, an average of 1,533 Hanok
was built annually, with steady demand. The area with

the most Hanoks built from 2007 to 2010 was Jeolla
Namdo (Southern Jeolla) with 1,549 new houses,
followed by Seoul city with 486 houses. During the
3 years the survey had been conducted, about 3,000
new Hanoks were built, and roughly the same number
of Hanoks had gone through maintenance. Modern
Hanok and wooden cultural heritage, unlike genera
wooden construction, require consistent maintenance,
management and repair, as they use structural size
members (Kim et al., 2015; Kim, 2012b). Statistics
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Table 1. Numbers of wooden construction begin in Korea. (Statistics Korea)

year 2011 2012

2013 2014 2015 2016

Wooden construction 10,037 10,369

10,339 11,493 13,595 14,945

provided from the National Hanok Center indeed
shows the necessity of systematic maintenance, man-
agement and repair. Moreover, as innovative cities being
built across different provinces and districts actively
attract residential population, trend shows that con-
sumers clearly prefer wooden houses especidly in single
residential sites, as interest for eco-friendly living has
increased. This led to an increased number of con-
structions of light frame buildings.

This study aims to build a database through an
outdoor exposure test for a more accurate safety
evaluation of wooden congtruction (Kim, 2017a; Kim,
2017b). A 3-year outdoor exposure test of smal wooden
test pieces is underway, in which basic physical
properties are measured monthly by test piece samples
(Kim, 2012a). This study was conducted to evaluate
the test pieces thet have completed on yeer test. Utilizing
the database on remaining life acquired from this study
will interact with local characteristics and bring
beneficial insghts including management of structural
size members in the traditional point of view, and
increase of demand of wooden houses by securing safety
of wooden houses in the modern point of view (Kim
and Park, 2015a).

2. MATERIALS and METHODS

The officia tree species used in this study is an SPF
(Spruce-Picea jezoensis, Pine-Pinus densiflora, and
Fir-Abies holophylla) artificially dried under 18 percent
moisture content, those is used frequently in Korean
wooden constructions. The test pieces were prepared
in the size of 38x38x300 mm with a miter saw.
Although wooden cultural heritage and heavy timber
construction employs members of structural size, the
complete absence of related research data required this
study to establish the concept firgt, thus the samples
processed as gmall test pieces. The number of test pieces
was a tota of 120 units, which are ten units per month
for a period of twelve month. Among these, the
collecting 10 specimens tested per month. And the
control group (20 specimens) was tested separately. The
physical properties of the specimen were measured
monthly before and after the test (Kim et al., 2009;
Kim and Matsumura, 2013).

W.L(%) = (1— 2—3;) %100

The weight loss was obtained by equation 1. A.W

(After weight) is the test group’s weight, and B.W

Fig. 1. The measurement of physical properties.
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Table 2. Specimen information

Month Count Specimen number
1 10 1-1 ~ 1-10
2 10 2-1 ~ 2-10
3 10 31~ 310
4 10 4-1 ~ 4-10
5 10 5-1 ~ 5-10
6 10 6-1 ~ 6-10
7 10 7-1 ~ 7-10
8 10 81 ~ 810
9 10 9-1 ~ 9-10
10 10 10-1 ~ 10-10
11 10 11-1 ~ 11-10
12 10 12-1 ~ 12-10

(Before Weight) is a control group’s weight. The weight
loss was andyzed for comparison of physical properties.
The weight of cutting specimens for moisture content’s
test was used.

The outdoor exposure test was conducted on the
rooftop of the Chonbuk National University, College
of Human Ecology located in Deogjin-dong, Jeonju
city, Northern Jeolla province. 10 test pieces were
collected per month to measure physical properties.
Daily wegather indexes including the highest and lowest
temperatures, humidity and ultraviolet ray amount were
collected through the K-weather web-site, the online
National Weather Service. In order to enhance confi-
dence, an on-site measurement took place once every
day at 2:00 PM. The testing bench for the outdoor
exposure experiment consulted the Weathering Testing
Guidebook published by the US company Atlas Electric
Devices Company, and was tilted at -5 degrees from
level, in order to maximize reception of solar radiation
through reflection and direct rays at the testing (rooftop)
environment with waterproof flooring (ASTM G 90,
2005; Raberg et al., 2005). In order to ensure dl sides
of the test pieces was evenly exposed to ultraviolet
rays, al sides were turned over a a designated time
once a week (ASTM G7/G7M-13, 2013).

Somth Flarida
Average Annual Radiant
Exposure [295-385 nm)

30 e 0wt 180 My
|
i |
5° Exposwre  45° Exposwe 907 Exposure

Fig. 2. South Florida Radiant (McGreer, 2003).

Fig. 5. Details for the color difference test.

Fig. 2 shows the angle at which solar radiation
exposure could be maximized, according to the Wea-
thering Testing Guidebook, and used the average radiant
guantities of South Florida as the standard. Latitude
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is necessary when examining the difference between
temperature and sun radiant quantities. However, the
radiant quantities were not adapted because of little
difference between the latitudes of Florida (31°) and
Jeonju (35°).

For the color difference test, 3 parts per test piece
before and after outdoor exposure tests were measured
using the color difference measurement device (model:
CR-400). The color difference was observed for changes,
categorized by L*, a* and b* and the degree of color
change was obtained by solving for color difference
value AE (Kim, 2012a; Lee et al., 2009).

Table 3. The changes of basic physical properties

3. RESULTS and DISCUSSION

3.1. Changes in physical properties

Table 3 shows the physical properties of test pieces
exposed to outdoor in one year. The length, thickness,
weight, moisture content and density were measured
and the averages data of test pieces per test groups
were recorded (Park and Kim, 2014). The length, width
and thickness of al test pieces showed amost no
difference before and after the test. Alike other physical
property indexes, density also showed little difference
among test groups with an average of 0.42g/cm3(£0.04).

Length(mm) Width(mm) Thickness(mm) Weight(g) MLC.(0 Density

Before  After  Before  After  Before  After  Before  After <00 (g/emd)

CG 10.86(+0.23) (iOO.flo:;)
M 30045 30040 37.53 37.62 37.59 37.78 20533 209.20 14.29(+1.61) (tOCIJi?S)
M 30045 30045 37.40 36.91 37.56 3729 20331 20236 13.26(+0.50) (io(;th3)
3M 30045 30020 3751 37.80 37.35 37.82 19521 19337 12.78(+0.65) (106%5)
4aM 300.30 300.10 37.74 37.58 37.67 37.35 199.92 19331 10.37(x0.47) (106223)
5M 30055 299.85 37.64 37.14 37.45 36.85 18428 17343 8.59(+0.31) (iocf&)
6M 300.60 299.85 37.58 38.00 37.64 38.09 180.69 18854  20.72(+2.04) (106?53)
™ 30055 300.30 37.56 38.02 37.59 38.08 19477 211.76 19.69(x1.62) (1061)25)
8M 300.70 300.00 37.55 37.44 37.52 3754 18950 186.71 12.20(+0.78) (iocl)fg)5)
oM 30050 299.85 37.45 37.33 37.39 37.36 20645 206.27 18.18(+2.82) ( (1?6‘.186)
10M 300.60 29942 3744 37.12 37.37 37.09 20356 19554 11.48(x1.57) (106%5)
11M 300.55 29957 37.47 37.61 37.38 3753 19390 177.96 13.72(+1.62) (iodg)
12M 300.35 299.85 37.53 37.49 37.52 3743 19118 196.42  12.76(+0.90) (100..4026)

M.C : Moisture Content, C.G :

Control Group, M : Month
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Table. 4. The comparison of weight loss

Weight(g) W.L (%)
CcG 24.71 -
M 27.83 -12.62
2M 26.47 712
3m 25.57 -348
am 25.98 -5.13
5M 2254 8.78
6M 24.94 -0.93
™ 27.14 -9.83
8M 24.11 2.42
oM 27.02 -9.34
10M 25.70 -4.00
11IM 24.08 254
12M 24.72 -0.04

W.L : Weight Loss

Weight and moisture content showed large difference
among test groups, and this is thought to be caused
by the senditivity to changes in daily range and rainfall
(Feist and Hon, 1984; Fa, 1989). The average pod-test
moisture content of al test pieces was 14.00%(+3.70),
which increased approximately 30% from the moisture
content of the control group of 10.86%(+0.23). The
months that showed the most difference in moisture

Table 5. Average of color vaues

content were May (8.59 %(+0.31)), and June (20.72%
(£2.04)).

Table 4 shows the weight loss of test groups. May
which shows the greatest weight loss, was measured
the lowest moisture content. This is assumed to be the
reason the dry atmosphere caused by the low rainfall,
and the highest daily range led to the moisture of the
wood to escape easily. Except for the beginning of
an experiment, moisture content was the second highest
in July when the weight loss was the lowest. (In June
and July, there is not a large difference in moisture
content by about 1%) In contrast to May, this is thought
the wet atmosphere caused by the highest rainfall, and
the lowest daily range mede it difficult to move moidure
inside the wood. As a result, it can be said that the
weight loss and the moisture content are inversely
proportional.

3.2. Comparison of color difference

3.2.1. Change of color difference

Fig. 6 shows the change in the appearance of test
pieces according to outdoor exposure time, and Table
5 shows the average value of L*, a*, and b* values

L* a* b

M 77.94(+1.00) 4.03(x0.61) 29.1(+1.05)
2M 72.67(+5.47) 4.23(+5.47) 26.5(+2.83)
3M 69.87(+1.81) 6.03(+0.40) 26.6(+1.39)
aMm 66.86(+1.70) 5.39(+0.66) 21.58(+2.04)
5M 65.26(+2.04) 5.09(+0.99) 19.71(+2.02)
6M 60.47(+3.90) 4.06(+1.62) 14.84(3.07)
™ 57.84(+1.97) 2.72(+0.53) 11.58(+1.06)
8M 61.85(+2.66) 3.27(x0.53) 9.74(x1.17)
oM 59.14(+4.78) 3.30(x0.58) 10.75(+2.89)
10M 57.89(+2.38) 3.12(+0.59) 9.80(+1.20)
11M 58.31(+5.08) 2.67(+0.63) 8.14(+1.53)
12M 58.81(+3.81) 2.41(+0.53) 7.63(x1.32)

- 315 -



Gwang-Chul Kim - Jun-Ho Kim

M

4aM

5M

9M

1iom

1M

" “

12Mm

Fig. 6. Details for the color difference test.

according to outdoor exposure time. In terms of
appearance change, the origind brown color of the test
piece lightened into a greyish white after a year-long
exposure (Chang et al., 2000). This change is likely
due to the congtant breskdown of lignin, a brown colored
wood component, by ultraviolet ray exposure (Park et
al., 2016; Derbyshire and Miller, 1981; Evans, 1989).
The L* value that represents whiteness decreased by
25% post-test, and the a*, and b* values that represent
redness and yellowness decreased by respectively 40%
and 70%, causing the genera color of the test piece
to darken (Hidayat et al., 2017). The degree of decresse
in the L* and b* values actualy diminished with time
(Hon and Minemura, 1991). This can be attributed to
the diminished amount of lignin being broken down
(Evans et al., 2000), compared to the initial stages,
and is expected to decrease even more with more
exposure time (Evans et al., 2008).

3.2.2. AE computation

The color difference value was obtained by equation
(2) using the difference of whiteness, redness, and
yellowness measured pre and post outdoor exposure
test.

*

AE = VI =L+ @ =+ (6" =0 ~(2)

L*l, o' and b are initia values before the test,

and L*z, a®andb® are vaues that had changed after
the tests. All color difference values showed a genera
increase with the progression of the test, as shown in
Table 6. According to the N.B.S (National Bureau of
Standard) that show the degree of perception according
to color difference vaue, only the vaue measured during
the first month into the test, 10.85, was included in
the categorized item and showed considerable color
change (Hon et al., 1986). Measurements taken after
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Table 6. Average of AF.

AE

M 10.85(+1.70)
M 14.89(5.07)
3M 17.54(+1.82)
am 17.27(+1.94)
5M 18.77(+2.75)
6M 25.3(+4.27)
™ 27.23(+2.35)
8M 25.21(+2.18)
oM 26.7(+5.51)
10M 24(+9.48)
11M 22.81(+10.29)
12M 29.43(+9.60)

Table 7. Sensitive expression of color difference by
N.B.S Unit 6.0

Sensitive expression of
color difference

0.0 ~ 05 Trace
05~ 15 Slight
15~ 35 Noticeable
3.0 ~ 6.0 Appreciable
6.0 ~ 12.0 Much
120 ~d Very much

the initial month were no less than 12; they were not
categorized but one could see that very much color
change took place. In terms of the degree of monthly

mm
300
250
200
150
100
50

Jan. Feb. Mar. Apr. May. Jun. Jul. Aug. Sept. Oct. Nov. Dec.

——Rainfall (mm)

Fi

difference in color difference value, the two months
between May and July were measured around 9, which
mean the degree of change was larger than that of other
months. We explored the cause through virtual data
analysis.

Fig. 7 is a graph that shows the average daily range
and rainfal during the year of the experiment (Son
et al., 2016; Ra, 2018). It can be seen that during the
two months with the most color difference value
difference, the line graph fluctuates drastically, with
rapid increase and decreases. Months between May and
July are summer in the Korean peninsula, and a period
where many wesather characteristics such as monsoons
and tropical nights take place. The daily range graph
shows that July is the month with the least daily range
throughout the year. July is also the hottest month of
the year, the average temperature being 27.1°C. In other
words, it was hot al day and dl night, steadily main-
taining high temperature across hours. Exposure to
higher temperatures can lead to degradation and change
of hemiceluloses, and even cdlulose, that affect (mainly
deleteriously) the properties of the cell wall and the
wood (Hills, 1984). And the lignin is mainly degraded
due to its capacity to absorb light in short wavelength
with a peak at 280 nm (Cogulet et al., 2016). It is
therefore inferred that the high temperature activated
molecular activity of the wood and the long daytime

Jan. Feb. Mar. Apr. May. Jun. Jul. Aug. Sept. Oct. Nov. Dec.

—Daily temperature range (°C)

g. 7. The daily temperature range and rainfall in 2017.
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Table 8. ANOVA table for the AE

Summary

Groups Count Sum Average Variance
M 10 108.81 10.88 2.90
M 10 152.53 15.25 25.72
3M 10 175.90 17.59 334
M 10 173.90 17.39 3.80
5M 10 188.68 18.86 7.56
6M 10 254.42 2544 18.25
™ 10 273.23 27.32 5.54
8M 10 25331 25.33 4.76
M 10 268.51 26.85 30.36
10M 10 283.20 28.32 9.37
1M 10 286.83 28.68 2414
12M 10 289.62 28.96 8.68
ANOVA

Source of variation SS df MS F P-value F critical
Between groups 4235.73 11 385.06 31.98 4.85E-29 1.87
Within groups 1300.22 108 12.03
5535.96 119

hours resulted in longer exposure to ultra violet rays,
accelerating the speed of lignin breakdown (Miniutti,
1967; Evans et al., 1993; Evans & al., 1996). Moreover,
the loss of decomposed lignin on the surface is
accelerated during the rainy season, contributing to even
larger differences of color difference value.

3.3. Verifying significance

An F-test was conducted in order to verify the sig-
nificance of the measured color difference value (Kim
and Park, 2015a; Kim and Park, 2015b). As there were
atotal of 12 test pieces tested, an anaysis of variance
was conducted in order to compare the averages of
more than two groups (Kim and Kim, 2016).

A significant verification took place, in order to
verify change among 12 test groups tested in the same
location but with different outdoor exposure time.

Results revealed a significant change, as the F value
exceeded its critical, rejecting null hypothesis and the
P vaue was considerably smaler than 0.05. This
indicates that the experiment was appropriate, as
changes existed among test groups of different exposure
time. In other words, outdoor exposure time has a great
impact on the color difference value of each test group.

3.4. Regression analysis

The factor that was thought to have deteriorated from
weather and have a big influence on the color difference
value of the outdoor exposure test was the lignin in
the wood. As lignin is a brownish substance in wood,
this study assumed a relationship with the a* value
that shows redness, and conducted a multiple regression
analysis between a* value, daily range, rainfall and
ultraviolet index.
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Table 9. Multiple regression analysis
REGRESSION ANALYSIS STATISTIC

McCC 0.83
R? 0.69
M.R? 057
SE 0.75
COUNT 12
ANOVA
df SS MS F Significant F
Regression 10.26 33.42 6.03 0.01
Within groups 8 453 0.56
11 14.79
Low High Low High
C SE t P-value rank rank rank rank
95% 95% 95.0% 95.0%
Y (a*) -2.75 2.03 -1.35 0.21 -7.43 1.93 -7.43 1.93
Da'éntge:?%‘;wre 061 0.22 273 0.02 0.09 112 0.09 112
Rainfall (mm) 0.002 0.005 054 0.6 -0.009 0.015 -0.009 0.015
Ultraviolet Index 0.06 0.19 0.33 0.74 -0.37 0.50 -0.37 0.50

Table 9 shows the result of the multiple regression
andlysis. The M.R? was 0.57, producing a regression
model with a fair amount of explanation power. The
significant F was 0.01, smaller than 0.05, indicating
that among various independent variables including
daily range, rainfal and ultraviolet index, there exists
a variable that affects the a* value, the dependent
variable. Table 9 shows that among the three inde-
pendent variables, only the P value of daily range is
smaller than 0.05, having a significant impact on the
dependent variable, the a* vaue. In other words, daily
range has a datigticaly greater effect on a* value that
shows redness, compared to other weather factors. After
the multiple regression analysis, a simple regression
analysis was carried out between the significant
independent variable of daily range and the dependent
variable of a* vaue.

Table 10 shows the result of the simple regression

analysis, in which the M.R? is 0.58, indicating a fair
amount of explanation power like the multiple
regression analysis. The P value is smaller than when
other independent variables are present, which shows
a grester influence on the dependent variable. Estimation
of the regression equation through simple regression
analysis is as the following.

y = 0.536048z —1.4453

In the estimated regression equation, the = value
represents daily range, the independent variable.
According to regression equation 3, the value, the
dependent variable and =, the independent variable,
are in a proportionate relationship, which means the
a* vaue adso increases as the z value increases. In
other words, the larger the daily range, the larger the
redness. As the months between March and June shows
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Table 10. Simple regression analysis
REGRESSION ANALYSIS STATISTIC

MCC 0.79
R? 0.62
M.R? 0.58
SE 0.74
COUNT 12
ANOVA
df SS MS F Significant F
Regression 1 9.26 9.26 16.77 0.002
Within groups 10 5.52 0.55
11 14.79
Low High Low High
C SE t P-value rank rank rank rank
95% 95% 95.0% 95.0%
Y (a%) -1.44 131 -1.10 0.29 -4.37 1.48 -4.37 1.48
Dally temperaure —, o 013 400 0.002 0.24 082 0.24 082
range (C)

the greatest daily range throughout the year, the a*
vaue in the same period is much as three times higher
than in other months (Ra et al., 2012). When compared
with the estimated regression eguation, it is thought
that the breskdown of lignin accelerates during this
period, causing the inner lignin to migrate to the surface
and affect the a* value of redness.

Whereas this study was only able to take a year-
length outdoor exposure test for statistical analysis,
changes are expected in types and influence of
independent variables as longer outdoor exposure time
amasses more data and the total lignin amount in the
wood decrease.

4, CONCLUSION

This study derives its importance in securing a
database on the little-studied remaining life of outdoor
exposure wood, for the maintenance of full Sze wooden
members in the traditional sense and for the increase

in wooden constructions demand by securing safety
in the modern sense.

This study presents the following conclusions.

1. The length, width and thickness of al test pieces
showed insignificant changes pre and post-test,
but the weight and moisture content, affected by
daily range and rainfall, showed large differences
across different test groups. Also, it can be showed
that the weight loss and the moisture content are

inversely proportional.

2. L*, @, and b* vaues that represent color difference
generally decreased post-test. The degree of
decrease in L* and b* values tended to diminish
with time, which is likely due to the decrease in
total lignin amount compared to the initia stages
of the test.

3. Color difference vaue was greatest between May

and July. This period is when daily range and
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rainfdl fluctuates the most. duly is dso the month
with monsoon and the highest monthly average
temperature, which accelerated the cycle of lignin
breskdown and loss in the wood, causing the

greatest color difference value.

4. A significance verification showed that outdoor
exposure time and color difference value showed

a statisticaly significant difference.

5. A multiple regression analysis between a value,
a redness indicator that gauges the degree of the
brownish lignin, daily range, rainfal and
ultraviolet index showed that daily range had the
biggest influence on redness. The daily range and
redness in the estimated regression equation were
in a proportionate relaionship, confirming that the
increase in daily range also meant an increase in

redness value.

6. Changes are expected in types and influence of
independent variables on color difference, as
longer outdoor exposure time amasses more data

and the total lignin amount in the wood decrease.
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