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ABSTRACT

A board was manufactured for each resin and sawdust addition using the chaff made by carbonizing the chaff
charcoal, an agricultural by-product that emerge during the rice pounding process, and sawdust. And effects of the
additions of resin and sawdust on coefficients of dynamic and static modulus of elasticity, modulus of rupture, as
well as the relationship between the dynamic modulus of elasticity, statis modulus of elasticity, and modulus of rupture
were investigated. As phenol resin addition of chaff charcoal-sawdust compound boardincreases to 10~25%, the
bending performance has increased. This suggests that resin addition largely effects the bending performance. Although
the bending performance was gradually increased with the increase in sawdust addition, since the coefficients of
determination (R?) between the sawdust addition with the coefficients of dynamic, static modulus of elasticity, and
modulus of rupture were 0.4012, 0.0809, and 0.1971, respectively. Thus, it showed a relatively lower correlation, and
the effect of sawdust on bending performance was small. Since a high correlation was confirmed between dynamic
and static modulus of elasticity, and modulus of rupture of chaff charcoal-sawdust compound board, it was confirmed
that prediction of static modulus of elasticity and modulus of rupture can be made in a nondestructive way from the
dynamic modulus of elasticity.
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1. INTRODUCTION

As most of modern life is carried out indoor, and
with problems related to indoor environment and inter-
ests in health of individuals, interests in eco-friendly
construction materials of wood and wooden materials
is increasing. Furthermore the wooden materials which
were manufactured with conventional materials are
slowly switching to eco-friendly materials that com-

bined materials with functionality. In particular, re-
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search and development are being made on various
eco-friendly materials that consider durability and
functionality (Park et al., 2011, 2012; 2013; Ahn, 2009).

Charcoal is a standing out eco-friendly material
which can be most easily accessed, and it has been
utilized for various uses such as air purification, de-
odorization, and protection against gases, etc. from the
past. As the advantage of an easy accessibility as well
as other various functionalities such as deodorization,

preservation, filtration, humidification, negative ion
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generating effect, and electromagnetic shielding, etc.
have come to the fore, manufacturing and demand of
charcoal are increasing accordingly. Thus, numerous
studies are being conducted recently on charcoal as
an important raw material for studies on the eco-
friendly materials (Park et al., 2011, 2012, 2013; Ahn,
2009; Park and Park, 2011; Kim, 2017; Hwang and
Oh, 2017, 2020). Chaff charcoal among other types
of charcoal is a strong material for insulation, moisture
control, negative ion generation, far-infrared radiation,
absorbing toxic substances and odor, mothproofing,
and also strong against decomposition in a level com-
parable to glass-wool insulator which is commonly
used. Therefore studies are conducted to develop the
chaff charcoal with its excellent insulation perform-
ance as an eco-friendly insulating material (Ahn et al.,
2013; Lee et al., 2013). A large amount of approx-
imately 1.1 million tons (which is equivalent to
20~25% of rice production) of chaff is used in manu-
facturing the chaff charcoal production each year in
Korea. However, it is being problematic as its apparent
density is 0.097~0.125 g/cm’, and it has a large vol-
ume when discarded. In addition, it also has a dis-
advantage where it cannot be disintegrated easily even
after being buried due to its low caloric value and high
ash content. Thus, it has been mainly used as agricul-
tural compost, and desiccant at a pigsty, etc. (Baek et
al., 1998; Kim et al., 2001). Moreover, with usingthe
chaff as a material for manufacturing a wooden board,
the moisture penetration rate is merely 1/3 of that of
sawdust due to its surface covered with setae and
siliceous. It also has a difficulty of commercializing
in the field of wooden materials since it has poor plas-
ticity and adhesiveness in contrast to lumber (Lee,
1999). However, based on the fact that chaff has about
40~50% of carbon component, and about 30~40% of
silicon content, studies are being conducted recently
on manufacturing activated carbon from a carbonized

chaff and on ceramic made of sawdust and an agricul-

tural by-product of chaff (Oh and Park, 2010; Oh et
al., 2005). If the chaff charcoal manufactured by car-
bonizing the chaff is used as a rawmaterial of a wood-
en panel product for production, it is expected to ach-
ieve various effects such as increasing farm household
income, substitution effect of importing lumber, and
a large benefit in construction process.

In the meantime, for classification or grading of the
lumber products, a nondestructive assessment tech-
nologyusing vibration or sound wave on lumber with-
out altering the function of its final use is widely being
used (Byeon et al., 2004, 2011; Jin ef al., 2015). One
method of assessments is using dynamic modulus of
elasticity, and the dynamic modulus of elasticity is
mostly estimated by measuring acoustic transfer speed
or resonant frequency. The acoustic transfer speed can
be estimated by using an impact hammer, and the res-
onant frequency can be estimated by frequency analy-
sis of either vibration or impact hammer.

In this study the static modulus of elasticity, mod-
ulus of rupture, and bending strength of a chaff char-
coal-sawdust compound board manufactured with dif-
ferentiated additions of resin and sawdust are mea-
sured. Furthermore, it applied both-ends free bending
vibration measuring method which is frequently used
amongst nondestructive assessment methods to gen-
erate the resonant frequency. Then, the frequency was
used to calculate the dynamic modulus of elasticity,
and analyzed its relationship with the bending strength

characteristic.

2. MATERIALS and METHODS

2.1. Testing materials

For the chaff charcoal used for manufacturing the
board, the charcoal from Daewon GSI Co., Ltd. lo-
cated in Gyeongsangbuk-do was used. For the saw-

dust, the dust emerged during the sawing process of
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Table 1. Characteristics of phenol-formaldehyde resin
for the test

Resin types Powder resin
Items (novolak type)
Solid content (%) 99
Melting point (°C) 80~95
Celation time (sec.) 80~120
Plate flow (mm) 30~35

pinus radiata was received from a sawmill and utilized.
For the uniformity of the samplesat the time of manu-
facturing the board, the size of particles was selected
as 10~20 mesh, and the moisture content was con-
trolled below 9%. For the purpose of manufacturing
the board, phenol-formaldehyde resin (Kolon Indus-
tries Inc., KNB-100PL) was used. The characteristics

of the resin are shown in the Table 1.

2.2. Manufacturing of the board

In order to manufacture the board, the phenol-form-
aldehyde resin was sufficiently combined with the uni-
formly selected chaff charcoal and sawdust. Then, it
was inserted into a stainless square mold located on
the plate of a thermal compressor. The height of the
upper sample was adjusted consistently, and the sam-
ple was thermo-pressure molded to manufacture the
board with the dimension of 260 mm x 260 mm x
11 mm. For the manufacturing condition of the board,
the density was fixated to 0.6 g/cm’, the sawdust addi-
tion as 10%, resin additions as 10, 15, 20 and 25%,
and density as 0.6 g/cm’, resin addition as 10%, and
sawdust additions as 10, 15, 20, 25 and 30%, produc-
ing four boards for each condition, total of 36 boards.
At this point, the thermo pressure temperature was set
at 190°C, the pressure was set at 45 kgf/cm — 35 kgf/
o — 20 kgf/ew (3-phase pressurization), and pressur-
ization time as 6 minutes — 5 minutes — 4 minutes
(3-phase pressurization time). In order to maintain a

uniform thickness of the board during the pressuriza-

tion process, a distance bar was used. Furthermore,
a Teflon plate was used to prevent attachment of up-
per, lower surfaces of the board with the thermal

plate due to the heat.

2.3. Property measurement

2.3.1. Dynamic modulus of elasticity
measurement

An accelerometer (B&K) for receiving vibration
was attached in the middle of the specimen, and an
impact hammer (Type 8203, B&K) was used to tap
its one end lightly. Then, the frequency response func-
tion acquired from the impact hammer and accel-
erometer was analyzed using a FFT analyzer (Type
3065, B&K) to measure natural frequency (fy). Each
specimen was lightly tapped 5 times, and an average
natural frequency (fy) was used to calculate resonance
frequency (f) which considered moment of inertia and
shear impact, and this resonance frequency was used
to estimate the dynamic modulus of elasticity (AMOE).
The resonance frequency and dynamic modulus of
elasticity were calculated by using the equation (1)
and equation (2) (Kataoka and Ono, 1975).

F= g0 ) M)

Here, fy refers to the natural frequency (the value
obtained from the frequency analyzer), a is constant
8.2 by vibration form, h is the thickness of specimen,
and 1 is the length of specimen. The value f, the reso-
nance frequency corrected in the equation (1), was
used in the equation (2) to estimate the dynamic mod-

ulus of elasticity.

4872l f*

MOE =
¢ m*h?

@

Here, o refers to density, 1 is the length of speci-

men, f is resonance frequency, m is constant 4.73 by
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basic vibration, and h is the thickness of specimen.

2.3.2. Bending experiment

The bending strength experiment for the manufac-
tured board was performed according to Korean Indus-
trial Standard KS F 3104-2016. Universal strength
tester (Shimadsu, AGS-10 kN, Autograph) was used
to measure it with the condition of load speed at
10mm/min, and the equations (3) and (4) were used
to estimate static modulus of elasticity (SMOE) and
bending strength or Modulus of Rupture (MOR).

Hii

4bh’y

3

Here, P refers to load, | is the length of span, b

is the width of specimen, h is the thickness of speci-
men, and y is displacement.
3P

MOR= — 4

2bh? @

Here, P refers to a maximum load, 1 is the length

of span, b is the width of specimen, and h is the thick-

ness of specimen.

3. RESULTS and DISCUSSION

3.1. Effect of resin addition amount on
mechanical performance

The values of resonance frequency, bending strength,
static modulus of elasticity, and dynamic modulus of
elasticity of a board manufactured according to resin
additions after fixing the density as 0.6 g/cm’, and
sawdust addition as 10% were shown in the Table 2.
When the resin addition of the chaft charcoal-sawdust
compound board was gradually increased from 10%
to 25%, the following ranges were emerged: 227.53~
333.63 Hz for resonance frequency, 9.22~28.91 MPa
for bending strength, 320.62~963.48 MPa for dynamic
modulus of elasticity, and 92.06~322.92 MPa for static
modulus of elasticity. Overall, it was indicated that
resonance frequency, bending strength, dynamic mod-
ulus of elasticity, and static modulus of elasticity were
all increased as the resin addition increased. This re-
sult showed a similar tendency with Kawai et al.
(1986) who statedthat adhesiveness between samples
were increased as the resin addition increased when
manufacturing the board, as well as the study by Lee
and Yoon (1994) and Oh et al. (2012) which stated

Table 2. Properties of composite boards made at different resin addition ratio(f: resonant frequency, dMOE:
dynamic modulus of elasticity, SMOE: static modulus of elasticity, MOR: modulus of rupture)

Resin Sawdust . RF MOR dMOE sMOE
.. o Density
addition addition ,
ratio (%)  ratio (%) (&M (Hz)  p-value (MPa) p-value (MPa) p-value (MPa) p-value
10 227.53 9.22 320.62 92.06
(21.04) (2.75) (73.77) (25.48)
15 282.25 15.55 498.05 153.74
(14.87) (2.94) (55.57) (28.43)
10 0.6 0.000 0.000 0.000 0.000
20 332.95 22.00 806.90 245.96
(42.19) (7.22) (242.87) (76.58)
25 333.63 28.91 963.48 322.92
(21.05) (4.32) (187.39) (57.28)

Notes: Numbers in parenthesis are standard deviations.
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Fig. 1. Relation between resin addition ratio and mechanical properties of composite boards(a: relation resin
addition ratio density and modulus of rupture(MOR), b: relation between resin addition ratio and dynamic modulus
of elasticity(dMOE), c: relation between resin addition ratio and static modulus of elasticity(SMOE)).

that bending strength increased as the resin addition
increased. Moreover, the bending strength of the board
manufactured with the resin addition ratio of 15% sat-
isfied KS F 3104 particle board’s quality standard 15.0
type, whereas the board manufactured with the resin
addition ratios of 20% and 25% satisfied type 18.0.
In the aspect of mechanical performance, the chaff
charcoal-sawdust compound board manufactured with
resin addition ratio of 25% seems to be an optimum
condition.

Fig. 1 is the result of analyzing correlation between
resin addition ratio, bending strength, dynamic mod-
ulus of elasticity, and static modulus of elasticity of
the board with the aim of identifying the effect of resin
addition ratio on strength performance of the chaff
charcoal-sawdust compound board. A lineal correla-

tion is made between resin addition ratio, bending

strength, dynamic and static modulus of elasticity, and
the coefficients of determination (R?) were 0.7474,
0.7363, and 0.7738. Thus, significance level of 1%
was admitted and it was revealed that resin addition
ratio was a major factor which largely effects the me-
chanical properties of the chaff charcoal-sawdust com-
pound board. From this result, it can be determined
that the dynamic and static modulus of elasticity, and
bending strength can be predicted from the resin addi-
tion amount of the chaff charcoal-sawdust compound
board.

3.2. Effect of sawdust addition amount on
mechanical performance

The values of resonance frequency, bending strength,

static modulus of elasticity, and dynamic modulus of
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Table 3. Properties of composite boards made at different sawdust addition ratio(f: resonant frequency, dMOE:
dynamic modulus of elasticity, SMOE: static modulus of elasticity, MOR: modulus of rupture)

Sawdust Resin . RF MOR dMOE sMOE
. . Density
addition addition -
ratio (%)  ratio (%) (g/em) (Hz) p-value (MPa)  p-value (MPa)  p-value  (MPa) p-value
10 222.73 8.41 320.62 86.50
(19.51) (2.11) (73.77) (24.22)
15 242.89 9.66 348.85 93.29
(12.78) (0.63) (28.61) (7.34)
243.40 8.89 346.79 95.01
20 10 0.6 (16.02) 0.075 (1.98) 0.000 (50.49) 0.159 (8.40) 0.026
’5 244.49 12.03 366.04 104.55
(23.97) (2.17) (83.98) (20.30)
30 244.82(7. 12.46 367.81 106.54
93) (1.48) (45.24) (12.88)

Notes: Numbers in parenthesis are standard deviations.

elasticity of the board manufactured according to
sawdust addition with the density as 0.6 g/cm’, and
resin addition as 10% were shown in the Table 3.
When the sawdust addition ratio of the chaff char-
coal-sawdust compound board increased from 10% to
30%, the following

222.73~24482 Hz for
8.41~12.46 MPa for bending strength, 320.62~367.81
MPa for dynamic
86.50~106.54 MPa for static modulus of elasticity.

Overall, it was shown that as the sawdust addition in-

ranges were emerged:

resonance  frequency,

modulus of elasticity, and

creased, the resonance frequency, bending strength,
dynamic and static modulus of elasticity were in-
creased gradually. This is considered to be for the con-
tribution of sawdust having a large size of raw materi-
al and a larger modulus of elasticity than chaff char-
coal increases, and that of charcoal having a lower
modulus of elasticity than sawdust decreases. This re-
sult was consistent with results of other numerous stud-
ies reporting that strength performance of a particle
board decreases as mixture ratio of different materials
with lower strength performance increases (Park et al.,
2011, 2012, 2013; Jin et al., 2015). However, although
the bending strength of the board manufactured with

sawdust addition satisfied KS F 3104 particle board’s
quality standard type 8, it is considered to be difficult
to use it for durable parts.

Fig. 2 shows the result of analyzing correlation be-
tween sawdust addition ratio, bending strength, dy-
namic modulus of elasticity, and static modulus of
elasticity of the board. The aim is to identify the effect
of sawdust addition ratio on strength performance of
the chaff charcoal-sawdust compound board. This fig-
ure reveals the coefficients of determination (R%) be-
tween sawdust addition ratio, bending strength, dynam-
ic and static modulus of elasticity as 0.4012, 0.0809,
and 0.1971, respectively, indicating a relatively low
correlation. This can be interpreted that sawdust addi-
tion rate has a small effect on bending strength perfor-
mance. In addition, the relationship between sawdust
addition ratio, dynamic and bending modulus of elas-
ticity, showed a low significance of 1%. This is consid-
ered to be because the effect of addition ratio was small
due to the low sawdust addition ratio of the compound
board. It seems an additional test is required to be con-
ducted with various addition ratios of sawdust in order
to identify optimum manufacturing condition for im-

proving mechanical performance.
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Fig. 2. Relation between sawdust addition ratio and mechanical properties of composite boards(a: relation sawdust
addition ratio density and modulus of rupture(MOR), b: relation between sawdust addition ratio and dynamic
modulus of elasticity(dMOE), c: relation between sawdust addition ratio and static modulus of elasticity(sSsMOE)).

3.3. The relationship between dynamic
modulus of elasticity and static
modulus of elasticity

Table 4 indicates correlation between dynamic mod-
ulus of elasticity, static modulus of elasticity, and
bending strength of the board manufactured at differ-
ent addition ratios of resin and sawdust. The co-
efficients of determination (R?) in the relationship be-
tween dynamic modulus of elasticity, static modulus
of elasticity, and bending strength of the entire chaff
charcoal-sawdust compound boards manufactured at
different resin addition ratios were 0.9521 and 0.8948,
respectively, and it showed a quite high correlation

with confidence level of 1%. Furthermore, the co-

efficients of determination (R?) in the relationship be-
tween dynamic modulus of elasticity, static modulus
of elasticity, and bending strength of the entire com-
pound boards manufactured at different sawdust addi-
tion ratios were 0.7797, and 0.7200, respectively, and
this also indicated a high correlation with confidence
level of 1%. Fig. 3 shows a correlated regression graph
of dynamic modulus of elasticity, static modulus of
elasticity, and bending strength of the entire com-
pound boards regardless of resin addition ratio, and
sawdust addition ratio of the chaff charcoal-sawdust
compound board. The coefficients of determination
(R?) between dynamic modulus of elasticity, static mo-
dulus of elasticity, and bending strength were 0.9612,
and 0.9122, respectively, and it indicated a quite high
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Table 4. Summary of regression parameters for relationships between MOR, sSMOE and dMOE(dMOE: dynamic
modulus of elasticity, SMOE: static modulus of elasticity, MOR: modulus of rupture)

Coefficient of

Parameter Type Regression model determination p-value
2
r

dMOE vs sMOE Different resin y = 0.3339x - 12.422 0.9521 0.000
dMOE vs MOR addition ratio y = 0.0275x + 1.1267 0.8948 0.000
dMOE vs sMOE Different y = 0.2456x + 11.975 0.7797 0.000

sawdust
dMOE vs MOR addition ratio y = 0.0325x - 1.3888 0.7200 0.000
Note: The model is of the form: y=ax+b.

45000 40.00
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Fig. 3. Relation between dMOE and sMOE(a) and dMOE and MOR(b) for the composite boards.

correlation. This result is consistent with many studies
reporting that a close correlation is shown between dy-
namic modulus of elasticity, static modulus of elas-
ticity, and bending strength of lumber and wooden ma-
terials (Park et al., 2011, 2012; Jin et al., 2015).
Therefore, it is considered to be possible to predict
static modulus of elasticity, and bending strength from
dynamic modulus of elasticity obtained from the

both-ends free bending vibration test.

4, CONCLUSION

This study used chaff charcoal made by carbonizing
chaff, an agricultural by-product that emerges from
rice pounding process, and sawdust to manufacture

boards at different addition ratios of resin and sawdust.

In addition, the study investigated the effects of resin
and sawdust addition ratios on dynamic, static mod-
ulus of elasticity, and bending strength, as well as the
relationship between the dynamic modulus of elas-
ticity, the static modulus of elasticity, and thebending
strength, and obtained the following results:

1) As resin addition ratio of the chaff charcoal-saw-
dust compound board increased to 10~25%, the
bending performance increased, indicating that
resin addition ratio largely effected the bending
performance.

2) Although the bending performance increased
gradually with the increase of sawdust addition
ratio, the coefficients of determination (R?) be-
tween sawdust addition ratio, bending strength,

dynamic and static modulus of elasticity were
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0.4012, 0.0809, and 0.1971, respectively, in-
dicating a relatively weak correlation and sug-
gesting that sawdust addition ratio has a small
effect on bending performance.

3) Since a high correlation is confirmed between the
dynamic modulus of elasticity, the static modulus
of elasticity, and bending strength of the chaff
charcoal-sawdust compound board, it was con-
firmed that the static modulus of elasticity, and
the bending strength can be predicted non-
destructively from the dynamic modulus of

elasticity.

It seems to be necessary to conduct a test in the
future to manufacture the board by increasing the ad-
dition of sawdust by more than 25%, and reducing the

ratio of resin addition amount.
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APPENDIX

(Korean Version)

GALT BLE o8t AxF HE A5y A%
7 9 FWEAAGY 9%

25 10 BATOIA S SRR PG B WE PALT BUL olgslel 24 WS, B Wke
M2 WES 25T sk B A7RE0l B4 YAAS U B A G3 SARAGS JHRAAS
o HYE Ao|o] BAS AASIT YAL-BU EFREY HlsA] H7HRo] 10~25%E F7HAE HASe] F71ste]
) 7ol Bl 2 S Foirk B ARl FKSE BASE YUkl STk, BN B,
F2 % 3 Y EAAS Aol ZHALY GRS 04012, 00809, 0197124 tha v HBBAS theh) B4 A71&ol
YAl v o] vusielch PAL-BY ERRE FHUAAS FHAAAS L BYE Aolol £ ABBATL
golslo] FARYACREE UTYHOR FAAAASY PR o] JHsF AOR ALY,

LME

Arfle] o] i Ajol A o|EoiAa glof Alf Bel Bk BAlo Hele] 7ol HiE BAOR A AR
B0t 2R o) Bijo] FYE T Urk of7lo] BAARE 7129 BAhLgRI AZEE Fo] H2 7540l X3

A3 QJth(Park et al., 2011, 2012; 2013; Ahn, 2009).

£ 7V A7 AT 5 ol EHQ A7 QRN BANARE T1H, BA, $ES GG =
grow], Fab] Atk A SRS, YA, otk 284%, S0l WAL, WA Aol of
$ZeuA) o] T A} a7t Z7S1I Qlob i A8 Alsei el et dnad g a7 A
et al., 2011, 2012, 2013; Ahn, 2009; Park and Park, 2011; Kim, 2017; Hwang and Oh, 2017, 2020). 71 3 9442 oubzo g
AGET Gl Feae gadel METhe 20 BN, SRR, ol AHAM BE, SR L WSS
WS W o] e WY AZAAZA, A% 94 GAAES o83 Azl A7t AW YrkAn
et al., 2013; Lee ef al, 2013). §A%Y Azo] o[ §EE YAL FolAl Ak oF 1108F EOZ & aIpe] 20~25%
HER B ofo] AAHER QolE Bea ARY) WE} 0.097~0.125 glawol ] 5l7] A| £3]7k 714 A7} H glow]
SR WML O SRATFOE Y FolE 4 FolEA e BHS AUT glol F2 FUG Hul, EA $4A)
So2 AMg-E o] 9thBack ef al, 1998; Kim ef al., 2001). 3HH YAS BARE A28 YRE 0|85l QJojHE EHo]
7ok AVIE Polgle] Sug<go] Buel 1/30] AUk ghow), BAjoks e 4R W Haelo] Bepsiel By
ofo A AG8t5H7]of = of el o] Glrh(Lee, 1999). TeLf YAl ThaFo] oF 40~50%, Aol 30~40%¢21 ol
#otate] Aol BAYARTE TS AZSH Aol Bt SFUTARRCl YAR TBE Al Bt A7t A
31 9)3(Oh and Park, 2010; Oh ef al., 2003), YAZ BEHIA A2% YA FATY AF ARE o] §3to] YAkt
SIRAE, BASY AL W AZE AT A oHe] 2 Ao Azt

S Ao BANARES] B FETEE 5] Slstel AR HE ASBE A WahiYIA SoviA BAlo] e
AFoIt £7E ol g8 uluk Hrh7]4o] FuISIsHA o451 SitkByeon er al., 2004, 2011; Jin et al., 2015). B
Fol L) B4 SAASE o] §5H o] Gl B4 SAASE F2 ST SEU TURI4EE 2 st Tt
SHALEEL FAHWE Agote] T 4 Y3 FATISL AFol} FAs)nle] Zupspalo] A 7 5 ek

B AT A A7RRT BN AVRES delstel AlZH GAL-EN ERHEY HH B SIS BAES 245
T oujnte AR % B3 ARSI OFE Ag B A% SRS 483k TAFINEE T8 FAFASE o83t
A SAASE AN T B4E SATe B4 L4t
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2, Mz 3 U

2.1 IAA=

HE Alzo] A GARE ARl 173 G GSIlA Algshs & AMeRlaL FRE 2t ollet BRl(Pinus radiata)
A A AL ARzl A FFor ARgstglon, BE Al Al AlRo] U3 % flsto] Ao} 4715 1020 meshz
AESLIL 82 9% ofstE 2H3IG(h HE A2E 9iste] LA HliEsA(ZLF3HF), KNB-100PL)YE AH8-815ich
$=2¢] 542 Table 13} Zt}.

9.9, REAZ
HES Azob7] Sistol FUSA AEE GART BUS By ABSAE FE5 EFS00, GU719 G
S 2elel s A B dof W B4Rl R0l YHSH 28T F LAY Stef 260 mm x 260 mm x 11

iz =2
mme] HES Azt BE A% 2AL UES 06 goi, B AL 10%2 04T F SAHHEE 10, 15, 20,
25%, WES 0.6 glon, 422 7S 10%5 DAL EWE71e-2 10, 15, 20, 25, 30%2 AAste] HEZ 7k 4uju 2
36ujo] HEZ A2tk o) AQteml 190°C, 7}eketE e 45 kefiar — 35 kgfar — 20 keflan(3%t 71}, 7FebAI7E
6Es ARG ZIRAITH LR Selth. Aol BES] FAS AR 517] $I5to] AEudistance bar)S AHE3IS
on, o] ofgt HEO] At duel RaE WA Slste] HLE BE Agsierk

2.3. B4

23.1. FHAS 54

Al Foof AFTAS ¢gt 714 A (accelerometer, B&K)E F-2151al, YHE dfjw(impact hammer, Type 8203,
B&K)E & £ 7PEA FEg AYEJu 9 7HE A oA dojdl 3 %%.“EV‘ tequency response function)E 4135
EA7|(FFT analyzer, Type 3065, B&K)& 24510] 1.g0546)S 2481940} 2t @RS 53] 77 Seef Waw

TEAES(fH)E o] &3] I ATA T AetddFS 183t —‘—ﬂ"J}-,{resonanc frequency, )& At o] ZAZu=E
o]-gsto] FARAIAF(AMOE)E Fotsict. FAFaret 32 SAASE 247 A (DT 4 95 ol&sto] AXtskglth
(Kataoka and Ono, 1975).

h?
=1y (4 ) (n)
A71A, for LFATFET 2471004 Dol ), e AEsFefoll A3t 4= 8.2, hiz AFH 77, 1= AFHEY
Zojo]tt. *‘(1)01]*1 "fﬂ FAFTE £5 4] ()F ol§sto] FHATATE Fokslth
4 2
dMOE:% (@)

714, p= WX, I AFHEAe], f= FAFT, mE 7] ol gt A=8EA 473, hiz AIFH FAolth
232, FAF
AzE RHEo #zbEl 3T KS F 310420160 whal AA|3}%Th w7k w A3 7](Shimadsu, AGS-10 kN,
Autograph)E ©|-§-30] SHE&E 10mm/min2 A& ST A (3)T} 4] (45 o]&-38to] FF BAJA4(sMOE)e}t o =
(MOR)E -89,
H3

MOE=——— 3
s Wiy (3)
A71H, Pi= 3k, 1= AWA0], bis AIFHY £, hiz AIFHY T/, yi= HH oIt}
3P
MOR= ~— 4
2bh? @

o71A, P& HHskE, 12 28], be AdH & hes AU FAoth

- 707 -



Jung-Woo HWANG - Seung-Won OH

I}

»

=<l

=

2

3.1, A HrFge] 98 el vXE IF
s 0.6 gom, FH H7RES 10%E 143 & 2] Hr7hgo] net Az Beo] 3y, I7%, 44 o B4,
4 B A=S] 4 Table 20 VbWt GA&-FRF SAHE T =2 H7Hgo] 10%04 25%7HA] AAH o= F71s
A ZapSl 227.53~333.63 Hz, 7 EE 9.22~28.91 MPa, 4 A2 320.62~963.48 MPa 12|17 A4 ¥
Ags 92.06~322.92MPa®] H9E UERTE AAF o8 FxIFats:, f7 s, SAASR, 44 8 sHAsE 4
go| S7Hge| wet B Frbete AgS YERh o]t diks B AR A] 2] H7RRo| F7F E4E AR
o] ZtjE|gltia K3t Kawai ef al. (1986), Lee and Yoon (1994) @ Oh ef al. (2012)2] STl A 2% H7}-&0)
tE 87 w7t SRS 83t Bleet RS e B3 A H7RE 15%E A|2S HEC] H3 k= KS F
TESRES] FA7|E 15030 UEAIFIL 2] H7HE 20%8} 25%2 A 23 HE= 18080 WHAIF T, o]= Heh4
JeEHolA FAHTE 25%E ART FAx-FU SHEETL HH 2R HQI

Fig. 12 $27] A7}&0] A SHEEY FEd Aol A= Y3 gpofstia BEQ fA-7Ne3 |75,
et dAe 9 J3 o Aot AAE 248 Aoty £AAVET I3, 58 9 FF o eAeAol=
3 ABBAE o] ] AAA] R 0.7474, 0.7363, 0.77382H 72523 1%014] G-24do] el Eof 42 H7kgo]
- SHEEL 7|AH o & FE F= FAUARI AL E YT o] ZRERE YAx-FH SHHEL
7 FE 54 9 JHeGAS, Y dF0] 7T AR AoHEnh

%

%

1

7k

jusi)

ojN i mt L £ o
O
)

ot

w
=
o
K

> ol rx oft
i
M

o
|o

Al

3.2, BWAEAROl dokd Aol mA 9

WES 06 gon, 4 A7FES 10%E WRT 5 B Wl uteh AR B FAFTE BYE, A4 W a4
FH SAASE ZE Table 30 LERT. YAS-FY EFREY F4 HA7HEo] 10%014] 30%E F71 v 34 Fubit
222.73~244.82 Hz, 87 == 8.41~12.46 MPa, 52 e A4 320.62~367.81 MPa 18|11 A% 3 e A== 86.50~
106.54MPa] 9IS LiElick. AAZ 02 BurEvtgo] /K45 BAFTS, BAE, 54 % 30 Y SASE sl
Z75he A% vhehlch. o AL YR Alo|27k S SART} YALH 2 B 7|0t Z7eka Bubuct T
7k e 429] Flofrt 744ssh] whEolek AR ETh ol Tl Eo] ZEAo] e ol AR MRl F7HS
A0 Zhadiths tieo] e} A5 thPark ef al, 2011, 2012, 2013; Jin ef al, 2015). 3FA]ut Exf H7les
Az BEC] FAEE KS F 3104 b 2RE0] E47]20) 890 REAAAT WiAe] gl Fof AHgol §E Aoz
Ak

B A7HRo] YAR-BY EYHE] 4 Aol nAt G slofstua HES] B B/kes BYE, FARAAS
WA 3 SAARS] AUTAS BT 23 Fig 28 HY B e B4 B4 U 34 F eaARol:
ZAAE] GRS 0.4012, 0.0809, 0.197124 this W& ARHS Lhehglig] ol B4 H7hgo] TAEAs] nlxt
o] mlulsleha B4 itk EE B B4 W B gaAsAtole] TGN 1% SO4 gl e AnE eyt
ot BEMEY Ve T A/MEE Qs HrhEel i Ear} uulgly] wRolekn AzEh o] F AT ML Fata
Yol S T HHY AZRAS Tots] Slstel TR BHS H7HER F7hH9l Aol Bashn weld.

3.3, SRS B8 WA B

Table 45 7] H7H84, B4 A/H82 A2 HEo| SHELALe} e AL § Bwele] TS ey
47 WAEEE A2 9A%-E SRR ARe) A Rel HUEAAS @ Awele] B AR HR)
o] 717} 09521, 0.89482 A2 1%2] fo)4do] ATIE o} B AUPAS Lerfiglc 5 B Hrleue Alze
BERE AAo) EHEAL) HEAL 2 Frwele] B AR GRY| 2207797, 0.72000.2 o] oA
HEGE 19%0] §0140] B B ATUAS Yehilth. Fig 38 $AL-E BFRE0] 47 H7he, B A7heo
Aol EFHE AAE Bl SR} He A 9 Frhwele] sl ns et S 40
HARAAS D B Alo] AR FHR)E 27 0.9612, 091222 o2 & APTAS Ueyglch of Ak 4
9 Bd o) Bl A BAAS L BPEAlo] WHT ATS Lehichs Be o7l olx|shrPark
et al, 2011, 2012; Jin et al,, 2015). WehH et 44 YAE Ao Qe FHEA AR E FHHAL0) F7Ee)

i

H
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