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Chul-Ki Kim® - Kwang-Mo Kim’ - Sang-Joon Lee” - Moon-Jag Park(®>'

ABSTRACT

This study was conducted to confirm an effect of span length on bending properties of larch dimensional lumber
in the four point bending test. The size of specimen in this study was 38 (width) x 89 (depth) x 3,600 (length) mm®,
and average air-dry density and moisture content of the specimens was 543.5 kg/m’ and 10.5%, respectively. Visually
graded No. 1 dimensional lumbers of 248 were divided by two groups to compare modulus of rupture (MOR) and
modulus of elasticity (MOE). One group was tested in the four point bending test with span length of 1,650 mm,
and other was tested with span length of 3,000 mm. While MOE was not different according to span length in 5%
significance level, MOR was different in accordance with span lengths and was in inverse proportion to change of
span length. Fifth percentiles of MOR in span length of 1,650 and 3,000 mm were 28.65 and 25.70 MPa, respectively.
It was confirmed that the difference between MORs in each case increased as normalized rank increased. This is because
of size effect in Weibull weakest link failure theory. Therefore, KS F 2150, in which there is only regulation about
span to depth ratio of 15 or more, is needed to be revised to contain a method considering size effect for MOR.
From the method, various results of bending test with different size of lumber could be used to determine design
value of lumber.

Keywords: dimensional lumber, bending property, modulus of rupture, modulus of elasticity, span length, the four
point bending test, size effect

wood constructions use light-frame wood constructions,

1. INTRODUCTION
which use structures with relatively small structural
The wood construction market has been growing each elements like beams, studs, and underflooring inside

year, and the number of wood construction projects walls or floor covers. Accordingly, the performance

permitted in 2017 reached about 17,000 (Ministry of
Land, Infrastructure and Transport, 2017). Corresponding
to about twice as many as the number of permitted
masonry constructions, wood constructions occupy a

considerable ratio in the construction market. Many

of dimensional lumber is very important.

Despite the consistent growth of the wood
construction market, domestic lumbers in South Korea
are rarely used as structural purposes. Instead, lumbers

imported from North America, New Zealand, or Japan
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are used in light-frame wood constructions. It is believed
this is due to the priority of the reforestation policy,
rather than the use of forest, leading to the negligence
in the use of domestic lumbers. However, such a
situation is changing with the increase in the needs
for the application of rich resources thanks to the
reforestation policy and the Korean government's
adoption of the Paris Agreement, which was based on
the UNFCCC. Thus, the increased use of domestic
lumbers is expected as a high value-added material that
will help continue the carbon fixation effect of lumber.

The use of domestic lumber as structural materials
requires accurate design values. For not only will these
values guarantee structural stability of constructions,
but they will be essential in sufficiently producing
engineering lumber. Such values are determined by
standard testing methods. Particularly, since lumber has
its unique defects, there is a large deviation of properties,
which is affected by testing conditions, and thus, the
standard testing method is important.

There has been active research in the change of the
mechanical properties of lumber based on testing
methods. Gerhards and Link (1986) examined the effect
of loading speed on the bending strength of lumber,
reporting that the average bending strength of lumber
increased almost linearly to the log of the loading speed.
Schneeweill and Felber (2013) conducted a bending
test on oak and Korean spruce under the four-point
loading test and the central loading test, confirming
that the bending strength under the central loading test
was lower than that under the four-point loading test.
Bechtel and Norris (1959) reported that the bending
strength of non-defect small specimen Sitka suruce
increased by the increase of the span length-depth ratio.
Isaksson (1999) studied the load support performance
and span length of beams for structural lumber, showing
that the increase in the span length would reduce the
load support performance of beams.

The lumber bending test method in South Korea is

defined by KS F 2150, the method of static bending
test for full sized structural lumber by the Korean
Industrial Standards (KS). The testing conditions for
KS F 2150 are mostly similar to those of foreign
standards, but there is a difference in the span
length-depth ratio. Considering that KS F 2150 proposes
that over 15 of the span length-depth ratio, span length
can be freely set, there may be some questions with
regard to the aforementioned research results. Thus,
this study examined the effect of the span length-depth
ratio on the bending properties of visually graded

Korean pine lumber.

2. MATERIALS and METHODS

2.1. Material

The test used Korean pine (Lartix kaempferi (Lamb.)
Carriere), which is abundant in Korea and is preferred
as structural use, as the specimen. Kiln dried 2 x 4
Korean pine lumber (38 (width) x 89 (depth) x 3,600
(length) mm’) was purchased from the Jungbu Lumber
Distribution Center (Yeoju, Gyeonggi) at National
Forestry Cooperatives Federation. The number of the
purchased lumbers was 550, and 248 visually graded
No. 1 specimens were used in the test. The visual grading
was performed by the dimension and quality standard
for lumber products by the National Institute of Forest
Science, which is shown in Table 1. Visually graded
No. 1 Korean pine lumber was stored in a constant
temperature and humidity room (20°C, relative humidity
65%) so as to have it reach the equilibrium moisture
content. The average moisture content of the specimens
was 10.5£1.5%, and the average air-dry density was
543.5+62.3 kg/m’.

2.2. Bending test method

The study conducted the four-point bending test using

a universal material testing machine (MTS, U.S.),
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Table 1. Defect sizes for visual grading for dimensional lumber (ratio to depth)

Defect Categories No. 1 No. 2 No. 3
Narrow < 25% < 35% < 45%
Knot 4 Edge < 25% < 35% < 45%
Wide
Centre < 30% < 45% < 60%
Check < 100% < 150% < 200%
Annual ring width < 6 mm <8 mm Unlimited
Slope of grain < 1/10 < 1/8 < 1/4

Load
Neutral Axis l'—i RVDT Yoke
‘ ~ l ! ‘ > % ]
‘ 550 or ! 550 or ! 550 or |
1,000 mm 1,000 mm 1,000 mm

Fig. 1. Schematic diagram of the four point bending
test.

aiming to examine the impact of span length on the
bending performance using two types of span length
(1,650 and 3,000 mm). Here, the span length-depth ratio
was 18.5 and 33.7 at the span length of 1,650 mm
and 3,000 mm, respectively. According to the method
of static bending test by KS (KS F 2150), the test speed
was set so that the failure would occur at about 6 minutes
on the average in the bending test at each condition.
While the bending test is in progress, the rotary variable
differential transformer (Kyowa, Japan) was used to
measure the displacement of the central axis between
the span length. Using the measured load and
displacement values, the study acquired the modulus
of elasticity, including the bending strength and shear
deformation of the narrow dimensional section. The
defects affecting the grade were placed arbitrarily
between the load span length regardless of the tensile
and compressive sections. Shown in Fig. 1 is the diagram

of the bending test.

2.3. Statistical analysis

To verify if the bending performance changes by

span length, t-test was conducted on the bending
strength and the modulus of elasticity at 5% of
significance level. Before starting the t-test, F-test was
conducted at 5% of significance level for verifying the
significance difference in bending performance based
on each span length. While the modulus of elasticity
uses the average value as the representative value, the
bending strength uses the standard allowable stress
based on the 5% of the lower limit as the representative
value. Thus, to determine the change of the bending
strength by span length, the bending standard allowable
stress by condition was determined and compared. To
determine the standard allowable stress, 5% lower limit
was calculated by the normal, lognormal, and
2-parameter Weibull distributions as the parametric
methods. The probability density function of each
distribution can be defined in the following.

- Normal distribution

,O_Z _ 7(.&;1)2/20'2
f(x ﬂ ) o 272_ € (1)
- Lognormal distribution
1 ~(inx-m)* /2
f(x]m,v? =— ¢
( ‘ ) XO'\/E ........ Q)
- Weibull distribution
b X b-1 ~ R
pl=2| 2 (x/a)
rad)=2(2] e o

Here, ¢ = Euler's constant, In = natural log, 1 =
average, ¢ = standard deviation, m=1n(/42/ \/UZHJZ),

v=yn(o*/u+1) 4 = scale parameter, and b = shape
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Table 2. Statistics results of bending properties with two different span lengths

Modulus of Rupture

Modulus of Elasticity

Span length (mm) 1,650 3,000 1,650 3,000
Aver. (MPa) 55.01 47.54 13,663 13,774
c. v 0.34 0.34 0.18 0.15
Degree of freedom 123 123 123 123
Significant level 0.05 0.05
P value for Ftest 0.070 0.069
P value for ttest 0.001 0.813

Y C. V. is coefficient of variation

parameter. Through the fitness test of the probability
density function of each distribution, the 5% lower limit
of the bending strength was calculated from the
distribution that satisfies all the bending strength
distribution properties based on the span length. The
fitness test was conducted by the chi-square test at 5%
of significance level. When calculating the standard
allowable stress at the normal and lognormal
distributions, 1.645 was used as k factor for the error
limit (0.95) at 95% of confidence level. Later, as has
been proposed by the decision method establishing
allowable properties of softwood structural lumber (KS
F 2152), the standard allowable stress was calculated
by multiplying the 5% lower limit of the resulting
bending strength to 0.475, the reduction factor
determined by considering the normal loading period

and safety coefficient.

3. RESULTS and DISCUSSION

To examine the bending strength change of visually
graded No. 1 lumber by span length, the bending
strength was calculated by using the maximum load
acquired from the bending test. Shown in Table 2 are
the statistical results of the bending strength by span
length. In F test, p value was 0.070, higher than the
significance level at 5%, showing that the difference
in bending strength between distributions by span length

was statistically insignificant. Thus, assuming the equal
variance, t test was conducted on the results of the
average bending strength based on the two conditions.
The result showed that p value was 0.001, lower than
the significance level at 5%, and thus, the null hypothesis
was rejected. In other words, it could be concluded
that there would exist a difference between the average
bending strength values by span length. The average
bending strength under the span length of 1,650 mm
was 55.01 MPa, which was considerably larger than
that under the span length of 3,000 mm, which was
47.54 MPa (Table 2).

Shown in Table 3 are the fitness distribution test
results on the bending strength, which was conducted
to determine the standard allowable stress change of
visually graded No. 1 lumber by span length. The
chi-square test at 5% of significance level showed that
at the span length of 1,650 mm, the result followed
the normal, lognormal, and Weibull distributions
whereas at the span length of 3,000 mm, only the
lognormal distribution was fit. Since the 5% lower limit
of bending strength can differ by the fitness distribution,
it was calculated by using the lognormal distribution
determined to be fit commonly in both span lengths.
At 1,650 mm, 5% lower limit was 28.65 MPa whereas
at 3,000 mm, it was 25.70 MPa so that, like the average
bending strength, the longer the span length, the lower

the 5% lower limit became. The difference between
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Table 3. Results of Chi-Square goodness of fit test according to span length

Span length (mm) 1,650 3,000
Distribution Normal Lognormal Weibull Normal Lognormal Weibull
Test statistic 6.384 5.432 5.128 15.856 7.322 14.092
Significant level 0.05 0.05
Degree of freedom 5 5 5 5 5 5
x2 11.070 11.070 11.070 11.070 11.070 11.070
P value for y2test 0.271 0.365 0.400 0.007 0.198 0.015
120 Modulus of Rupture Modulus of Elasticity 7 20
’;1,650m ——-3,000 mm F ----- 1,650mm —-— 3,000 mm 118

Modulus of Rupture (MPa)

16
14
12
10

Modulus of Elasticity (GPa)

12
0 L L L L L 1 I L L 0
0 10 20 30 40 50 60 70 80 90 100
Normalized Rank
Fig. 2. Normalized rank of modulus of rupture and modulus of elasticity for

different span lengths.

the average bending strength and the 5% lower limit
of bending strength based on span length was 7.44 MPa
and 2.95 MPa, respectively, showing that, as in Fig.
2, the increase in the percentage led to the increase
in the difference.

The study compared the bending standard allowable
stress calculated by multiplying 0.475 to the 5% lower
limit of the bending strength based on span length and
the design allowable stress, which was produced by
multiplying the size coefficient 1.5, proposed by KS
F 2162, to the standard allowable stress of the grade
No. 1 larch, proposed by the dimension and quality
standards of lumber by the National Institute of Forest

Science. The standard allowable stress at 1,650 mm

and 3,000 mm was 13.61 MPa and 12.21 MPa,
respectively; conversely, the design allowable stress of
No. 1 grade larch was 11.7 MPa, lower than the standard
allowable stress by span length (Table 4). It is believed
that this is because the standard allowable stress
proposed by the lumber dimension and quality standards
of the National Institute of Forest Science was derived
from clear wood specimens. Kong and Jeong (2015)
reported that since the strength reduction ratio by grade
applied to the allowable stress calculation for non-defect
small specimens was set high, resulting in a value lower
than the allowable stress value by lumber grade.
On the contrary, as shown in Table 2 and Fig. 2,

the average modulus of elasticity of visually graded
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Table 4. Comparison of allowable bending stress of larch between test result and value in standard

Test result (MPa)

Allowable stress in standard])(MPa)

Span length (mm)

Sth percentile Allowable stress No. 1 Size-adjusted value
1,650 28.65 13.61
7.8 11.7
3,000 25.70 12.21

! Notification of 2016: Specification and quality standards of lumber

No. 1 larch lumber, tends to increase as the span length
increases, but there was no significant difference by
span length. Madsen (1992) studied the change of the
modulus of elasticity by four different span length-
to-depth ratios (12, 18.3, 25.7, and 38.6) in the bending
test of a 38x89 mm lumber specimen, the result of
which verified the result of this study, that is, the
increase in the span length increased the modulus of
the average bending elasticity. Here, the same tendency
was reported despite that the removal of the effect of
the shear deformation changed the modulus of elasticity.
While no clear reason for the change of the modulus
of the elasticity by span length was given, Barrett et
al. (1994) reported that when the span length-depth
ratio was small and the ratio of the modulus of elasticity
to the modulus of stiffness, including shear deformation,
was large, the span length-depth ratio made a huge
effect on the modulus of elasticity including shear
deformation. However, it was also reported that the
ratio of the modulus of elasticity and the modulus of
stiffness including shear deformation would change, and
therefore, it is believed that additional research would
be necessary on the change of the modulus of elasticity
by span length on the bending lumber.

It was shown that in bending performance, the span
length changed bending strength more than the modulus
of elasticity. Such a result can be explained by the
weakest link failure theory (Weibull, 1993), which was
developed under the assumption that the natural change
of the strength properties in lumber is arbitrary and

is not related to each other. In a zone under high stress,

the probability that weaker areas are to be included
would increase as the size of materials increases, and
therefore, the strength decreases in inversion to the
increase in the size of the material. As such, the
phenomenon where the properties of a material change
by the size of the material is called size effect, which
is known to increase in the strength that shows brittle
failure mode due to defects or weak parts in the material
rather than in the modulus of elasticity, which has the
concept of the mean average (Hwang et al., 2003). As
such, the span length changed bending strength more
drastically in the bending performance.

To consider the size effect in lumber, ASTM D1990
proposes an equation that converts the strength data
acquired by the test to a specific size. For the bending
strength, the equation in ASTM D1990 uses 0.14 as
the modulus of size in length. Barrett et al. (1995)
reported that in the visually graded Hem-Fir and S-P-F,
the modulus of size in length was 0.18 and 0.16,
respectively. Within the 5% lower limit of bending
strength, acquired by the test of this study, the modulus
of size in length, acquired by the regressive analysis
of the log value in strength and the log value in length
(Barrett et al., 1995) was 0.18, showing that as in Fig.
3, larch had a large size effect when compared to ASTM
D1990.

While there has been consistent research on the
bending test for lumber in South Korea (Park et al.,
2010; Pang et al., 2013), Oh (2014), which compared
the value from literature to the modulus of size in length

through the regression analysis of the log value in
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34 ¢ Test Results

324 r

Natural Log Value of 5 percentile MOR (MPa)

—-— ASTM D1990

y=-0.14x +4.39

y=-0.18x + 4.7

73 74 7.5 7.6

7.7 7.8 7.9 8 8.1

Natural Log Value of Span Length (mm)

Fig. 3. Linear regression of logarithm of strength against logarithm of span length.
Here, absolute value in slope indicates a length factor.

strength and the log value in depth in bending strength,
is the only research on size effect. Thus, it is determined
that additional research on size effect is necessary.
Particularly, it is believed that it is possible to include
an equation that can consider size effect as in ASTM
D1990 or to make revisions in which to include an
equation to consider size effect as well as limiting the
span length-to-depth ratio in KS F 2150. Considering
that the length of generally used lumber is 3,600 mm,
various types of span length can be selected based on
the cross-section of the produced lumber, and therefore,
it is expected that the problem of different results of
bending tests even by following the KS standards could
be compensated. Furthermore, the strength values
acquired from lumber in various sizes can be reflected

to the design values.

4, CONCLUSION

The study conducted a bending test on 38 x 89 mm
lumber to determine the effect of span length on the
bending performance of structural lumber. The result
showed a significant change of bending strength among

the bending performance properties by span length

within 5% of significance level. The 5% lower limit
of the bending strength increased as the span length
shortened, as in 28.65 MPa at 1,650 mm, and 25.70
MPa at 3,000 mm. It is believed that this was due
to size effect, and it is determined that a corresponding
compensation method of strength values by size would
need to be included in KS F 2150. It is expected that
in this way, various strength values from different sizes

of lumber can be reflected to design values.
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APPENDIX

(Korean Version)
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1,650} 3,000 mmof| A 217} 18.59} 33.70]{th. KSO| 428 ArAfo] & Ald WH(KS F 2150)0] whah, 2F 2219 2
AN Ht 62 Fof] 37 YR A S5 AAsH AdS APk # Afol AEe &t WS4
(Kyowa, A& ol-8stof 3¢ /\POMIH THEY WHE 5 99 skt WY e ol gt F2 Aol ¥
et Ak Mol £ SIASE FokAh ol e viAle A2 AR, Aol BAgle] A= s ARt

Atole] wixIA1A ddS WYk E% 1% Lol 2 Aol it Z=4fo] AAE o] .

oZi
_O|L
333
Buiy.
_ll)lv

2.3, A &4

ARE Aol whet g Adsol MaleheA] 2lshy] Sl | 2=t @ sHdAIgol tiste] 79 % 5%0lA ¢ AEE RIS
ot ARE A A, ZF A7E Aol w2 & AE Ateloll 4-oat HEE dote] {9 % 5%l F AE AAlskIth
2 A5olA 8 Al Be g RO E AMEShe BH, & e 5% SIRAE 7]‘?}°§ g 71E 8888 tRGS
2 ARg3th EPEW A7r AZlo] W g o] HalE dobiy] 5] 24 e B 7% 38585 AMEste] Bkl
71& 8888 A&t %’4’5]'04 LA o At dieAqt 25 ol E(Weibull) HEE ARE-ste] 5% SHHAE

Aitstgiet. 24 £io] ohg WE e ohea 2ol HojHrh

O7|A, e=9. AT A, I=RART, p=Bet, 0=%F B2, m-in(w/Jo ), v=\n(o?/w’ +1) | a=F = HIx(scale parameter),
21 b=%4} B4x(shape parameter). 2} &3 EE “]E Aol A FAAS Fotol, A Ao e @ A= X B4
L WEsle BxoA f AR 5% SIS AMEstGinh. APE AR 59 5 5%olA FrolAlE HEE ol8s }‘I]
AT Attt oA 718 18-85 AAET tl 95% AlF] £ollA TE 0A} §HA|(0.95)0] ThEt kIR R
A 16455 AHEStol & L8] 5% SRR E AARSIITE 11 % AYe 2 &A1Y 518 4 A% WH(KS F 2152)9
A vpe} o), AHeE @ w9 5% slgtx|of BA sl 71t oV AlE atefste] AAE A AR} 04755 53
71% 818-38E AESoith

AZE Ao whE 82t S5 1od A F A HekE dopry] Hstol, B AldE F3 dofR A se& AM&sto
# =g ARSI 3 200 A7 A2]of g F A=) SAIA At AA T Ak F AAA p ghol 0.0702 9] 4

%6 1ct o A2k 7121 whe 8 40| 4k 20 Aol FAACZ RSlsh Gkl web S0z st .
A3kE ¢ 774 stk L A, p 4ol 0.0012 9] 55 5% 1T} Wol AT 4L 7|7ttt T

Wl A2 A2l ufel Bt % e 7he) Aol7h Aok A2 W 4+ Slsich A7k 2] 1650 mm Al 20N ol
it 1 Ak 5501 MPaz A1) 7121 3000 mm A9 2o o1 it 4 4% 47.34 Mpasiet 2] Uelsiei(e 2,
Azt AAelel mE 89t 57 157 AR 712 51898 WEkE Annr] g 8 Fwo] oie AFEE 71 Ak
5 39 2tk $9) % ol Aol Y T ok AT A LGS0 mmols A7k AT ol g o
whEchR FhEE vk, A7 A2 3,000 mmol s 4T R AReiehe Ak otk AR uet 8 o)
%aré_ 9] uhgel 2 Ak Al FEOR Ageirkn YR AT RES olgsiel F 4w

5% 31k 2 A=) 2|7 Ag 1,650 mmoll A= 3 7o) 5% 54317} 28.65 MPael BHH, 2|7k 2] 3,000 mmof A=

N
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2570 MPao.2 B3t % 7ol Zo] A7k Ae)7} Lol A%E 5% shatx 7} WA et A7 Aele] e B 9 7wo)
Plolsh 1) 2120] 4 SR A 227454 295 MPask 131 2919 o] M) £} 57Kl et Aol 2 Aoz
soligich. A7 Azlol b 8 o] 5% shaidlel 04758 Foto] AEat @ 712 ohg-Sen FYAdTele 1A BayA)
EJ ??'7:‘# 4 71200 AAE FAE 1559 7% 8888l KS F 21620 AX =] Sl= AAg 155 53 44
o1-8-52 1t vlaskglet. A7k A2 1,6502F 3,000 mmof|A] &} 7% 5]-8-8-2-2 77} 13.619}F 12.21 MPao|¢{tt. o]of| Bls}ol
SAE 1559 AA o8-8 1.7 MPao & A7t AZlo] w2 7]& s]-8-32 et WA Yeldth (& 4). o= w4 T
A FAAEY AT FA 712 AAE 71E §8-8Ee] FEAH aAHE o BEE dhol7] wiolta Alrdrh
Kong®} Jeong(2015) ‘?‘é;é—l] A A 583 AE AEue 5 AT A AR EIG7] Pl AR
S 51899 gt B 278 woltkn mug v slek
olo] Hlste], &2 5 1 ‘ST} HEd AT Bt @ A # 29 I 20 U Sl ukel Zo] A7k At
LS B3 Y BA il ATE el i Aelo] utet §olu]g Aol Hol4] SISlr). Madsen(1992)
S 9| =7] 38x89 mm A|A=2] & ArdoA Y] 74A] A7t off Zlo] H|(12, 18.3, 25.7, 38.6)0l] Tl B ©/dA2] Wt
T S A R o Slon, % i3 Asis} go] Ae] 2ok A1A4E Her 1 BAAE S Srelaislc
o7| A At WP FFE AAst Azt off o] vlo] wE F BYAS IS FelsisolE Eota 2 A
Holnkn BuskLh A7 Acle] B BAle] 4 eYAS Wael AT UL B v glovk, Barett S(1994)S
Azt Z0o]e) W7k AW Ak Welo] ZaE eARe AR Ht F ul, A2k of Zole] uliz Aek Wol
EFE B Ag] 24 G vATL Bkl 2y Ed Sl whek Ad o] 23 e A<} AR
H7} depriokal Hauskal 917) wie] A9 f RAolA Aztell T g A4o] #te] gt =71AQ d+tvh Bad
RO wE). & AeolA AT Aol whE g AL etk & 77t v A Halehe ACE UEith ol2dt
Ak 2 ) 2% 249 A1) Holrt QelHolL AR Bl Sk 714 offolA] WA sfol Mo 22 mé
o] Z(weakest link failure theory) (Weibull, 1939)0. 2 A3 4> Qlrh £& 388 W= g dofA ¢ kst 2o} 23k
FE2 AR 2717 F7REE AR7] wiiel A 27] F7tel vl 0}04 7JE7P At €. ol- g, Qs 249
a7lof| wet WdtE = @42 X5 Bdlsize effect)t shal, X A= BAA] NS 2= ©@A 741’\35} 23 B
A= kst Aslo] o] 4 53] RES Kol wold ZA el %A sirkHwang 5, 2003). 1213 o},
2 Aol A Aol et & Zwrt 8 24 wakskgioh
SR oA sk A4 BIE Efsly] fIste] ASTM D1990%4= AES 53 €old Fe Holgg §4 A=
wigkelz 418 ARKSIE 9lch. 3 7ol elel ASTM DI990S] AJollAji= Zole] A4 Al4-2 0145 AHHs1RL Ytk Bamet
5(1995)2 &<t 5 T Hem-Fir®} S-P-Fol|A| Zo]o] A4 Alg= 747} 0.183F 0.160]2F H1gk vf Qirt. 2 AEE
ol dolxl A FEo 5% sFRkX|oflA], o] 211 gha Ao]o] 21 1o 39 E4& Foto] dojrl ol A= ﬁlv@am?tt
£, 1995 0182, 718 33} o] ASTM DI9903H | Wal52 1) teido] A5 s 2 402 Ueht
U A= gt A @ AIFS 725] APH vk QLo WK Park -5, 2010; Pang 5, 2013), A4+ mate] tidt dA4=
WDy} 8 ol ) 21 dof ol 22 0o S ke 0 Lol X AE a2 U
WA AL SAskek. olo] Ua 27489 9771 Bastohn weEch 27180l ATLE Foko] ASTM D190}
73"] Z]* ARE v ¢ Y AE ZFEALL KS F 2150004 A2F f 7o) BlE Algtete FAlOl A adE 1E
4 Sl 4 EReR: 5o o] /5T AR AR, AB R $ERE AREe Lol7k 3,600 mmel AL #bsHe,
AAVel= AR EL do] wet hekRt A2 AE A9E 4= 7] wizol KSof wet g A& A3 °ﬂE EetaL
A7 gEbd 4 Sle A BT 5 QS AR JdiEr) o] Foke] vt A5 A A BojA= AEE A
2ol Wyt 4 918 Aol

4,

A7F A7t F28 ARE] 3 Aol kS u|x)a] Yok 1Al tHHA 38x89 mm A o] thalo] B Algle Hasl]
ov, 7 A3 4 A T B A= 7 2 5%l wefulstA At Azl wheh Meks A Selstinh A=l
5% 3kt 2|7F Al 1,650 mmojlA] 28.65 MPa, 3,000 mmol 4] 25.70 MPa& 27+ A 2|7} Zopd 4; 7057} Z7kstnt

ol A4 o] 3 Aoz AlRHM, o]F 1ste] Ao wE FE e BT 5 e WS Br2g AdA 2
A W, KS F 21500 Z3tstefop & Aoz ATt o] S Faf thafsh A5=of A EolA dojAl= 7 2 AA gkl
T 4 S AeR JdE.
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