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Abstract

The Estimation of Compressive Strength by the
Nondestructive Test of Concrete Structures used Mineral Admixture

By Yoo, Myung—hwan
Adviser : Prof. Kim, Jeong—-sup
Department of Architectural Engineering,

Graduate School of Chosun University

This study made cylindrical specimen and core tube specimen of
concrete using admixture and suggested their strength estimation of
long-term age (4years) through non-destructive and destructive

testings. The results of the research are as follows.

1) As a result of estimating the strength with suggested equation by
measuring rebound hardness and ultrasonic speed, rebound hardness
method showed 767 118% in the equation of Materials Research
Society of Japan and 757 134% in the equation of U.S Army
Laboratory, and ultrasonic speed method showed 777 117% in the
equation of Architecture Society of Japan and 85~ 116% in J.Pysziak
and these showed similar trend to destructive compressive strength.
Complex method showed a great difference in existing equations from

destructive compressive strength.



2) In comparison of coefficient of determination between estimation
integrating the upper and the lower parts and that dividing the upper
and the lower parts, estimation dividing the upper and the lower
parts was 2.6% ~ 12.4% higher than that integrating the upper and the
lower parts. Thus it is considered that applying the estimation
depending on the location of measuring non—destructive testing will

be able to estimate more accurate strength.

3) As a result of comparing suggested equations with error rates of the
estimation by this research, there was a little great error rate in the 7th
and 14th days of age, but as age develops, the error rate was reduced
compared to suggested estimation and it is judged that the estimation

by this research has higher reliability.

4) As a result of comparing error rates between conventional
suggested equations and this estimation equations, there are a little
differences by age, but error rate of this study was reduced to O.
3%~ 15.5% compared to conventional equations by re-bound
hammering, 0.6% ~ 18.6% by ultrasound velocity method and 0.6% ~
34.2% by complex method and it is judged that it is desirable to be

used for concrete using admixture and fiber

5) Since application of existing expression of normal concrete
against concrete using admixturescauses error rate, this study
suggests the following estimation expression depending on the kind of

admixtures of concrete using them and position of non-destructive



experiment.
In addition, the estimation by this study showed higher error rates
in 7714 days of age than other ages and it is considered that a

method to reduce the error rate in early age needs to be devised.
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3.2 A AlE

3.2.1 AJFIE
B Ao AFEE AlWEE KS L 52013

W= AHE) FAE SAF AES
Abgskal, AMlES] stebA JE B Sy A

<E 3.1>3 Zrh

<E 31> AMES setd 4 % 22d 42

st A4 & (D

H] F
SiOs | ALOs | Fes0s| CaO | MgO | SO5 | Ig. loss”

M

:rL

WE SIS
Al E

1l

21.9 | 6.59 2.81 | 60.12 | 3.32 | 2.11 2.58 3.15

3.2.2 =7
ZEFAE KS F 2502(F A9 A7kg A9 W

e AFESIE, FEIAE KS 8¢ At
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<E 3.2> A9 E83 /4

2 =8 Hu A4 o) 8A ek e FTE Y8
=0 e (mm) (kg/m’) e (%) (F. M)®
ZHZ A 5 1,653 2.61 1.05 2.69
2 A 20 1,550 2.67 1.24 6.83
3.2.3 E3}A
A EA Zetoloa e FEHREEH LA, AREY T vEES FEAHdL
o A, A 7tFS Ao A 98 Elkern Micosilicag A&},
4) [g. loss (A7, MBI R, Loss of ignition) : A|HEW A3 & m2oA 7}dE ufo
o R, AAF, wavks, ARy 21§ B
5) ZH&(fineness modulus : F.M) @ ZA]2] JE=E FASH= AIG-2ZA] 10719 EFAE o834 A7)

F a5l 7 Aol E2 S AR SRS AR $ ol FAE 10002 vRedk
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S10s | AlLOs | Fes0s3 | CaO MgO SO3 lg.loss

ZglolofA] 152.09 |25.36 [12.90 | 2.58 | 1.37 | 0.07 3.70 2.15

n2& |34.14 [17.04 | 0.32 |43.31 | 6.35 | 0.08 0.88 2.90

A8 7HE 190.00 1.50 | 3.00 | 2.00 | 3.00 - 3.00 2.01

3.2.4 Z38E W
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<E 34> 38 E Wi¥E

ANz we | s < % v 3t (kg/m)

R (%) (%) w C S G =3kA)
o5
=g 0 158 350 889 907 0
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—‘—ﬂaE 50
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(2) A = A} @ 3= =AY
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(3) & = : 1,000kN
(4) =+ o g9k
(5) & A T L B s e

(1) 71 7] % : PUNDIT

(Portable Ultrasonic Non-destructive

Ay



Digital Indicating Tester)
(2) & 1 # : R. H. Elvery (England)

(3) Al = AF @ 9= C. N. S Instrument Ltd.

(4) 54 A& : +0.1usec

(5) ANZF A H9 @ 0.1psec ~ 1,000usec (£ type)

6) A€ 52 07 15m (¥%F FHAA 54, F3F 42U 45 07 1.5m)
(7) 99 7%= : 54kHzEM Signal 100uVolt, Impedence:= 2MQ

(8) 54 2= W9 0T 40T

o WA= 547

(1) 71 71 ¥ : Schumidt Hammer NR type
(2) & W 2} : Schumidt(Swizerland)
(3) A & A} 1 29~ Proceq

(4) Bt4 olyv#] 1 0.225 mkef



V. 24323
4.1 A4

RE ZAYES TIANE ARSI A5 FAAIS A s FAA

715oNA FAAIA AHe wel reEFRAFE o] &3 vy =AY
A8k T
Zy A2 gty A=A vty Ay Ade #4153 Erh
<E 4.1> Fo] FAA 48 2%
5T A #H(Y) A8 A g £(MP2) V(km/sec) R
7 C-N-7 16.1 3.646 27.6
14 C-N-14 18.1 3.751 28.4
08 CH-N-28 28.4 4.195 33.5
CL-N-28 32.4 4.235 36.7
CH-N-60 29.0 4.204 36.5
60
CL-N-60 34.5 4.276 37.2
CH-N-90 33.5 4.230 37.5
90
2 F CL-N-90 36.2 4.286 38.1
238 E %0 CH-N-180 35.7 4.295 38.6
1
CL-N-180 36.6 4.302 39.4
CH-N-365 35.3 4.294 39.4
365
CL-N-365 36.8 4.393 40.7
CH-N-730 37.0 4.313 38.7
730
CL-N-730 36.3 4.423 41.4
CH-N-1,460 37.5 4.400 41.2
1460
CL-N-1,460 39.9 4.543 42.8

C: 2ol BAA, H:32A) 4%, L: 7249 a3, R: AdAe vags



T F A HEG| A3 AdH £(MP2) Vo km/sec) R
7 C-FA-7 17.9 3.852 26.0

14 C-FA-14 24.2 4.021 28.4

CH-FA-28 25.2 4.195 35.3

28 CL-FA-28 29.3 4.107 36.4

CH-FA-60 29.2 4.204 36.2

60 CL-FA-60 31.9 4.170 36.7

FA 9 CH-FA-90 34.9 4.230 38.3
. CL-FA-90 35.2 4.366 39.1
CH-FA-180 35.0 4.295 41.0

238 E 180 CL-FA-180 36.3 4.455 42.1
CH-FA-365 35.1 4.294 41.1

365 CL-FA-365 35.6 4.474 42.5
CH-FA-730 33.4 4.313 41.3

730 CL-FA-730 38.6 4.434 41.4
CH-FA-1,460 33.4 4.553 46.4

1460 CL-FA-1,460 38.4 4.453 47.1

7 C-BF-7 14.9 3.667 26.7

14 C-BF-14 18.0 3.762 29.1

CH-BF-28 30.7 4.201 36.8

28 CL-BF-28 30.8 4.228 36.7

CH-BF-60 31.2 4.252 36.6

60 CL-BF-60 31.2 4.281 36.6

BF 9 CH-BF-90 33.9 4.305 37.9
- CL-BF-90 36.2 4.379 39.2
CH-BF-180 34.8 4.446 41.0

238 E 180 CL-BF-180 36.2 4.457 42.0
CH-BF-365 36.7 4.420 41.5

365 CL-BF-365 37.2 4.448 41.6
CH-BF-730 37.1 4.447 41.7

730 CL-BF-730 39.0 4.407 41.9

1460 CH-BF-1,460 34.7 4.372 39.3
CL-BF-1,460 38.4 4.390 49.0




T ABFD| AFAH £{MP2) Vo km/sec) R
7 C-SF-7 11.7 3.319 23.4
14 C-SF-14 14.7 3.569 25.1
8 CH-SF-28 22.8 3.846 29.8
CL-SF-28 26.9 4.049 30.3
60 CH-SF-60 25.1 3.941 30.8
SF CL-SF-60 27.8 4.050 31.4
90 CH-SF-90 27.6 4.010 32.7
23 CL-SF-90 31.8 4.032 34.3
180 CH-SF-180 29.3 4,103 34.9
Z3dE CL-SF-180 33.9 4,134 35.3
365 CH-SF-365 30.5 4,115 35.4
CL-SF-365 31.6 4.141 35.6
730 CH-SF-730 30.9 4.142 35.7
CL-SF-730 33.7 4.159 37.2
1460 CH-SF-1,460 30.6 4.049 35.2
CL-SF-1,460 33.0 4.072 38.8
4.1.1 33 AEFE AF47
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4.2 71& ArY AHE A3

4.2.1 WA =W Q3 7|E Aot H & A}

D BE Z3dYE

BREFZIES WAoo 93t V)& Ak FAGES w3 E v
AL <E 4.2>¥ (2™ 4.13]19 2o
HEZAYES] HS, 7]& Askr e AT} gy Egte] 2538342
6% 88% k=, LEARI}INL 2%718% AR, TAE AFAEHALA
1%~ 23% A%, US Army 222 L 1%728% A%, A9 2L 17% 7 61%
AL zto]lE HQom ARSI A US Army AL g7t eet 7Hd
Hl =gk Aas Holom dEAE33| A2 FHY 88%= 71 & AolE UERA
<K 4.2> vhrF o) 23 7]& Ao FARES AP E vw(1)
2= AF | 48 s £ 34 7= (MPa)
EF| gy | 2RAR | (P R 1 2 | 3 4 5
7 C-N-7 16.1 27.6 30.1 17.5 16.6 17.1 21.3
u 14 C-N-14 18.1 28.4 30.7 18.5 174 18.1 22.9
28 CH-N-28 28.4 33.5 34.4 25.1 22.5 25.1 32.5
CL-N-28 32.4 36.7 36.8 29.3 25.7 29.8 38.7
5 60 CH-N-60 29.0 36.5 36.7 29.1 25.5 29.5 38.3
CL-N-60 34.5 37.2 37.2 30.0 26.2 30.5 39.6
= 9 CH-N-90 33.5 37.5 37.4 30.3 26.5 30.9 40.1
CL-N-90 36.2 38.1 37.8 31.1 27.1 31.8 41.3
180 CH-N-180 35.7 38.6 38.2 31.8 27.6 32.6 42.3
= CL-N-180 36.6 39.4 38.8 32.8 28.4 33.8 43.8
365 CH-N-365 35.3 394 38.7 32.8 28.4 33.8 43.7
S| CL-N-365 36.8 40.7 39.7 34.5 29.7 35.8 46.3
730 CH-N-730 37.0 38.7 38.2 31.8 27.7 32.6 42.3
e CL-N-730 36.3 41.4 40.2 35.4 30.4 36.9 47.6
- 1460 CH-N-1,460 39.9 48.8 45.6 45.0 37.8 48.9 61.5
CL-N-1,460 37.5 49.7 46.2 46.1 38.7 50.4 63.2
1. QEAFEE] ], 2. QEAEEI ], 3. 54T AFSAEHAAL2], 4. US Army A4, 5. 396 2



[2¥ 4.13 ¥

AP o7 7]E A9 FEAES} A= Hla(1)

2) FA % 33 E
FA 23t Z3gE9 w4 o] o3 7]& Aok o] F4
3 AL <F 4.3>7 [29 4.14]1¢9F 2}

<E 4.3> WHERFERA % 7|E AA e FAES} A= H2(2)

= A B 5 £ FA 2= (MPa)

TR (@) 44473 (MP2) R 1 2 3 4 5
7 C-FA-7 17.9 26.0 30.1 17.5 16.6 17.1 21.3

14 C-FA-14 24.2 28.4 30.7 18.5 17.4 18.1 22.9

FA 28 CH-FA-28 25.2 35.3 34.4 25.1 22.5 25.1 32.5
CL-FA-28 29.3 36.4 36.8 29.3 25.7 29.8 38.7

| 60 CH-FA-60 29.2 36.2 36.7 29.1 25.5 29.5 38.3
. CL-FA-60 31.9 36.7 37.2 30.0 26.2 30.5 39.6
X 90 CH-FA-90 34.9 38.3 374 30.3 26.5 30.9 40.1
CL-FA-90 35.2 39.1 37.8 31.1 27.1 31.8 41.3

= 180 CH-FA-180 35.0 410 | 382 | 31.8 | 27.6 | 32.6 | 42.3
CL-FA-180 36.3 421 | 38.8 | 32.8 | 28.4 | 33.8 | 43.8

2 [ CH-FA-365 35.1 411 | 387 | 32.8 | 28.4 | 33.8 | 437
CL-FA-365 35.6 425 | 39.7 | 345 | 29.7 | 358 | 46.3

g 730 CH-FA-730 33.4 413 | 382 | 31.8 | 27.7 | 32.6 | 42.3
= CL-FA-730 38.6 414 | 402 | 354 | 30.4 | 369 | 47.6
- 1460 CH-FA-1,460 33.4 46.4 45.6 45.0 37.8 48.9 61.5
CL-FA-1,460 384 47.1 46.2 46.1 38.7 50.4 63.2
L AEAZ3 A, 2. ARARILI A, 35 4% AZARAARA, 4. US Army A824, 5. AGG A

FA %38 ZIgE9 H$,

7]

R

= Aot

Ho| FABES AP

Tboll dE=3}t

=



6%~ 61%

Al O
- =

15

[e)
[¢}

Z
-

al

’

L
a

al

8

3% ~ 27%

o

T

Al O
]
_qé’:él

=

Al
=2
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[e)

R

ol

)

33w v

-
T

A9 e AP 14D

R =

3 7)1& A AR SRS Hw(2)

4.4>3 [1¥] 4.15]¢F 2

3

[2¥ 4.14] ¥PEH =R <

e <

}

pis

3) BF A& E3YE

ol



RN 4% T 10% A=, = AFARHNLAZ 6% 22% 4=, US Army
AL 1% 7 13% A%, B 22 20% ™ 44% %= ApolE RSt
<E 4.4> YR EH 93 7|E A FAAZE} AP E H|1(3)
= = ZH ag Al & = f:: '%';g 7JEWP2)
° () 49 A% (MP2) R 1 2 3 4 5
7 C-BF-7 14.9 26.7 29.5 16.3 15.7 15.9 19.7
BF 14 C-BF-14 18.0 29.1 31.2 19.4 18.1 19.0 24.1
28 CH-BF-28 30.7 36.8 36.9 29.5 25.8 29.9 38.9
CL-BF-28 30.8 36.7 36.8 29.3 25.7 29.7 38.6
A 60 CH-BF-60 31.2 36.6 36.7 | 29.2 | 256 | 29.6 | 385
CL-BF-60 31.2 36.6 36.9 | 29.6 | 25.9 | 30.0 | 39.0
g 9% CH-BF-90 33.9 37.9 376 | 30.8 | 26.9 | 315 | 40.8
CL-BF-90 36.2 39.2 386 | 325 | 28.2 | 33.4 | 43.3
180 CH-BF-180 34.8 41.0 40.0 | 34.9 | 30.0 | 36.3 | 46.9
= CL-BF-180 36.2 42.0 406 | 36.2 | 31.0 | 37.8 | 48.6
El 365 CH-BF-365 36.7 41.5 40.3 35.5 30.5 37.0 47.7
CL-BF-365 37.2 41.6 40.3 35.6 30.6 37.1 47.9
g 730 CH-BF-730 37.1 41.7 40.5 35.9 30.7 374 48.2
E CL-BF-730 39.0 41.9 40.6 36.0 30.9 37.6 48.5
- 1460 CH-BF-1,460 34.7 39.3 38.7 32.7 28.3 33.7 43.6
CL-BF-1,460 38.4 49.0 45.8 45.3 38.0 49.3 62.0
1. dEAFEE A, 2, dEARES] Y, 3 5AE AFAESHA ALY, 4. US Army 2342, 5. A9 2

[2¥ 4.15] ¥PEAF =R g 7|E AL 9 FAF=S} 7= vlan(3)



st 498 A2 FAGES FAFERY =4 dEgen, v
= HAAEET A FAEAeH APl Gt
o w3 H A, AR 7309 0lF AlE 1460 Ale]ell A

4) SF A% Z3IE
SF 23 S8 Eo] v o 23t 7| A okd o] =449}

ol
W AL <3 4.5>3 [19 4.16]9F Zo

k=)
o
ol
ki
=

<E 4.5> WP E g 7|E A¢A e F47FES} 9= H|w(4)

NEEIR 3 5 FE 00
TR @ | 2EATB | py R 1 2 | 3 4 5
SF 7 C-SF-7 11.7 23.4 27.1 12.0 12.4 11.7 13.3
14 C-SF-14 14.7 25.1 28.3 14.2 14.1 13.8 16.6

28 CH-SF-28 22.8 29.8 31.8 20.4 18.8 20.0 25.6

P CL-SF-28 26.9 30.3 32.1 20.9 19.2 20.6 26.3
60 CH-SF-60 25.1 30.8 32.5 21.7 19.8 21.4 27.5

8 CL-SF-60 27.8 31.4 32.9 22.4 20.4 22.2 28.5
= 90 CH-SF-90 27.6 32.7 33.8 24.1 21.7 24.0 31.0
CL-SF-90 31.8 34.3 35.1 26.2 23.3 26.3 34.1

= 180 CH-SF-180 29.3 34.9 35.5 26.9 23.9 27.1 35.1
e CL-SF-180 33.9 35.3 35.8 27.5 24.3 27.7 36.0
3 365 CH-SF-365 30.5 35.4 35.8 27.6 24.4 27.8 36.1
CL-SF-365 31.6 35.6 36.0 27.9 24.6 28.2 36.6

al 730 CH-SF-730 30.9 35.7 36.1 28.1 24.7 28.3 36.8
CL-SF-730 33.7 37.2 37.1 29.9 26.2 30.4 39.5

E 1460 CH-SF-1,460 30.6 35.2 35.7 27.4 24.2 27.6 35.8
CL-SF-1,460 33.0 38.8 38.3 32.0 27.8 32.9 42.6

1. 9E2A583]4, 2. AR, 3.5 % AFAEHAEA, 4. US Army 2344, 5. 498 4
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4.2.2 2&3EEHI 93 7|E At H& A3

wgEaeEe 2eRsEyel g% E AN FYPEs

“
=)
o
K
=
R

<E 4.6> 2UEER g% 71E ALY FAES 33F = H2(1)

=| A A8 3 £ Vo =3 7% (MPa)

THF (@ 49 A (MP2) | Um/sed) | 1 2 3 4 5
7 C-N-7 16.1 3.646 16.4 25.5 16.0 12.9 12.9
14 C-N-14 18.1 3.751 18.7 26.6 17.8 14.8 16.5
A=A 28 CH-N-28 28.4 4.195 28.2 31.1 27.9 22.4 31.6
CL-N-28 32.4 4.235 29.1 31.5 29.1 23.1 32.9
= 60 CH-N-60 29.0 4.204 28.4 31.2 28.1 22.6 31.9
CL-N-60 34.5 4.276 29.9 31.9 30.1 23.8 34.3
El 90 CH-N-90 33.5 4.23 29.0 314 28.8 23.0 32.8
CL-N-90 36.2 4.286 30.2 32.0 30.4 24.0 34.6
3 180 CH-N-180 35.7 4.295 30.3 32.1 30.6 24.1 34.9
CL-N-180 36.6 4.302 30.5 32.2 30.9 24.2 35.2
365 CH-N-365 35.3 4.294 30.3 32.1 30.6 24.1 34.9
g CL-N-365 36.8 4.393 324 33.1 33.5 25.8 38.3
730 CH-N-730 37.0 4.313 30.7 32.3 31.2 24.4 35.6
E CL-N-730 36.3 4.423 33.1 33.4 34.5 26.3 39.3
1.460 CH-N-1,460 39.9 4.434 33.3 33.5 34.8 26.5 39.6
! CL-N-1,460 37.5 4.356 31.7 32.7 32.4 25.2 37.0

(D) g&AF3] (2) dE2AETS] A (3) J. Pysziake] A2 (4) w11 At (5) ehd7|edAT4
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Pysziak?]2 1% ~ 15%, t)I1212 18% ~ 33%, StA7|=ATHAS 1%~ 19% d%=
9429} o2 BTt
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o wolom, #NAe 244w R drnh A 3302 WA FAHAY.
1A B s A0 A e AY 14A7A F
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[28 4.17] 2S3&E=0 9 7€ AR Y] F3=9 AAZ= vla(l)

<E 4.7> 2SIEEY 97 7|E ALA e F97=e} AP B 2(2)

oa 71E AAe] FRGEe}

)
o
o

H

=| A # . £ V. F4 7}% (MPa)

T H P?J_) AH AR | by | Gweo [ 1 2 3 4 5
7 C-FA-7 179 | 3852 | 208 | 276 | 198 | 165 | 19.9
14 C-FA-14 242 | 4021 | 244 | 293 | 235 | 19.4 | 256
FA 28 CH-FA-28 25.2 4195 | 246 | 294 | 237 | 195 | 259
A CL-FA-28 203 | 4.107 | 263 | 302 | 256 | 20.9 | 286
o0 CH-FA-60 202 | 4204 | 27.3 | 30.7 | 26.8 | 21.7 | 30.1
o CL-FA-60 31.9 | 4.170 | 27.6 | 30.8 | 27.2 | 220 | 307
% CH-FA-90 349 | 4.230 | 29.8 | 31.9 | 30.0 | 23.7 | 34.1
CL-FA-90 352 | 4.366 | 319 | 32.8 | 327 | 253 | 37.3
2 | s CH-FA-180 | 35.0 | 4.295 | 33.8 | 33.7 | 355 | 26.9 | 404
CL-FA-180 | 363 | 4455 | 33.8 | 33.8 | 355 | 26.9 | 404
2 CH-FA-365 | 35.1 4204 | 342 | 339 | 361 | 27.2 | 41.0
CL-FA-365 | 356 | 4474 | 342 | 33.9 | 361 | 27.2 | 41.0
g 750 CH-FA-730 | 334 | 4.313 | 33.8 | 337 | 355 | 26.9 | 404
- CL-FA-730 | 386 | 4434 | 333 | 335 | 34.8 | 265 | 39.7
= [ Lugo |_CH-FA-1460 | 334 | 4558 | 359 | 347 | 38.7 | 286 | 437
' CL-FA-1.460 | 38.4 | 4453 | 337 | 337 | 354 | 26.8 | 40.3

1) ARAZEE (2) ARA2e 54 (3) ). Pyszaksl A4 (4) 218 A (5) Ad7] 5 7el



FA A3 ZagE] 25a&EEE S5t 1 ZIAE 7]E AdAd 485t
AR AZE3] 2 88% T 117%, DEANE3}F3] 2 929% ~
155%, J. Pysziak2] 88% ~111%, w2 70%~92%, d71eAdFHL22
100% ~118% A% 9373wt A4S B

AEUF3] 4 . Pysziak?] o] AbA o] FAZL =7 o= vk A3
= Bon, dRARTTE A Y 14974 =
gol Ay}das A itreet vzt AEgS vedlen, wiA
8%~ 30% HAx WA FAHEUC

AEA5383| 2 7 dEAses] A9 AtAe AW 1447HA] F873 =7 9273
TR A UEigen AQHo] AR dEAFI AL 1% 17%, dEAS
&3] 241& 1% ~55%, J. Pysziak?]& 2%~ 11%, 34 71&A794L 1%~ 18% A=
I FEBo A FH AT I Pysziak?l 2 2%~ 12%, #1122
Aol A A ERTE A FA = AT

(2% 4.18] &&= 93 7|E AGA 9 F87=9) 3= Hlal(?2)



(3) BF A& Z3IE
BF X3 ZAzEQ ZSuEHEWol o3t 7|& Aok Y=} it e

H gk A2 <E 4.8>3 [2¥ 4.19]¢F Zoh

<E 4.8> 229& = o3 7|E A FARTS} A= v 1(3)

== | AB | 4 4 4 £ Vo F4 = (MPa)
° ) 44 A3 (MP2) | Um/sed) | 1 2 3 4 5
7 C-BF-7 14.9 3.667 16.8 25.7 16.3 13.3 13.6
BF 14 C-BF-14 18.0 3.762 18.9 26.7 18.0 14.9 16.9
28 CH-BF-28 30.7 4.201 28.3 31.2 28.0 22.5 31.8
2] CL-BF-28 30.8 4.228 28.9 31.4 28.8 23.0 32.7
60 CH-BF-60 31.2 4.252 29.4 31.7 29.5 23.4 33.5
3 CL-BF-60 31.2 4.281 30.0 32.0 30.3 23.9 34.5
90 CH-BF-90 33.9 4.305 29.1 31.5 29.1 23.1 33.0
CL-BF-90 36.2 4.379 32.2 33.0 33.1 25.6 37.8
2 180 CH-BF-180 34.8 4.446 33.6 33.7 35.2 26.7 40.1
CL-BF-180 36.2 4.457 33.8 33.8 35.5 26.9 40.4
= 365 CH-BF-365 36.7 4.420 33.0 334 34.4 26.3 39.2
CL-BF-365 37.2 4.448 33.6 33.7 35.2 26.8 40.1
g 730 CH-BF-730 37.1 4.447 33.6 33.7 35.2 26.8 40.1
B CL-BF-730 39.0 4.407 32.8 33.3 34.0 26.1 38.7
- 1460 CH-BF-1,460 34.7 4.372 32.0 32.9 32.9 25.5 37.6
’ CL-BF-1,460 38.4 4.390 32.4 33.1 33.5 25.8 38.2

(D) g&AF3] (2) dEAETS] A (3) J. Pysziake] A2 (4) w11 A2 (5) dA7]&=AT+4

Jo

=
L AE A3 AL 87% T 113%, LEA) B3 A 88%
173%, J. Pysziak2-& 89% ~109%, &AL 69% ~ 89%, A 7)|E=ATFdAL 9
2%~ 113% A% L4F5AEe} 2FolE H YT}

JdEAF33] 27 J. Pysziak2 9] AotAo] A =7 gy =of vk gk

] =
733 4L 5% 7 12% A%, J. Pysziak?l2 6%~ 11% A% JyFEwt A =4
= ATk
FA7|EATLAE AY 14L7AE 6% 8% Ax FHZERT WA FAEU
o AjFoe] AHAEATEH 1% 13% A% FHZERT A4 FHHU
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189%, J. Pysziak?l-& 77% ~ 100%, &IAS 62% ~ 79%, a7+
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o]
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el
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=y

R84 A 289744

Uelgyion #Ae Ho 38%=2 7FY 2 xpolE Bt}

o At AP 609474 FHFES HAFEET A el

8%~ 20%, J. Pysziak2l S 12% ~ 23%, twIA& 21% ~ 38%, std71<4
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FEWstE el

<E 4.9> 2SIEEY o3 7|E ALA 9] F87=e} P B 5(4)

A = o £ V. FA 7Y% (MPa)

T H P%lf 43 A (MPa) | (m/sed) 1 2 3 4 5
7 C-SF-7 11.7 3.319 94 | 222 | 115 | 7.3 1.8
14 C-SF-14 14.7 3.569 147 | 247 | 147 | 116 | 103
SF 08 CH-SF-28 22.8 3.846 | 20.7 | 275 | 19.7 | 16.4 | 19.7
B CL-SF-28 26.9 4049 | 25.1 | 296 | 24.2 | 199 | 266
60 CH-SF-60 25.1 3.941 22.7 | 285 | 21.7 | 18.0 | 22.9
3 CL-SF-60 27.8 4050 | 25.1 | 29.6 | 24.2 | 199 | 26.6
9% CH-SF-90 27.6 4010 | 24.2 | 29.2 | 232 | 19.2 | 253
CL-SF-90 31.8 4032 | 24.7 | 294 | 238 | 196 | 26.0
2 180 CH-SF-180 29.3 4103 | 26.2 | 30.2 | 255 | 20.8 | 284
CL-SF-180 33.9 4134 | 26.9 | 305 | 26.3 | 214 | 295
4 365 CH-SF-365 30.5 4115 | 265 | 30.3 | 25.8 | 21.0 | 28.8
CL-SF-365 31.6 4.141 270 | 305 | 26,5 | 215 | 29.7
g 730 CH-SF-730 30.9 4.142 | 270 | 305 | 265 | 215 | 29.7
= CL-SF-730 33.7 4159 | 27.4 | 30.7 | 269 | 21.8 | 30.3
~ | 1460 CH-SF-1,460 30.6 4049 | 25.1 | 29.6 | 24.2 | 199 | 26.6
’ CL-SF-1,460 33.0 4072 | 255 | 29.8 | 24.7 | 203 | 274

() d&Ex=3 (2) &A= (3) J. Pysziake] A2 (4) wile] A2 (5) dx7|ed+4

(29 4.20] Z59EER o3 7|E A¢A e 347 =s} s = vla(4)



4.2.3 B % 7|E ALH A& A3

(1) 25 234E
REZAYES] Hel o7 V& AdA e FAT =S} A Hlagk A

<E 4.10>% [19 4.21]3% 2

rlo

<E 4.10> 53 g 7|E A¢A Y FAZES HIFE H2(1)

A 2 L )7 7 %A 7Y% (MPa)
xz = Al ¢ 4
T ) | 2ERAR | (ypy B aseo |1 5
7 C-N-7 16.05 27.60 3.646 11.3 28.9
14 C-N-14 18.07 28.40 3.751 14.8 30.5
28 CH-N-28 28.39 33.47 4.195 30.9 39.1
CL-N-28 31.87 36.71 4.235 34.6 42.6
B 60 CH-N-60 29.01 36.53 4.204 33.6 42.2
= CL-N-60 33.80 37.22 4.276 36.1 43.4
90 CH-N-90 33.50 37.47 4.23 35.1 43.3
= CL-N-90 36.15 38.10 4.286 37.1 44.4
_;L 180 CH-N-180 35.67 38.62 4.295 37.8 44.9
CL-N-180 37.01 39.40 4.302 38.6 45.8
2 365 CH-N-365 35.34 39.38 4.294 38.4 45.7
E CL-N-365 36.81 40.72 4.393 42.2 47.8
730 CH-N-730 36.95 38.65 4.313 38.3 45.1
CL-N-730 36.32 41.42 4.423 43.5 48.7
1460 CH-N-1,460 39.89 48.75 4.434 49.8 56.1
’ CL-N-1,460 37.51 49.65 4.356 48.5 56.4
(1) AEAZ3 A, (2) Il 9 391 A
BHE ZIgE9 FJy7re} vhitge 9 2S3&EEE S5t 7S Ao
He&ste] AeE FANE Ay, dEAZSS| NS 71% 7 127%, #IA S 125%
180% AXE Sy 7wt dXZ B, dEAFTEI]| 2] A|ckA o] FAH7FE=7) 1
HAgEet vlzek Fds Below, plAe 7P 2 ApolE BT
JEAZE3] A2 dEA 7SS Ao AbaS A 14L7HA] 18% ™~ 29% %= F
Q=7 S ERG UA YElstew Aol AREFE 4% T 27T = 3t 7
TR A F=AEAT. 2AS AE 14974 69% T 80% AL FARFEI} T}
HFE By 52 A4S Holtprt AHo] AAsSFE 25% T 45%H = G =R



A7 =9 99 = Hla(1)
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(2) FA
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T 4%~ 40%

el
=

o] AekA L AE 1497H4] 9% T 13% A=

A=Y SRR GHA YEsien Ajge] A4t
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J = At
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4.11>3 [29 4.22]¢ 20

-
st

aNAe AE 7ol 62% A= FA
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<E 4.22> EFE g% 7|E ALH 9 FRZES HAZE Hw(2)

= AB| 49 ; £ Vo %4 7= (MPa)
< W () 49 A7 (MP2) R (km/sec) 1 2

7 C-FA-7 17.9 26.0 3.852 15.6 29.0
14 C-FA-14 24.2 28.4 4.021 22.0 32.7
FA 08 CH-FA-28 25.2 35.3 4.195 27.9 39.5
A CL-FA-28 29.3 36.4 4.107 30.9 41.3
60 CH-FA-60 29.2 36.2 4.204 32.0 414
@ CL-FA-60 31.9 36.7 4.17 32.9 42.1
% CH-FA-90 34.9 38.3 4.23 36.9 44.4
CL-FA-90 35.2 39.1 4.366 40.1 46.0
& 180 CH-FA-180 35.0 41.0 4.295 44.1 48.6
CL-FA-180 36.3 42.1 4.455 45.0 49.6
= 265 CH-FA-365 35.1 41.1 4.294 447 48.8
4 CL-FA-365 35.6 42,5 4.474 45.8 50.2
730 CH-FA-730 33.4 41.3 4.313 44.3 48.9
E CL-FA-730 38.6 41.4 4.434 43.8 48.8
1460 CH-FA-1,460 33.4 46.4 4.553 51.1 54.7
' CL-FA-1,460 38.4 47.1 4.453 49.0 54.6

(1) YEAZT3]A £,= 8.2R 269 1V-1094/10 (2) 7311 €] 391 A £,= 9.9RF 79.2 V-273/10

[29 4.32] 33 9 7E AL FAZES FAF= H2L(2)



A

(3) BF A% Z38E

BF A% S ES] H3wo| 293k 7]
o <HE 4.12>F (28 4.23]17 2

=
T

<E 4.12> Bl % 71 A FARE} FHZT ¥|1(3)

NI Z 7 =4 A% (Pa)
TR @) | TERAT | ypy B aseo |1 5
7 C-BF-7 14.9 26.7 3.667 11.1 28.2

BF 14 C-BF-14 18.0 29.1 3.762 15.6 31.3
28 CH-BF-28 30.7 36.9 4.201 33.8 42.5

i] CL-BF-28 30.8 36.7 4.228 34.4 42.5
60 CH-BF-60 31.2 36.6 4.252 35.0 42.6

3} CL-BF-60 31.2 36.6 4.281 36.0 43.1
90 CH-BF-90 33.9 37.9 4.305 35.6 43.8
CL-BF-90 36.2 39.2 4.379 40.5 46.1

= 180 CH-BF-180 34.8 41.0 4.446 43.9 48.5
CL-BF-180 36.2 42.0 4.457 449 49.5

&= 365 CH-BF-365 36.7 41.5 4.420 43.5 48.8
CL-BF-365 37.2 41.6 4.448 44.3 49.1

E] 730 CH-BF-730 37.2 41.7 4.447 44 .5 49.2
- CL-BF-730 39.0 41.9 4.407 43.5 49.1
- 1460 CH-BF-1,460 39.0 41.9 4.407 40.5 46.3
’ CL-BF-1,460 39.0 41.9 4.407 48.9 56.0

O ABaZe5A, 2) 2l 9 391 Aoy

(29 4.23] 53 9% 7]|E AtA e FAHZ =9} }AF= v 1w(3)



BF A%t ZAES sy ee vhAx 3 2F9&ELRE F435ko 7]E A

Ho| A getel FEE FHNL An, ARA%L

1>
rlo
ﬂ
(@)]
NS}

1
—
\]
(@)]
R
o
>
rlo

o

129% ™ 189% A% GEFESE Abolg worh ARAZGA 9 At o] 374
w7 ohal e wsd A% BRom, I8 by E Aol BTk

JEAFE| A} dEA TS| Ao AkAe AE 14L7HA] 13% ™ 25% A= 5

NS A 149744 74% ~89% A% FARE7} QA ErnT) = s
Holthrt AEo] ARETFE 29% 7 36%AE FIFERT =4 =AU AH

289 ol F ¥ QEAZAN NG H14 RFH AANFERTG o FAGEE

(4) SF A& 3 YE
BF 2% Az 9 23l o3 71& Aoty e FAZES} 93] F e v g

AL <F 4.13>7 [19 4.24]9F 2o}

<E 4.13> B g% 7€ AL FRZ=S HAZE H|w(4)

T AR 5. 2 7 3 BE (MP2)
< () 439 A% (MPa) R (fm/sec) 1 2

7 | C-SF-7 11.7 23.4 3.319 -0.9 22.1

SF 14 | C-SF-14 14.7 25.1 3.569 7.2 25.8

og | CH-SF-28 22.8 29.8 3.846 185 32.7

B CL-SF-28 26.9 30.3 4.049 24.3 347

60 |_CH-SF-60 25.1 30.8 3.941 21.9 34.4

3 CL-SF-60 27.8 31.4 4.050 25.3 35.8

9o | CH-SF-90 27.6 32.7 4.010 25.2 36.8

CL-SF-90 31.8 34.3 4.032 27.2 38.6

= 180 | CH-SF-180 29.3 34.9 4.103 29.6 39.7

CL-SF-180 33.9 35.3 4.134 30.8 40.4

a 365 | CH-SF-365 30.5 35.4 4.115 30.3 40.3

CL-SF-365 31.6 35.6 4.141 31.2 40.8

e 730 CH-SF-730 30.9 35.7 4.142 31.3 40.9

- CL-SF-730 33.7 37.2 4.159 32.9 42.4

= | 460 | CH-SF-1460 33.7 37.2 4.159 28.4 39.7

’ CL-SF-1,460 33.7 37.2 4.159 32.0 43.4

(1) d2A52Y, (2) 1)1 9] 391 A



F3| A S AE 49% T 99%, wllA&

127% ~ 189%
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w7} S FES} %

ow AFol AHEFH 1%751% B FAGEF FIFemY S HERsiT

a2 L AR 149l 76% 7 89% BE FA
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b 71E A ] FRFES} B3 E vl a(4)
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5.1 23 ARA AR

HEIZIYE 9 234 AMSS AgAe] gy, v EAY, 2305549
A¥E FAZEFH (SPSS 10.00S o83ty T AR AYE= <F 5.1>7<K%
5.2> % [2¥ 5,117 [22¥ 5.2]19F &}

<E 5.1> vhAH =W o3 IJAEY A

75 SRR = 4 4 (%‘}?gy%
CL-N fe=1.5R-25.1 92.8
HE 38 E CH-N fe=1.5R-25.2 90.5
C-N f..=1.5R-22.8 88.0
CL-FA f..=1.0R-4.9 84.9
FA A3 Z32|E | CH-FA f..=0.8R-1.4 75.1
C-BF f..=0.9R-2.2 72.5
CL-BF fo=1.2R-14.9 85.0
BF %3 #32E | CH-BF fe=1.5R-24.0 93.6
C-BF fou=1.2R-14.2 82.4
CL-SF fo.=1.5R-20.8 89.6
SF A% Z32]E | CH-SF fo.=1.6R-23.9 91.4
C-SF feu=1.5R-20.4 86.5

C-O : 7o} FAAY, 15 3, -CL-O : 70} FAIA 31, -CH-O : o] FAIA AN,

<¥ 5.2> 294540 o3 ALY A7

7B A8 A EE %ﬁ%ﬂ%
CL-N fou=27.7Vp—=84.9 94.3
HEZIIE CH-N f=29.9Vp-93.8 91.2
C-N feu=28.6Vp—88.5 89.3
FA A3 CL-FA feu=29.1Vp=-92.0 86.3
B B CH-FA fou=22.4Vp—65.5 77.8
C-BF feu=23.8Vp—70.2 74.0
P A8 CL-BF fou=27.1Vp—83.7 93.2
ERR ] CH-BF f..=29.4VpP-92.6 94.7
C-BF feu=28.0Vp—-87.0 90.0
S CL-SF feu=26.6Vp=77.9 87.9
E CH-SF fu=25.2Vp-73.3 87.4
C-SF feu=26.3Vp-77.3 82.0
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(a 1§ Z3YE



(b) FA A& Z3YE

(c) BF X3 E3dE



(d) SF A& Z3E
[28 5.1] vhAEH 93 Zx 3 ALY



(b) FA A% Z3E

(c) BF X% Z38E



(d) SF A& Z3E
(29 5.2] 2&9&EH 93 ZE 3AEN



5.2 TAwMZ %

E g EspA AR ddAle] S AELY, vedendd, 259

ZAYE
HA4Y9A3%E TAZEH (SPSS 10.0)s ol&ste] F3]FRAAI}= <F 53> B

<% 53> 53 9% ALY 23

E SRR = g 4 RGN
CL-N fo,=18.1Vp+ 0.6R-64.7 94.7

REFJHE CH-N feu=22.9Vpt 0.4R-77.5 93.4
C-N feu=16.3Vp+0.7R-64.1 93.2

NG CL-FA fo,=16.6Vp+ 0.5R-55.8 88.3
iﬂﬂé CH-FA foo=14.2Vp+ 0.3R-43.0 78.7
C-FA fo,=13.7Vpt+ 0.4R-43.0 76.2

P X8 CL-BF fo=22.3Vp+ 0.3R-75.9 95.9
Jf‘ﬂﬂé CH-BF foo=12.2Vpt 0.8R-51.4 94.1
C-BF {..=19.7VpP+ 0.4R-68.0 92.0

S 23 CL-SF fo=13.2Vp+ 0.8R-52.4 94.7
Jf‘ﬂﬂE CH-SF feu=7.7Vp+ 1.1R-40.0 91.9
C-SF fou=11.6Vp+0.9R-48.5 90.2

C-0O 1 3] FAACE, 8- &), -CL-O @ 30| &AA 8HF, -CH-O : 0] &AA A,

ool WIHel MR RN EINEEWT MwAS 5, Buel T4 2
QA% AR o8 F44 WOk 057 12.8% A%, 2SAEEY F44



() BE ZIYE

(b) FA X% 38 E



(c) BF & E3dE

(d) SF X% 38 E
[29 5.3] 53 9% Z= ALY



<E 6.1> WA= Ye % 7|E ALAH} FF4 ] e Hw(1)

L A &)

FE A B e s o111l = B8] & U.S Army

e AT F44 | QrA=sIy g

7 10.9 7.8 5.5

B 14 6.3 2.4 0.2

= 28 -3.6 -11.1 -10.4

= 60 1.5 -6.3 -4.6

= 90 -4.9 -13.4 -11.2

= 180 -3.8 “12.5 —95

= 365 1.3 -7.2 -3.8

= 730 -0.7 -9.3 -5.9

1,460 3.7 -5.1 -0.3

FA 7 14.3 -16.1 -19.3

3 14 -5.6 -31.0 -34.0

= 28 7.8 3.3 4.3

60 -1.5 5.4 -4.0

= 90 -9.3 -10.0 ~7.2

3 180 -2.9 -0.1 3.9

3 365 -1.5 -7.2 -3.8

730 -4.5 -9.3 -5.9

E 1460 8.4 15.1 20.9
BE ZAYESY AH w2 7|EAPA T B Ao Ao QA& vluy]

2]
S AL, B At FAHAL 0.7710.9%, dEAEEE AL 24.713.4% HE,
US Army 284222 027 11.16%= 2 AT FHA 0] 7]& A} A=
252 oSS Bt



[23 6.1] WEF =R 2% 71& ALAH F449 22H-& Ha(l)

FA 23 ZI3gE] vhaZdEgd ot 7| AMA T F424] ox&L& <&
6.1> 2 [29 6.2]9F 2}

Aol wg 7IEAHA T 2 oA FAGA Y AE Hluds A, 2 AT
FAANE 1.5714.3% A%, dEA=3] AL 0.1731.0% 4%, U.S Army 238
212 3.8734.0%% ¥ Ao FAAC] E ARG AFERE Fe QAES
HATH

[Z¥ 6.2] ¥hEA =R A& 7|& AL} FH4 9 A& vuw(2)



<E 6.2> WA= Ye % 7|E AAAH} FFA ] L& Hw(2)

e A &%
2 A # _ .

TEIN R pazzgg | quazgay S
BF 7 18.2 8.8 6.3
. 14 14.5 7.0 5.1
A 28 11 “45 ~3.0
60 —2.6 6.1 —4.6

= 90 -7.8 ~10.7 -8.1
3 180 1.5 -0.1 3.9
2 365 —2.2 —7.2 -3.8
730 —4.4 -9.3 -5.9

E 1460 5.8 4.6 9.6
SF 7 15.1 3.1 0.5
A5 14 75 -5.3 -8.3
. 28 -5.0 ~19.0 -21.0
60 4.1 -17.9 -19.4

= 90 -7.2 -21.3 -21.5
3 180 0.2 ~12.8 -12.1
3 365 1.1 ~7.2 -3.8
730 1.3 -9.3 -5.9

E 1460 4.9 -7.3 -5.7

BF 28 ZAgEe] vbdF = o5k 7|E AR FAAE A& <&

6.2> % [1¥ 6.3]13% &t}

AT FEAL AE 79 149l M= 1457 18.2% QAES By oL}
Aol AopS exFge v ebuh

Aol mE 7IEAHA I & Ao FAA oA vads dg, & AT
FAANS 1.17182% A%, dEAQNETFI AL 0.1710.7% A%, U.S Army 2 &4
e 307060 AR B ATe] RAA6] /& AR AP Fe oA E
& ngld

fx

2
oA A4 AE 7L 14LM = 7.1715.1% AR =S LAES
Ro APo] AR o A& WA UElS
stabr] S8l A" 28U HE FZolE AFHS] AW T
g FAAY] AFAAE giA HEZ A 45 &



[Z9 6.3] WPEF =l &% 7|& At F44] exH-& ()
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