HHER AR THE
Vol. 44, No. 2, 2004, pp. 19-24.

EikEfm o 7 ) — b EY = VD EEE
gTﬁ%“,%&ﬁgﬂﬂ

Strength Evaluation on the Basis of

He S Tt F7FEA

%

Linear Buckling Analysis of Concrete Shells with Carbon Fiber Reinforcement

by
Kazuhiko MASHITA and Yoshiaki SAKUMA
(Received on Aug.17, 2004, accepted on Dec.2, 2004)
Abstract
The main purpose of this study is to investigate the strength evaluation of concrete shells on the basis of linear buckling analysis. The ultimate
strength of concrete shells is not easily evaluated, because of the requirement of expensive experiments or complicated numerical analysis.
However, strength evaluation on the basis of linear buckling analysis, as proposed by the revised version of the IASS Recommendations, could
predict ultimate strength with rough precision. Therefore, in this study, ultimate strength evaluation by stability analysis is investigated with
consideration of an initial imperfection corresponding to an actual shell thickness fluctuation. An effective initial imperfection for predicting
ultimate strength is investigated and an initial imperfection ratio with consideration of the actual shell thickness fluctuation is presented. For this
purpose, hemispherical shells fabricated from concrete reinforced with mixed-in carbon fiber chips and cylindrical shells fabricated from concrete
reinforced with chips and sheets of carbon fiber were investigated. The results of ultimate strength evaluation by numerical analysis are discussed

on the basis of the failure experiment applied to small-scale shell specimens.
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Fig.1 Cylindrical Shell Models

Table 1 Cylindrical Shell Model

(¢) Numerical Model for Carbon Fiber Sheet

Label = [1] - [2] - [31 - [4] . . .
i 73] BT Material Properties of Concrete Shell Thickness [mm]
Reinforced > Ultimate Ultimate . s
Model Material Reinforced Region Young’s Compressive Tensile Poisson’s Standard
. Modulus Ratio Average o
Properties Surface X ¥ . E [GPa] Strength Strength . Deviation
1 i : ‘F, [MPa] F, [MPa] :
FNNN - - 25.91 67.42 7.16 0.234 9.37 2.19
FT24 +2/8 +4/8 25.91 67.42 7.16 0.234 9.65 1.90
FB22 . +2/8 +2/8 27.76 78.31 6.52 0.232 9.23 2.29
RNNN | %‘;lf,b"" Fiber | ' None - = 26.05 58.53 362 0.195 732 1.55
RT24 Rt rced w28 | 478 29.97 65.69 375 0.250 1.79 2.62
7 eimforces T: To
RBI12 Concrete - top +1/8 +2/8 2295 53.12 3.55 0.211 11.20 1.80
rB21 ! Ri‘éei"fmtced B Bottom £2/8 £1/8 26.23 63.96 2.72 0.209 10.42 1.49
oncrete
RB22 | w28 | /8 27.07 56.16 343 0233 10.61 151
RB24 +2/8 +4/8 29.97 65.69 3.75 0.250 9.33 1.72
1{]341=el +4/8 +1/8 20.36 55.03 3.29 0.211 10.77 1.59
(Note) ™' Reference”
Table 2(a) Material Properties of Steel Table 2(b) Material Properties of Carbon Fiber Sheet
B . Ultimate i Modulus
Steel Bar Young’s Yield Tensile Fiber Diameter S.{?:;,lfh of Tensile Elongation Specific
Diameter Modulus Strength Strength Type Texture 8! Elasticity Gravity
[mm] [GPa] [MPa] [MPa] [um] {GPa] [GPa] [%]
0.85 186 162 250
1.20 235 364 468 TR3110MS Plain Fabric 17.0 1.12 71.6 1.50 1.90
D3 198 334 487
Table 2(c) Material Properties of Carbon Fiber Chip
Fiber Tensile Modulus A
Type Length Fiber Diameter Strength Tensile Elongation Specific
{um) Elasticity (%) Gravity
(mm) (GPa)
(GPa)
K661 18.0 17.0 1.77 180 1.00 1.90
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Table 3 Hemispherical Shell Model
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(¢) Boundary Condition

Fig.2 Hemispherical Shell Models

i Label = [ﬂ[é][Z] - 8] T3 Material Properties of Concrete Shell Thickness [mm]
. s Ultimate Ultimate . ,
Model Material Opening Young's Compressive Tensile Poxss?n s Standard
. Modulus Ratio Average fon
Properties ; Strength Strength . Deviation
Arrangement Number :E (GPal :F. [MPal ‘F, [MPal v
HyC C:Closed 31.90 69.9 6.50 0.246 6.24 2.01
Hr00 o 00:D=00° 25.74 60.4 5.43 0.238 7.36 1.44
Hr00 8 o 27.76 78.2 6.52 0.232 8.04 1.49
He30a | F: Carbon Fiber 30:-0=30° One 26.59 69.9 7.16 0.234 7.12 1.67
Hr30 8 Chip BTwo 23.93 59.9 6.43 0.254 8.03 2.95
Hr45 o - Reinforced 45:01=a5° ’ 25.91 67.3 6.08 0.258 7.22 1.84
Hrd5 B - 28.82 67.5 6.20 0.233 9/15 236
Hr60 « 60-B,=60° 25.91 67.3 5.43 0.258 6.58 1.53
Hr60 8 - 27.76 78.2 6.52 0.232 7.17 1.72
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5
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P
-100% } T —— Y
200%
T e by e Lo e
oC 199.2%*! 26.2% -62.6% -95.3% -100.0%
v (-81.8%)** |  (9.1%) (39.4%) (54.5%) (63.6%)
OH, 270.8% 97.8% 11% -64.0% -89.9%
(-161.8%) | (-30.9%) (12.7%) (34.5%) (47.6%)
(a) Total Shells
40%
;5 30% |
g 20%
«
2 0% |
E
25} 0%
= . ]
B _10% |
L
& 20% |
30% |
-40%
[T (5%} S bocam L e | w1 g
mTC 252%* | 13.1% 1.8% -87% | -18.5% | -27.6%
FC11.8%)*) (-6.5%) | (-1.6%) | (2.8%) | (6.9%) | (10.6%)
OtC 26.7% 14.4% 3.0% 17% | -176% | -26.7%
f 1 9.5%) | (23.3%) | 26.8%) | (30.0%) | (32.9%) | (35.6%)
Ave™ 26.0 13.8 24 82 -18.1 272
(3.9%) | (84%) | (12.6%) | (16.4%) | (19.9%) | (23.1%)
(b) Cylindrical Shells
80%
& 60% |
z
& 4% |
g 20% |
53]
g 0%
§
S 20% |
-40% |
-60%
om 1 s R e e L5 Qap
S~ -17.3%* ] 23.4% | 29.1% | -34.5% | -40.0% | -44.4%
P 1(-28.8%)*2 (-23.8%) | (-19.2%) | (-15.0%) | (-11.0%) | (-7.3%)
WL 313% | 217% | 126% 4.0% 41% | -11.7%
T (82%) | (11.8%) | (15.0%) | (18.1%) | (209%) | (23.5%)
O, g4 558% | 472% [ 362% [ 25.8% 16.0% 6.8%
F (1L.7%) | (-74%) | (-3.4%) | (03%) | (3.7%) | (6.9%)
Ave 243% | 152% 6.6% -1.6% 9.4% | -16.4%
(-10.7%) | (-6.5%) | (-2.5%) | (1.1%) | (4.5%) | (1.7%)

(¢) Hemispherical Shells

(Note) " Rpy {=(Pn-P.)/P.}
Pa:Numerical Ultimate Strength
P.:Experimental Ultimate Strength

" Resi { = (Te-Tsa)/ T3}

Tsq: Standard Deviation on Actual Thickness

Ti: Initial Imperfection by Actual Thickness
3 Ave:Average
" HpC:Closed Hy e :One Opening Hy 8 :Two Opening

Fig.3 Strength Error Ratio
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Table 4 Compatible Thickness Ratio

g o , - tA‘;,’ iyasy(;é« : - ,’t(()” I ; ;
Mot | ) | o |y | Y| 7

10.77 1.59 3.00 0.70 085 il 082
6.24 2.01 1.40 0.78 0.68 1.14

7.36 1.44 1.94 0.74 0.80 il 092
8.04 1.49 2.04 0.75 0.81 0.92

¥ He300 | 7.12 1.67 2.11 0.70 0.77 092 |
‘He | H30B | 803 2.99 2.42 0.70 0.63 1.10
| Be45a | 722 1.84 222 0.69 0.75 093
Hr45p | 9.15 2.36 235 0.74 0.74 1.00
He600, | 6.58 1.53 1.75 0.73 0.77 0.96
He60B | 7.17 1.72 227 0.68 0.76 0.90

"] FNNN | 937 | 219 | 242 | 0.74 0.77
| FT247] 965 | 190 | 205 | 079 0.80
FB22 | 923 | 229 | 182 | 080 0.75
RNNN| 732 | 155 | 098 | 087 0.79
RT24 | 11.79 | 262 | 327 | 080 0.78
"RBIZ | 1120 | 180 | 235 | 081 0.84
RB21 | 1042 | 149 | 210 | 076 0.86
RB22 | i0.61 | 151 | 245 | 072 0.36
933 | 1.72 | 338 | 064 0.82

(Note) SN Average Thickngss

*6 g0 : Standard Deviation on Average Thickness

iy Compatible Thickness

*8.y 1 : Constant Thickness Ratio [ {=(ta-to)/ta}=(ts/t)]

**y »: Fluctuated Thickness Ratio [{=(ta- & so)/ta }=(t2/ta)]
*10y 5 : Compatible Thickness Ratio {=v /v 3}

1.40

120 : »
Islinirs

0.80

Compatible Thickness Ratio( v o)

0.60

FNNN FT24 FB22 RNNN RT24 RBI2 RB21 RB22 RB24 RB41

(a) Cylindrical Shells

1.40

1.20

0.80

Compatible Thickness Ratio( v o)

g

O

O

]

C

O

]

0.60
HiC Hp00a H:00p He30a He30p HedSa Hpd5p He60a Hp60

(b) Hemispherical Shells

Fig.5 Compatible Thickness Ratio
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RBBERABRENRE.

Q). —ERELFETIREEAERCRELBOEELEZRL T,
REESHEROLER, a7 ) — FEAB T = LT, RE
ESHOTHEIL 094, EERE 1% E VI EETRLE. KIT,
R SEBAE IR IR L = VITIRERA B O FHH 0.98, (EHERE
9% &/, REFHEFHR 7Y — FNCRHBE L SHHEa 2
J— FROERURFIZBIT D v~ " HEOEHES kT 3

Table 5 Average of Compatible Thickness Ratio

L, CF OFPEHHMER S THEMB THB® RC &~
T NEEIZAVYT yoa, vos & bEROLSHSBTRENRSERE 72

o7,

Cy He
CF! RC™? CF
None Reinforced None Reinforced None
(0.97) 1.02 (1.10) 0.89 0.98
- 6% - 10% 9%

(Note) *'! CF : Carbon Fiber Chip Reinforced Concrete
*I2ZRC : Reinforced Concrete
13y oa: Average of v
*1* oy s : Standard Deviation of v o
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