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Abstract
The main purpose of this study is to investigate the effect of an initial imperfection of shell thickness on the strength of concrete shells using
strength determined by strength evaluation based on stability analysis, which could be easily calculated as compared with expensive experiments
and complicated nonlinear analysis. For this purpose, an easy and convenient method of evaluating the ultimate strength of a concrete shell was
investigated by applying stability analysis based on the revised version of IASS Recommendation and by operating reduction parameters with
several types of initial imperfection. As for a concrete shell, three types of material were investigated. The first one is a standard concrete
reinforced with a steel bar. The second one is a carbon fiber chip concrete reinforced with a mixed-in carbon fiber chip and without steel. The third

one is a concrete reinforced with carbon fiber sheets. The latter two materials could realize concrete with higher homogeneity and isotropy than

standard reinforced concrete. These results were discussed on the basis of the results of the experiment.
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Fig.1 Cylindrical Shell Models
Table 1 Shell Models

(Unit:mm)
(c) Boundary conditions

Fig.2 Hemispherical Shell Models

Shell Specimenty Shell Thickness(mm) Concrete Shell Strength
Aot (1 - (2] - [3] - [4] i Liner Critical Load Ratio
odel Shape Opening Edge Member Depth e pd ::,;":,I; PP,
.y _w‘rddr’ Sheet Size X Sheet Size ¥ Load | Max [Min| Ave [SD*' (Grafaipal 2 | Pu k) ro | g | g
einforced Tvpe Openings States Specified ’
CyF-CAL 11.805.459.08(1.07(23.8171.9510.23] 789 | 591 | 422 | 087
CyF-CBL v F T dived 12.703.1017.96|1.9325.0860.3510.24] 5.83 | 599 | 2.75 | 0.86
# 3 & n P
CyF-CCL| Cylindrical Shells Arch 20mm 11.8014.1007.92|1.37(24.17]67.9610.24] 5.14 | 6.59 | 3.83 | 0.94
CyF-04L And Beam 40mm 11.0015.258.0011.15]23.81[63.2910.24] 4.5/ | 6.29 | 397 | 093
cvionL CFCRC C: A 11.4006.0008.401.04]24.43]62.97)0.23 546 | 594 | 413 | 087
cvr-ocl Closed (R=0mm) B/; T;”Z ’)B”‘”” Lo ivsls.onfss2]is0]26.60]67.600025] 6352 | 577 | 338 | 0.83
ren mm g
CyR-CAL 0- Beam 20mm Line Load|11.70l5 501913 |1.24)|25.64|57.910.22| 5.02 | 10.12 | 685 | 1.49
CyR-CBL Cr R Opened (R=140mm) 11.6016.00(8.58|1.12|26.29|61.4710.23| 583 | 769 | 522 | 110
CvR-CCL| Cylindrical Shells € Constant Depth 11.9514.5017.32|1.55(23.74|67.16l0.21) 504 | 503 | 260 | 072
CvR-041) And Arch 40 13.5007.0009.79]1.48]27.89]61.460022] 533 [ 7019 | 655 | 155
RC Beam 40mm
CvR-OBI, 11.704.0006.81|1.59|24.9157.250.22 327 | 566 | 2.70 | 0.&2
cyrR-0CL 12.4016.0009.26|1.24|23.74]67.16\0.21] 5.06 | 816 | 548 | 119
Cyvs-QHP| v s 17.1516.80111.20{1.80|22.95|53.12|0.21| 521 | 1687 | 10.68 | 2.83
" . F:Full of Shell Span y .
CyS-HOP Cylindrical Shells H-Half of Shell Span H:Half of Shell Span 16.60/6.90110.42|1.49]26.23]63.96]0.21] 6.08 | 13.19 | 6.03 | 21.29
CvS-HHP And 0:Quarter of Shell Span Q:Quarter of Shell Span| 14.7555.75\10.61|1.51(27.07|56.160.23| 5.26 | i8.15 | 12.17 | 3.0
- CFSRC : P
CyS-FOP| 15.6017.50110.771.59(20.36(55.03)0.21] 353 | 23.47 | 1536 | 3.90
HeF-01P| 16.1013.35(6.84|2.14|26.6067.600.25 239 | 5170 | 17.20 | 6.48
IHer-D1P) 14.7013.2006.56 | 1.61(26.60(67.6010.25 2.6 | 44.32 | 2230 | 6.34
HeF-RIP, 17.6014.40(7.66|2.35|24.87|71.9510.23] 229 | 68.81 | 23.88 | 8.94
HeF-T1P 16.303.957.21 | 1.68|24.92160.72|0.23] 1.83 | 72.20 | 33.67 | 9.31
HeF-FIP 5 14.204.5517.801.53(23.81{63.29\0.24] 2.71 | 58.37 | 3142 | 7.75
lHer-02P e - 0 OneOpeiiing Point Load! 3-338.806.84(1.93120.5560.0210.25| 2.96 | 32.28 | 12.23 | 4.05
\Her-p2p| ~ 1ed D : Two Openings at Diagonal 16.4014.257.51(1.71120.55|60.02)0.25] 255 | 48.92 | 23.36 | 6.32
\Hemispherical Shelly . : e _
HeF-R2P| And IR - Two Openings at Rectangular Disposition| y=1~3 13.403.7016.81[1.50(24.87|71.950.23] 2.15 [ 52.54 | 25.52 | 6.63
HeF-T2P CFCRC T : Three Openings 17.8014.3017.87|2.17(20.55|60.02}0.25| 252 | 56.20 | 22.33 | 7.4i
F : Four Openings
HeF-F2P) 15.6514.30[8.40|1.98124.87(71.9510.23] 255 | 79.30 | 3741 | 10.71
IHeF-03P) 11.002.705.62[1.08]31.92|69.88(0.25| 1.78 | 46.98 | 24.90 | 5.61
HeF-D3P) 17.2014.20(8.74(2.08|31.92|169.8810.25| 3.94 | 7550 | 34.83 | 10.08
HeF-R3P) 20.7012.607.233.30(31.92[69.8810.25| 226 | 76.93 | 12.76 | 9.86
HeF-T3P 24.202.608.40)3.53131.92(69.8810.25 3.41 | 77.46 | 16.14 | 10.37
HeF-F3P) 18.103.2019.02(2.32(31.92|69.8810.25{ 3.29 | 97.28 | 42,14 | 13.34

*1 8D : Standard Deviation , *2 E : Young's Modulus , *3 F. :Compressive Strength
*4 T, Based on Average Thickness . *5 T, : Based on Reduced Thickness , *6 T, : Based on Half Thickness.
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(Cv™:%) (Cv:%) (Cv:%) (Cv-%) (Cv-%) (Cv:%)
CyF* 1.18 1.92 1.29 0.81 0.47 0.24
Y (36%) (20%) (20%) (20%) (20%) (20%)
CyR* 1.60 2.34 1.63 L 0.73 0.47
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Y (43%) (43%) (43%) (44%) (45%) (47%)
HsF* 11 3.26 2.42 1.74 1.22 0.82
{50%) (18%) {18%) (18%) (18%) {18%)
(a) Average Thickness : Ta
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Type ﬂ’s.n g b o] ” g 2 & » ¢ 3
Cv:%) (©Cv:%) (Cv:%) Cv:%) (Cv:%) (Cv'%)
ooF 0.84 131 0.88 0.55 0.32 0.16
@) | 7w | (17%) (17%) (17%) (17%)
CyR 1.17 1.66 1.16 0.78 0.51 0.33
(49%) (26%) (25%) (23%) (21%) (22%)
Cys 1.59 2.24 1.58 1.08 0.72 0.48
(46%) {(45%) (46%) (46%) (48%) (49%)
HsF 0.69 1.95 1.45 1.04 0.73 0.49
(63%) (34%) (34%) (34%) (34%) (34%)

(b) Reduced Thickness : Tr

Average U.S. Ratio

Type sp 10 @is ¥ @25 30
©Cvu) | Cvu) | Cvs) | Cvs) | Cve) | (Cv%)

CyF 0.25 0.40 0.27 0.17 0.19 0.05

(36%) (8%) (8%) (8%) (8%) (8%)

CyR 0.36 0.52 0.37 0.25 0.16 0.10
(44%) (21%) (19%) 17%) (15%) (17%)

cys 0.91 1.26 0.89 0.61 0.41 0.27
(30%) (28%) (28%) (28%) (29%) (30%)

HSF 0.61 1.81 1.34 0.96 0.67 0.45
(68%) (49%) (49%) (49%) (49%) (49%)

(c) Half Average Thickness : Th
W GF BCR O CyS O HF
NOTE CyF : Cylindrical Shell of Reinforced Mixed-in Carbon Fiber Chip,
CyR : Cylindrical Shell of Reinforced Mixed-in Steel Bar
CyS : Cylindrical Shell of Reinforced Mixed-in Carbon Fiber Sheet,
HsF : Hemispherical Shell of Reinforced Mixed-in Carbon Fiber Chip
Cv : Coefficient of Variation
Average U.S. Ratio : Average Ultimate Strength Ratio

Fig.3 Ultimate Strength Ratio to Experimental One
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Table 2 Coejf cient of Variation vs Strength Optimal Ratio
e

- Strength Optimal Ratio:
Model | eﬁ?emge Sy | Cvie o=als
Thickness

: Ta Vi Th
FCA 9.08 1.07 12% 1.73 1.94 —
FCB 7.96 1.93 24% 1.00 0.73 —_
Fee 7.92 1.37 17% 1.55 1.37 —
FOA 8.00 1.15 14% 1.46 1.31 —
F03 8.40 1.04 12% 1.57 1.57 —_
Foc 8.52 1.50 18% 1.05 0.92 —
RCA 9.13 1.24 14% 1.80 2.1 0.35
RCB 8.58 112 13% 1.90 2.06 —
RCC 7.32 1.55 21% 1.17 0.84 —
ROA 9.79 1.48 15% 1.27 1.50 0.11
ROB 6.81 1.59 23% 1.07 0.65 —
ROC 9.26 1.24 13% 1.59 1.82 0.01
SOH 11.20 1.80 16% 1.15 1.65 0.43
SHO 10.42 1.49 14% 1.32 1.51 1.01
SHH. 10.61 1.51 14% 1.36 1.91 0.69
SFO 10.77 1.59 15% 1.60 2.36 1.00
FQ{ 6.84 2.14 31% .86 (.64 0.91
FDI 6.56 1.61 25% 1.16 0.95 1.21
FRI 7.66 2.35 31% 0.88 0.69 0.48
fi”i 7.21 1.68 23% 1.22 1.03 0.67
FF1 7.80 1.53 20% 1.23 1.03 1.05
FO2 6.84 1.93 28% 0.79 0.55 0.22
FD;Z 7.51 1.71 23% 1.04 0.85 0.91
FR2 6.81 1.50 22% 1.32 — 0.67
FT2 7.87 217 28% .86 0.67 0).40
Fr2 8.40 1.98 24% 1.06 0.90 0.60
FO3 562 1.08 19% 1.76 1.32 1.37
FD3 8.74 2.08 24% 0.83 .66 0.36
FR3 7.23 3.30 46% 0.61 0.36 .54
FI3 8.40 3.53 42% 0.51 0.31 0.24
FF3 9.02 2.32 26% 0.84 0.68 0.44
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Strength Optimal Ratio : o=a/c
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Approximation formula

w=-0.89log( 0)-0.22
r’=0.76

w=-1.42log(0)-1.11
r?=0.79

Th

w=-0.21log( 7)+0.34
r’=0.04

Fig.4 Coefficient of Variation vs Strength Optimal Ratio
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