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Abstract

The main purpose of this paper is to evaluate ultimate strength of a concrete shell by applying reduction paramaeter to the
linear critical load. Generally a concrete shell could show rather higher rigidity and load-carrying capacity than the other shell
and spatial structures, such as lattice dome and tension structures. However the estimation for the ultimate strength of a
concrete shell could be faced and accompanied with many difficuit problems as for how to select the reliable analysis among
rather complicated nonlinear numerical analyses and for how to prepare an effective model among much expensive
experiments. In this paper the easy and convenient method to evaluate the ultimate strength of a concrete shell was
investigated by applying stability analysis based on the Dulacska’s Revised Version of IASS Recommendation and by
operating reduction parameters with several kinds of initial imperfection. As for a concrete shell two kinds of materials were
investigated, where one was a standard reinforced concrete by steel bar reinforcing and the other was a carbon fiber chip
reinforced concrete by mixed-in carbon fiber chip reinforcing and by no steel reinforcing. The latter material could realize the
higher quality in both homogeneity and isotropy than standard reinforced concrete. These results were discussed based on the

failure experimental ones.
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Fig. 1 Shell Models

Table 1 Numerical Models

[11-{2}-131
[1] 2] {31
FCA C: A ; Thin Arch
FCB cl os'e d B : Thin Beam
FCC F: ‘ C : Constant Depth
FOA CFCRC o- A : Thin Arch
FOB o en'ed B : Thin Beam
FOC P C : Constant Depth
RCA c: A : Thin Arch
RCB Clos.ed B : Thin Beam
RCC R: C : Constant Depth
ROA RC o: A : Thin Arch
ROB Oper; ed B : Thin Beam
ROC C : Constant Depth

Table 2 Material Properties of Concrete

Ultimate Young's Ultimate Poisson's
Type Strength | Modulus: | Compressive Ratio
(kN) (GPa) Strength:(MPa)
FCA™ 7.89 23.810 71.950 0.233
FCB" 5.83 25.076 60.345 0.235
FcC™! 5.14 24.170 67.963 0.238
FOA" 4.51 23.810 63.285 0.241
FOB' 5.46 24.430 62.974 0.230
FoC™! 6.52 26.601 67.600 0.246
RCA 5.02 25.643 57.911 0.217
RCB 5.83 26.288 61.470 0.231
RCC 5.14 23.737 67.161 0.207
ROA 5.33 27.886 61.460 0.223
ROB 3.27 24.910 57.246 0.220
ROC 5.06 23.737 67.161 0.207

*

—

: Material Constants of Carbon Fiber Chips

Fiber Length 18.0mm  Fiber Diameter 17.0 u m

Tensile Strength 1.77GPa  Modulus of Tensile Elasticity 180GPa
Elongation 1.00% Density 1.86 X 10°N/mm®  Specific Gravity 1.90

Table 3 Material Properties of Steel Bar

Steel B(a;:; I]!L]))iameter .!\\/;?)lc;?xlguss Yielz‘l Lf}t’l:)ngth Ultlg‘g;;g:mla
(GPa) ‘ (MPa)
¢1.2 235 162 250
¢08 186 364 468 .
D3 198 334 487
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Table 4 Initial Imperfection
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Shell Thickness Initial Imperfection for T,,, T Te Initial Imperfection for T,
Desi, Design
M Standard | Average | o 5% Averfge al | o2 | a3A | a4A | o5A | 06A | 03D | 4D | o5D | w6D
odel | Deviation | Deviation L, L
Deviation | Deviation
Std Avd Sdd Add Def |Defi2| Avd |Avd/2| Std | Std/2 | Add | Add/2| Sdd | Sdd/2
FCA 1.07 0.85 1.52 1.28 108 1054 | 085 1 043|107 | 054 ] 0641 076 | 1.52 1.28
FCB 1.93 1.58 1.93 1.58 004 | 002 | 158 1079] 193] 097 | 0.79 | 0.97 1.93 | 1.58
FCC 1.37 1.10 1.37 1.11 0.08 004 | 1.10 | 055 | 1.37 | 068 | 0.56 | 069 | 1.37 I.11
FOA 1.15 0.93 1.15 1.37 000 | 000 | 093 | 046 } 1.15] 057 | 069 | 0.58 | 1.15 1.37
FOB 1.05 0.82 1.11 0.97 040 | 020 | 0.82 | 0.41 105 1 053 {049 056 | 1.11 | 0.97
FOC 1.5 1.25 1.58 1.6 0.52 1 026 | 1.25 | 0.63 1.5 0.75 0.8 0.79 | 1.58 1.6
RCA 1.24 1.01 1.68 1.38 1.13 1 0.57 | 1.01 0.5 1.24 |1 062 | 069 | 0.84 | 1.68 | 1.38
RCB 1.12 0.92 1.26 1.02 058 | 029 092|046 | 1.12 | 056 | 051 | 0.63 | 1.26 1.02
RCC 1.55 1.25 1.69 1.42 068 | 034 | 125 1063 11551077 {071 10851 1.69 1.42
ROA 1.48 1.22 2.33 2.21 1.79 1 090 | 1.22 ] 0.61 1.48 | 0.74 1.11 1.17 | 233 §{ 2.21
ROB 1.12 0.92 1.99 1.68 1.19 1 060 | 092 | 046 | 1.12 ] 0.56 | 0.84 | 1.00 | 199 | 1 68
ROC 1.55 1.25 1.77 1.47 126 1 0.63 | 1.25 1 063 ] 1.55] 0.77 | 0.74 | 089 | 1.77 147
(Unit:mm)

IBottom Sm-facel

| Tr : Reference Thickness)

Ta : Actual Variable Thickness
Tr: Reference Thickness

Ti (=Ta — Tr): Difference of Thickness

from Thickness Tr to Thickness Ta
Tim(=(Ta — Tr)/2): Difference of Middle Surface

from Thickness Tr to Thickness Ta
& 3:Average Deviation=X( | Ti | ¥n
o 4:Middle surface Average Deviation=2( | Tim | ¥/n
« 5:Standard Deviation = [ £ { (Ti)*}/(n-1)] *°
@ 6:Middle surface Standard Deviation = [ T { (Tim)*}/(n-1)] °°

Fig.2 Initial Imperfection Parameter
Table 5 Numerical Thickness Pattern

Model Shell Thickness
Ta Experimental Average Thickness
Tes Reduced Average Thickness by Standard Deviation
T Reduced Average Thickness by Average Deviation
Tye Design Thickness
Table 6 Thickness Ratio to Design Thickness'!
Tay/ Tae T/ Tae Tra/ Tae
FCA 1.14 1.00 1.03
FCB 1.00 0.75 0.80
FCC 0.99 0.82 0.85
FOA 1.00 0.86 0.88
FOB 1.05 0.92 0.95
FOC 1.07 0.88 0.91
RCA 1.14 0.99 1.02
RCB 1.07 0.93 0.96
RCC 0.92 0.72 0.76
ROA 1.22 1.04 1.07
ROB 0.85 0.71 0.74 .
ROC 1.16 0.96 1.00

*1 Ty :Design Thickness = 8mm
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Fig.3 Ultimate Strength Average Ratio to Experimental One

Table 7 Standard Deviation of Average Ratio on Ultimate Strength

a)CFCRC

@0 | a1 a2a | 2301 000 | aen | oen
To | 1% | 34% | 22% | 32% | 19% | 37% | 21%
T | 16% | 31% | 19% | 37% | 24% | 43% | 26%
T | 15% | 34% | 22% | 37% | 23% | 42% | 26%
Tee | 21% | 42% | 31% | 34% | 23% | 42% | 27%
(B)RC

@0 | at| @ | 08| 20 | aim | en
T 1 18% [ 16% | 10% | 23% | 20% | 25% | 21%
T 123% | 42% | 30% | 34% | 28% | 37% | 30%
w | 17% | 32% | 18% | 37% | 24% | 37% | 25%
Toe [ 26% | 39% | 24% | 22% | 17% | 20% | 14%

Note: a3A-a6A for T, , Tyand T,,,
@ 3D-a 6D for Ty, .
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Table 8 Average Ratio on Ultimate Strength of Each Edge Type

Tav
Edge Type Type A Type B Type C
Average Ratio 1.83 1.46 1.31
Standard Deviation ' 15% 41% 32%
Tes
Edge Type Type A Type B Type C
Average Ratio 1.59 1.29 1.03
Standard Deviation 29% 48% 29%
T
Edge Type Type A Type B Type C
Average Ratio 0.86 0.85 0.80
Standard Deviation 29% 48% 44%
Tde
Edge Type Type A Type B Type C
Average Ratio 0.84 1.00 1.02
Standard Deviation 29% 29% 27%

*1:Standard Deviation / Average Ratio

Table 9 Average Ratio on Ultimate Strength to P,

Type |Ra™| Sd™Ra Type Ra | Sd/Ra
w0 3.54 19% @0} 3.00! 24%
a1{213] 34% @l|1.81 49%
a2|2.72 17% @21232] 29%

Tw [a3A] 1.53 30% Tee |03D} 0.96 27%
@ 4A} 2.37 23% 4D} 1.76 20%
a5A} 1.24 34% o 5Dy 0.81 31%
®6A| 2.16 25% a6D 1.63 20%

@0)295] 23% @0} 243 18%
@l]1.80] 37% al}144 | 42%
02(229] 24% 02186 21%

Ts |a3A] 130 ] 38% T |@3A] 0.84 37%
a4A] 200 29% a4A 148 | 24%
asAl 1.05 | 43% a5A] 0.71 38%

@ 6A} 1.82 31% @ 6A] 1.37 25%
*1 Py: Ultimate Strength of Each Experimental Model ,
*2 Ra : Average Ultimate Strength Ratio , *3 : Sd : Standard Deviation of Ra .
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Fig.4 Average Ratio on Ultimate Strength
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