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ABSTRACT

The ultimate strength of spherical shells under external pressure has been an attractive topic in the field of
marine structures. However, recent studies have revealed that the current theoretical approaches are hardly
compatible with the actual hulls, which indicates that the ultimate strength models still need to be
reevaluated and unified. To address this challenge, a comparative study has been conducted in this
paper. Various analytical approaches and codified rules are compared through screened experiment data
that have realistic imperfections and different shape parameters in the range generally applied for
marine structures. The model evaluation criteria have been established by implementing statistical model
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uncertainty factors in terms of bias and coefficient of variation. A comparison of the results has been
made from three different aspects including shell shape, R/t and geometrical parameters to evaluate their
performance. Based on the calculation outcome, analysis has been made to study the theory behind
those models and determine their limitations and recommended application range.

Nomenclature

R middle mean radius of the spherical shell

t wall thickness

v Poisson’s ratio

P, buckling pressure of the spherical shell

P, elastic buckling pressure of the spherical shell
P, yield pressure of the spherical shell, P, = 2(¢/R) o,
P,y  experimental collapse pressure

E modulus of elasticity

oy yield point of the material

¢ semi-vertex angle

A geometrical parameter

& local radial imperfection

A slenderness parameter, A; = 1.258,/(R/t)(0,/E)

1. Introduction

The ultimate strength of spherical shells and spherical caps under
external pressure has been an intriguing subject for a long history.
Spherical shells (see Figure 1) are common structural components
for various types of marine structures including deep manned sub-
mersibles, tanks and domed closures. They find extensive appli-
cations from deep-sea exploration to liquid gas transportation
(Zhao, Wang, et al. 2022; Zhao, Bai, et al. 2022). To achieve the
reliable design of marine structures, it is crucial to establish a
good ultimate strength model for spherical shells (Zhang et al.
2021; Zhu et al. 2021; Bagheri et al. 2022; Zhang et al. 2022).

The ultimate strength models of spherical shells have been
widely studied through either one of the analytical, numerical
and experimental approaches or their combinations (Zhang et al.
2019). Evkin et al. (2017), Evkin (2019), and Evkin and Lykhachova
2019) extended their early research on cylindrical shells (Evkin et al.
1978) and proposed a stability estimation formula for spherical
shells based on the energy barrier criterion (EBC). Experiment
and numerical results have supported the estimation and it is
suggested for buckling design (Evkin 2019). Another attempt is
based on a robust knockdown factor which is developed for a
reliable design for various thin-wall shells (Wagner et al. 2017,

2018a, 2018b). Validation results have shown that it presents
much more aggressive predictions when A < 10 compared to
Evkin and Lykhachova (2019). Numerical model and experimental
investigations on spherical caps were conducted by Wang, Tang,
et al. (2019) and Wang et al. (2020). Their proposed nonlinear
risk algorithm is in good agreement with experimental results; how-
ever, this method is limited in predicting caps made from stainless
steel. Moreover, Zhu et al. (2020) proposed a formula to predict the
local buckling of corroded spherical shells by considering the wall
thickness reduction due to the local corrosion. Similar work was
presented by Zhao, Zhang, et al. (2022), both numerical and analyti-
cal approaches are proposed to predict the reduction factor of col-
lapse pressure for the local corroded shells.

However, comparative studies have been carried out between
current strength models or design rules (Pan and Cui 2011; Wagner
et al. 2018b; Zhang et al. 2019; Evkin 2019). According to their cal-
culation, the results given by the theoretical approaches are hardly
compatible with the actual hulls, which indicates that the ultimate
strength models for spherical shells still need to be reevaluated
and unified. Moreover, the basic consideration of establishing the
strength models for shell structures is quite complicated primarily
due to the greater stockiness in configuration (Das et al. 2003). In
general, the model must take the yield (collapse) mode and the
buckling mode into consideration. Also, the effects of imperfection,
which is common for all shell structures and residual stresses, par-
ticularly pronounced in fabricated metal structures, should be con-
sidered. The numerical approaches can cater to most of these
considerations but they are time-cost and need to be evaluated
before real application, which makes it not feasible for the initial
design. Therefore, analytical approaches are often preferable for
establishing strength models.

In this paper, a comparative study has been conducted to evalu-
ate the current strength models for spherical shells with screened
experiment data. In Section 2, the model evaluation criteria are
established by implementing statistical model uncertainty factors
in terms of bias and COV. Section 3 presents the basics of ultimate
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Figure 1. The geometry of a spherical shell. (This figure is available in colour
online.)

strength for spherical shells. The strength models are listed in Sec-
tion 4. In Section 5, comparisons and analyses are conducted from
different aspects to evaluate the formulations. Finally, Section 6
contains the conclusion of the research.

2. Model evaluation criteria

One of the most convenient ways to evaluate the model uncertainty
is to compare the experimental results with theoretical predictions.
We choose the statistical mean bias X,,, and coeflicient of variance
COV to evaluate the general performance of a certain model, see
Equations (1) and (2):

experiment value

X, = 1
predicted value W
(X —-X
cov = =t K= Xn) m)/xm )
n

where n is the number of testing samples. X, reflects the average
performance of the model, while COV shows the departure degree
of the dataset from the average. It is worth mentioning that for a
good strength model, the mean bias should tend to unity, while
the COV should be as small as possible.

3. Buckling of spherical shells

There are two possible failure modes for an ideal spherical shell: the
plastic collapse and elastic (or elastic-plastic) buckling. The former
occurs when the maximum stress in the shell reaches the material
yield point which results in a plastic collapse P, while the latter
one occurs when the stress reaches the critical buckling pressure
P,, which is given by Zoelly (1915), see Equation (3). The minimum
pressure of these two failure modes is defined as the ultimate
strength of the spherical shell. Comparing these two buckling
modes, one can see that the ultimate strength mainly depends on
the material property and the ratio t/R. Pan and Cui (2010) gave
a calculation example of a titanium shell, when /R is less than
0.013 the ultimate strength falls into an elastic mode, while ¢/R is
larger than 0.013 and falls into another mode. It is calculated
under some ideal assumptions but it still indicates the ultimate

Table 1. Comparison between experimental results and theoretical prediction.

Model Experimental Collapse Pressure Pey, (Mpa) Predicted by (3) (Mpa)
SS-1 97.733 798.741
SS-2 98.250 792.788
SS-3 58.605 330.441
SS-4 56.365 315.435
SS-5 19.995 53.887
SS-6 20.340 52.833
SS-7 7.584 14.046
SS-8 7.575 13.733

strength model should account for two buckling modes to predict
a shell failure with arbitrary ¢/R and material.

2

Pe = /3(121i ) (é) ®)

However, the ideal spherical shells do not exist in reality. Many exper-
imental studies have revealed that the actual buckling pressure is
always less than the value given by Equation (3). The buckling exper-
iment carried out by Krenzke and Kiernan (1963) has shown how the
experiment data differed from the theoretical prediction, see Table 1.
One reason is that Equation (3) only considers the buckling that hap-
pens in the elastic phase of the material, while the impact of nonlinear
behaviour is ignored. The calculation presented by Zhang et al. (2015)
revealed that the error of Equation (3) will get larger as the thickness-
to-radius ratio increases, and it is because the buckling of thick shells is
significantly influenced by the yield strength.

Another reason is the buckling pressure of spherical shells is
highly imperfection-sensitive (Thompson and Sieber 2016). Geo-
metrical imperfections are defined as shape deviations from the
ideal structure and have been identified as one of the main causes
of low buckling loads of shells. The shapes of the imperfections are
usually defined based on measured geometric imperfection (Wagner
et al. 2018b), which are theoretically to be predicted as dimple-like
imperfections, linear buckling mode-shape imperfections (eigen-
mode imperfections), Legendre polynomials and increased radius.
Galletly and Blachut (1991) and Galletly et al. (1987) revealed that
the Legendre polynomial causes a greater reduction than the
increased radius. Bfachut (2015) compared these four types of imper-
fections and found that force-induced dimple is the ‘worst’ imperfec-
tion among them, which is agreed by the results from Arbelo et al.
(2014). Nevertheless, a comparative study made by Wang, Tang,
et al. (2019) shown eigenmode imperfection (see Figure 2) is the
most conservative one, which contradicts the previous findings.
The attempt to search for the worst-case scenario imperfection has
not yet reached a general status and agreement.

4, Strength models for spherical shells

4.1. Formulae presented by Russian maritime register of
shipping (RS)

The equation given by the Russian Maritime Register of Shipping
(2018) is mainly based on the theory of Paliy (1991), see Equation (4).

P, = ”ﬂsPe (4)

In Equation (4) 7, is the coeflicient that represents the nonlinear
behaviour of the material and geometrical imperfections. It can be
calculated according to the following equation:

N, = s (5)
U+ mSlaf + 0 (4 £

P,

5=3, (6)
_% (7)
7715—1_}_(2.8_}_](5)][52/3
_f
fi=1 ®)
0 , fi<0.1
“:{2 =01 , f.>01 ©)



Figure 2. Dimple-like imperfection (left) and eigenmode imperfection (right).

In Equations (5)-(8), 1,,, 6 and f; are coefficients that can be cal-
culated separately. f denotes the local maximum deviation of the
spherical shell. The coefficient a is determined in Equation (9).

4.2. Formula presented by American Bureau of Shipping
(ABS)

The formulations presented by the American Bureau of Shipping
(2021) mainly depend on the ratio of elastic buckling pressure P,
to yield load P,. When P,/P, > 1, the spherical shell will collapse
due to the stress in the shell reaching the yield point, which usually
happens in shells with large thicknesses. When P./P, <1, the
buckling pressure is controlled by the elastic buckling, as shown
in the following equation:

Pcr == cssf (10)
0.7391{1 + [P,/(0.3P)1} %, PP, > 1
cs
— =1 0.2124P, (11)
Py Te » Pe/Py <1
Yy

In Equation (10), sf denotes the safety factor, which is 0.67.

4.3. Formula presented by Det Norske Veritas (DNV)

Similar to the ABS code, the formulations given by DNV (2021) also
depend on the ratio of P,/P,. The primary calculation equations of
DNV are Equations (12) to (14)

P, =P, if P,/P, <0.47 (12)
P\ .
P =Py(0.3840.195.% ) if 047 <P/Py <318 (13)
Y
P, =P, if P,/P,>3.18 (14)

4.4. Formula presented by NASA

The formulation is, as follows, as proposed by NASA (1969), which
is based on the lower bound for a large amount of experiment data.
The experimental buckling pressure values are represented by
means of a knockdown factor (KDF) which is defined as the ratio
of the buckling pressure P,y, of a real experiment test shell to the
theoretical buckling pressure P,, see Equation (15).

P exp

p= B, (15)

These KDFs are plotted against the shell shape parameter A which is
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defined according to Equation (16).

% (16)

The KDF given by NASA SP-8032 which represents a statisti-
cally lower bound of different empirical data is defined as Equation
(17).

N = [12(1 — v3)]Y4(R/t)?2sin(

3.2
p=0.14+ 5 (17)
Then the ultimate strength can be calculated by the following
equation:

PchPe'P (18)

Evkin and Lykhachova (2017) and Wagner et al. (2018b) have
shown that the NASA SP-8032 recommendation is a very conserva-
tive estimation of the buckling pressure of spherical shells.

4.5. Formula presented by Wagner

Wagner et al. (2018b) proposed a new type of imperfection known
as perturbation cutouts to replace the traditional measure-based
imperfections. Implementing the equivalent geometric imperfec-
tions and plastic nonlinear analysis, a lower bound buckling
pressure curve is obtained as follows:

p=5.172A714%* 1 0.1296 (19)

Therefore, the buckling pressure of spherical shells under external
pressure can be approximated by Equation (18). However, the
equation is mostly valid under some conditions:

e A>55
o Linear elastic and isotropic material behaviour
¢ Clamped boundary conditions

The new knockdown factors are validated with a large collection
of different test data and the results show that the experimental
knockdown factors of nearly all shells can be predicted very well
with the new design procedure (Wagner et al. 2018b).

4.6. Formula presented by Evkin

Evkin (2019) extended the Energy Barrier Criteria (Evkin and
Lykhachova 2017) to the case of spherical shells. It is developed
for shells with geometrical imperfections for the design buckling
load of spherical structures. They suggested the following
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Table 2. The test data excluded from the model.

Models Recommended range reported in the literature Our range The number of results should be excluded
Wagner et al. (2018b) A>55 23-81.7 10
Evkin (2019) A>5 2.3-81.7 10
Galletly and Blachut (1991) Steel and aluminium Maraging steel; Titanium alloy 6
DNV (2021) Ferritic steel or similar Maraging steel; Titanium alloy 6

estimation: methods. First, some of these models are obtained with a specific

A—35 interpolating range. Thus, the experiment results that are not in

0.693 === the recommended range reported by the literature should be

p= m 1—-02(A—3.5) 395 (20)  excluded. Table 2 presents the data excluded for each model.

Similar to the previous equation, the ultimate strength can be calcu-
lated according to Equation (18). The formulation given by Evkin
extended the application range compared to Equation (19). The
situation when A < 5.5 is considered in the model. The advantage
of this approach is considering not only geometrical imperfections
but also external perturbations including boundary moments.

4.7. Formula presented by Galltely

Another equation given by Galletly and Blachut (1991) is derived
numerically from collapse pressures predicted by the computer pro-
gram BOSOR 5. It considers both the increased radius and the
Legendre polynomial imperfections. The equations may seem old
and complicated but it actually reaches relatively good calculation
results. The formulations are presented as follows:

P, 14 0.084¢-200-107’]

— = = K(A, 8/t) (21)
Py v1+ A
where
1 -
— = /14 [12.9 4 3.275sinh~115(A — 0.75)](8,/)">!
Y JU+ 1129 4 3.2755inh-15( )1(80/0)

(22)

The comparison between the test results and the formula shows
that it could be given for the lower bound curve in terms of A.

5. Test results and comparison
5.1. Description of experiment data

To evaluate the current strength models, it is first necessary to sub-
stantiate the relevant experimental tests. For the comparative study,
one of the most convenient ways to deal with model uncertainty is
to compare experimental results with the model prediction. The
tested data considered in this study are taken from various existing
test data references. However, before validating any theoretical for-
mulation, we found some of the data are not compatible with our

Table 3. Properties of experimental data.

Second, some of the specimen results showed a very large knock-
down factor and we decide to exclude them. These test results are
useless because the shells with high buckling pressure indicate no
geometrical imperfections which are essential for our study.
Besides, it is worth mentioning that some of the experiment does
not report the geometrical imperfections; therefore, we fill them
with the maximum imperfection tolerances permitted by DNV
(2021).

Table 3 shows the basic information of the experiment data we
gleaned. Also, more detailed experimental results are presented in
Appendix. Most shells are in the range of N > 5.5 which was first
determined by Huang (1964). In this region, the unsymmetrical
buckling starts to appear and it is usually with a relatively higher
R/t ratio. However, some of the experiment data fall into the second
region when A < 5.5. In this range, the specimens are usually thick-
wall shells and their buckling behaviour is significantly influenced
by material plasticity. The region A <5.5 is defined as
‘Budiansky-range’ and the region for N> 5.5 is defined as
‘Huang-range’ for the following discussion. It is worth mentioning
that these specimens are made of different materials from high-
strength metal (Titanium, Maraging steel) to relatively low-strength
material (Aluminium, stainless steel). Also, since the manufactur-
ing technology will greatly influence the quality of the specimens,
we have chosen the experiment data from the literature after
1950. In the next section, a comparative study will be conducted
to evaluate the models with these experimental results.

5.2. Test results

The calculation results of the experimental data are shown in Table
4. It is worth mentioning that the results given by Kolodziej and
Marcinowski (2018) show a significantly large deviation from the
experiment data (some of the bias even larger than 4). The reason
for this is mainly because the specimens in the literature have a rela-
tively high radius-to-thickness ratio (5-12 times the average R/t),
which will cause a significant reduction in the buckling pressure.
Moreover, this level of R/t is dominated by the elastic buckling
mode, while the current models consider the influence of plastic
buckling; therefore, the prediction value is much higher than the

Reference Qty Material Shape R/t lambda
Krenzke and Kiernan (1963) 30 Aluminium Caps/Spheres 10.4-166.7 2.3-31.9
Pan et al. (2012) 4 Titanium Spheres 25.9-29.7 18.5-19.8
Zhang et al. (2017) 9 304 Stainless Steel Spheres 103.4-185.9 37.2-49.8
Zhang et al. (2018a) 4 304 Stainless Steel Spheres 138.9-151.5 42.8-44.6
Wang, Zhang, et al. (2019) 1 Maraging Steel Spheres 289 19.5

Zhu et al. (2019) 5 304 Stainless Steel Caps 136.2-144.7 30.1-31.0
Zhang et al. (2018b) 6 304 Stainless Steel Caps 86.5-88.0 15.3-15.4
Zhang et al. (2019) 1 Maraging Steel Caps 263 133

Kolodziej and Marcinowski (2018) 20 DCO04 Steel Caps 324.8-1010.6 46.3-81.7
Total 80 / / 10.4-1010.6 2.3-81.7




Table 4. Calculation results.

Method Mean cov
RS 1.29 0.32
ABS 1.14 0.30
DNV 0.99 0.19
NASA 1.64 0.37
Wagner 127 0.31
Evkin 1.40 0.34
Gattely 1.29 0.30

experiment due to the plasticity. Also, these specimens are rarely
adopted by the marine structure design, so we have eliminated
the results to achieve a more reasonable calculation.

The comparison between the experiment and theoretical
results was statistically modelled by the mean value of bias
and coeflicient of variance. Under the model evaluation criteria
established in Section 2, the model given by DNV provides a
more accurate prediction by the mean and COV, which are
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0.99 and 0.19, respectively. The other results show that models
from RS, ABS, NASA, Wagner, Evkin and Galletly are less accu-
rate with the mean values of 1.29, 1.14, 1.64, 1.27, 1.40 and 1.29
and the COV values are 0.32, 0.30, 0.37, 0.31, 0.34 and 0.30,
respectively. In general, there is plenty of room to improve
the models as mentioned above due to the non-unity for bias
and large uncertainty in the evaluation.

For a closer look at the models, the results for each formula are
compared in the box-whisker plot, see Figure 3. It’s clear to see that
the ABS code, DNV code and formulae given by Galletly presented
a relatively better distribution with less abnormal data. Neverthe-
less, the models given by RS, NASA, Wagner and Evkin have
shown bad performance with many abnormal results (some of
the biases are even less than 0.1, while some surpass 4). And a
more interesting thing is that these outliers are basically from the
same source, which indicates that there may exist some similarities
shared by these formulations. The principles behind this phenom-
enon will be discussed in the later section.
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251 € Krenzke 1963 ¢
@ Zhang 2017 V'S
& Zhang2018a
2.01| ¢ Pan2012 4 d
¢ Zhu2019 *
— ¢ Zhang 2018b * * .
&J 1.54 | ¢ Zhang 2019 * *, 4
=~ . 0‘ <
g
% 1.0+
0.5
0.0 — T

200

SHIPS AND OFFSHORE STRUCTURES . 7

Figure 8. Strength analysis of formula given by the RS code (a) by R/t; (b) by A. (This figure is available in colour online.)
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Figure 11. Strength analysis of formula given by Wagner (left R/t; right A). (This figure is available in colour online.)

5.3. Comparison and analysis

The buckling behaviour does not work the same between complete
spheres and spherical caps, which indicates that experiment results
would vary even if the specimens share the same parameters and
material properties. According to Evkin and Lykhachova. (2017),
the buckling pressure for spherical caps would reduce by 20% in
the design process compared to complete spherical shells. There-
fore, the depth of the shell (dome height) is a crucial factor for ulti-
mate strength prediction. However, most of the formulations we
presented above do not mention the effects of dome height,
which indicates that they would show different performances pre-
dicting the ultimate strength of spheres and caps.

Figures 4 and 5 show the box-whisker plot for the results of
complete spherical shells and spherical caps. The graph shows
that formulas given by NASA, Wagner and Evkin have shown sig-
nificantly better performance in spheres than caps. The reasons for
the poor results of caps are, the boundary condition of the caps does
not perfectly fit the assumptions made by these formulas. These
models require the boundary condition must be clamped (for
Wagner and NASA) and clamped or hinged (for Evkin); otherwise,
the geometric nonlinear would affect the accuracy. The shape
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parameters of some specimens are in the Budiansky range, which
explains the lower points drawn under these models in Figure 5.
Since these assumptions are not satisfied, the drawbacks of the
three models in the prediction of spherical caps are revealed. RS
code, however, presents an opposite outcome which shows poor
performance in predicting spheres. There are two explanations.
First, the RS code does not consider the effect of dome height
which leads to an over-conservative prediction for complete spheri-
cal shells. Another explanation is for the higher results plotted in
Figure 5, which come from Zhang et al. (2017). They have relatively
larger local imperfections according to the literature. Therefore, the
coeflicients that represent the imperfection such as f; in Equation
(7) and a in Equation (9) cause a great reduction in 7, which
explains the large deviation of these data.

The radius to thickness ratio R/t and shape parameter A rep-
resents the geometric property of shells. They are deeply connected
to the buckling pressure of spherical shells. Comparing the results
according to these two parameters could present a comprehensive
view of the model performance.

As shown in Figures 6 and 7, the results given by the ABS code
and DNV code show a fairly good distribution. First, they obtained
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Figure 12. Strength analysis of formula given by Evkin (left R/t; right A). (This figure is available in colour online.)



Table 5. Conclusion of the comparative study.
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Models

Features and recommended application range

ABS (2021 ); DNV (2021)

Relatively good approximation with the experiments;

Imperfection value shouldn’t exceed the tolerance as an a priori condition;
ABS is better with complete shells than spherical caps while DNV is good with both

RS (2018); Galletly and Blachut (1991)

They are both highly imperfection-sensitive models;

The specimen with low manufacture quality is not recommended using these models
RS is much better with spherical caps than complete shells, while Galletly and Blachut (1991) is good with both

NASA (1969); Wagner et al. (2018b); Evkin (2019)

They are generally more conservative;
Not sensitive to imperfection;

Less precise predictions for spherical caps than complete spheres;
Thin-walled shells (A > 10) are recommended using these models

relatively feasible results when R/t is lower than 50 and a more con-
servative prediction when R/t is larger than 75 for both models. It is
also worth to be noticed that the results from the two formulations
present very similar patterns on A (circled in red line): both of them
show a relatively higher prediction for the data in the range A > 35.
The similar distribution on R/t and A indicates the models may
share some similarities in a certain way. The first reason for the pat-
terns is models resemble the forms. Taking a closer look at
Equations (11) and Equations (12-14), we can find the two for-
mulas are both controlled by the value of P,/P), and the different
constants lead to various results but share some resemblance. More-
over, the coefficients in the models are constants which means the
value of imperfections will not affect the calculated buckling
pressure. However, the data we circled with a red line show a rela-
tively large imperfection value (Zhang et al. 2017; Zhang et al.
2018a) which leads to a lower experiment result even if the par-
ameters are the same. Therefore, it explains why the prediction
values are larger than the real buckling pressure in these data.

Similar results obtained in Figures 8 and 9 are from the RS code
and formula by Galletly and Blachut (1991), respectively. As can be
seen from the figure, the results have shown they are highly imper-
fection-sensitive equations. The experiment data in red and green
are with relatively higher imperfection values as we mentioned
before, and the prediction of these data shows a large deviation
from actual buckling pressure.

Figures 10-12 present the results given by Equations (17), (19)
and (20) respectively. As shown in the figures, these three formulas
share a very similar pattern. First, they have shown conservative
predictions because they are based on the lower bound experiment
results, and Equation (17) is the most conservative. Besides, they
have shown relatively better predictions when A is in the Huang
range, which means they are more suitable for thin shells. The
main reason to explain the phenomenon is that linear elastic and
isotropic material behaviour is required. However, the experiment
results in the Budiansky range are deeply influenced by the material
plasticity and, therefore, don’t comply with the requirements.
Besides, the boundary condition required by the equation is strictly
clamped, which is another factor that caused the situation.

6. Conclusion

The conclusion of the comparative study on externally pressurised
imperfect spherical shells may be summarised in the following
paragraphs and Table 5:

1. To predict the collapse pressure of externally pressurised imper-
fect shells, it has been shown in the paper that the model pre-
sented by DNV (2021) obtained the best results with a mean
value of 0.99 and COV of 0.19. The model from NASA (1969)
presented the worst prediction with 1.64 and 0.37.

2. Models presented by DNV (2021) and ABS (2021 ) have shown
similar distribution patterns due to the resemblance in the
equation structure. Moreover, since the models contain empiri-
cal constant coefficients, the predictions will not be affected by
the imperfection changes. Therefore, the requirement of maxi-
mum imperfection tolerance should be satisfied as an a priori
condition.

3. The equations given by RS code (2018) and Galletly and Blachut
(1991) are highly imperfection-sensitive models. The predic-
tions would be much more conservative than the experiment
results when the imperfection value grows. Therefore, the speci-
mens with bad manufactural defects are not recommended for
using these models

4. The models presented by NASA (1969), Wagner et al. (2018b)
and Evkin (2019) have shown relatively conservative predictions
than the others. They obtained less precise results predicting
spherical caps than complete spheres because the requirement
of strict boundary conditions is hard to be satisfied. Moreover,
the calculations imply that they are more suitable for shells
with large A (thin-walled shells) because these models are sensi-
tive to material plasticity.
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Appendix. Experiment Data for Spherical Shells
Al.#Krenzke and Kiernan (1963)

The results by Krenzke and Kiernan listed here are from model S-1 to SS-26 according to the report.

oy(Mpa) E (Gpa) R/t A ¢ (rad) Pexp (Mpa)
551.58 74.46 10.36 11.70 3.14 98.60
551.58 74.46 16.53 14.78 3.14 58.61
551.58 74.46 40.16 23.04 3.14 20.68
551.58 74.46 76.92 31.89 3.14 10.34
551.58 74.46 10.64 5.92 1.05 97.73
551.58 74.46 10.64 5.94 1.05 98.25
551.58 74.46 16.39 7.39 1.05 58.61
551.58 74.46 16.95 747 1.05 56.36
551.58 74.46 41.67 11.62 1.05 19.99
551.58 74.46 41.67 6.05 0.52 20.34
551.58 74.46 83.33 8.43 0.52 7.58
551.58 74.46 83.33 8.46 0.52 7.52
551.58 74.46 10.53 3.06 0.52 99.11
551.58 74.46 10.64 3.07 0.52 98.08
551.58 74.46 16.67 3.85 0.52 56.54
551.58 74.46 16.67 3.85 0.52 55.85
551.58 74.46 40.00 5.95 0.52 20.17
551.58 74.46 40.00 5.98 0.52 19.82
551.58 74.46 83.33 8.43 0.52 7.38
551.58 74.46 83.33 8.43 0.52 7.45
551.58 7446 10.53 230 0.39 126.86
551.58 74.46 10.64 2.31 0.39 125.48
551.58 74.46 16.39 2.88 0.39 59.98
551.58 74.46 16.67 2.89 0.39 57.36
551.58 7446 40.00 4.46 0.39 17.10
551.58 74.46 40.00 4.47 0.39 17.55
551.58 74.46 76.92 6.28 0.39 7.31
551.58 74.46 76.92 6.31 0.39 7.27
551.58 7446 142.86 8.48 0.39 245
551.58 74.46 166.67 8.95 0.39 2.00

A2.#Pan et al. (2012)

gy (Mpa) E (Gpa) R/t A ¢ (rad) Peyp (Mpa)
925.00 110.00 29.67 19.80 3.14 56.00
925.00 110.00 26.08 18.57 3.14 58.29
890.00 110.00 25.88 18.50 3.14 57.80
888.33 110.00 26.85 18.84 3.14 55.00

A3.#Zhang et al. (2017)

ay (Mpa) E (Gpa) R/t A ¢ (rad) Pexp (Mpa)
246.10 190.70 175.94 4840 314 171
246.10 190.70 171.67 47.81 3.14 1.96
246.10 190.70 174.08 48.14 3.14 1.77
246.10 190.70 185.91 49.75 3.14 133
246.10 190.70 179.19 48.84 3.14 1.59
291.60 188.20 105.52 37.40 3.14 3.18
291.60 188.20 103.77 37.09 3.14 450
291.60 188.20 103.37 37.02 3.14 469
291.60 188.20 104.72 37.26 3.14 3.97

A4.#Zhang et al. (2018a)

oy (Mpa) E (Gpa) R/t A ¢ (rad) Pexp (Mpa)
310.00 193.00 146.32 4398 3.14 2.14
310.00 193.00 138.43 4278 3.14 2.93
310.00 193.00 139.62 42.96 3.14 2.32

310.00 193.00 150.43 44.59 3.14 2.17
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A5.#Wang, Zhang, et al. (2019)

ay (Mpa) E (Gpa) R/t A ¢ (rad) Pexp (Mpa)
1699 780.00 28.91 195 3.14 178.00
A6.#Zhu et al. (2019)

oy (Mpa) E (Gpa) R/t A ¢ (rad) Peyy (Mpa)
205.00 193.00 136.20 30.10 1.57 2.71
205.00 193.00 13927 30.44 157 248
205.00 193.00 139.46 30.46 1.57 259
205.00 193.00 14475 31.03 157 249
205.00 193.00 141.57 30.69 1.57 236
A7.#Zhang et al. (2018b)

a, (Mpa) E (Gpa) R/t A ¢ (rad) Peyy (Mpa)
335.408 159.00 88.05 15.44 0.94 528
335.408 159.00 86.95 15.35 0.94 5.55
335.408 159.00 86.78 1533 0.94 526
335.408 159.00 87.28 15.38 0.94 5.58
335.408 159.00 86.53 1531 0.94 536
335.408 159.00 87.03 15.35 0.94 5.65
A8.#Zhang et al. (2019)

a, (Mpa) E (Gpa) R/t A ¢ (rad) Peyy (Mpa)
2100 182.00 26.32 13.27 1.57 139.00
A9.#Kolodziej and Marcinowski (2018)

oy (Mpa) E (Gpa) R/t A ¢ (rad) Pexp (Mpa)
261.71 210.00 997.79 81.21 1.57 0.098
261.71 210.00 1010.62 81.73 1.57 0.100
261.71 210.00 1000.96 81.34 1.57 0.100
261.71 210.00 1005.44 81.52 1.57 0.099
261.71 210.00 996.52 81.15 1.57 0.100
3141 210.00 630.52 64.55 1.57 0.393
3141 210.00 631.72 64.61 1.57 0.393
3141 210.00 625.00 64.27 1.57 0.356
3141 210.00 630.52 64.55 1.57 0.354
3141 210.00 633.33 64.70 1.57 0.355
284.63 210.00 460.31 55.16 1.57 0.484
284.63 210.00 458.54 55.05 1.57 0.496
284.63 210.00 471.78 55.84 1.57 0.427
284.63 210.00 472.33 55.87 1.57 0.439
284.63 210.00 469.83 55.72 1.57 0.423
294.29 210.00 32591 46.41 1.57 0.963
294.29 210.00 327.65 46.53 1.57 1.032
294.29 210.00 324.75 46.33 1.57 1.076
294.29 210.00 324.75 46.33 1.57 1.062
294.29 210.00 324.75 46.33 1.57 1.081
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