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Abstract: To evaluate the stochastic characteristics of ultimate strength for spherical shells subjected
to external pressure, uncertainty analysis is conducted in this study. Experimental measurements and
result analysis of dimensions, as well as ultimate strength, are performed. The basic theories of the
surrogate model and probability-box method for ultimate strength are introduced briefly. Uncertainty
analysis of ultimate strength is completed utilizing double-nested random sampling based on the
established Gaussian process model with high precision, and the results are compared with the
experimental findings. The results show that the experimental empirical cumulative distribution
function is contained in the probability-box obtained while considering the influence of welding,
and the absolute errors of the mean value, as well as those of the standard deviation, are much
smaller. The study verified that the influence of welding cannot be ignored, and the prediction of
ultimate strength, considering uncertainties, can eliminate the occasionalities of simulations and

experimental tests.
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1. Introduction

With the acceleration of human exploration of marine resources, the studies on high-
stability pressure shell structures have become more and more urgent. As a typical type
of pressure shell, spherical shells are widely used because of their great performance in
regards to spacing, manufacturing, and service [1-3]. The ultimate strength of spherical
shells subjected to external pressure is a main area of concerned for designers and engineers
in the design and service phase.

Many numerical and experimental methodologies have been studied to investigate
the ultimate strength of spherical shells. Zolly [4] derived the formula for the critical
pressure of spherical shells subjected to external pressure based on the small deformation
assumption. Wagner et al. [5] proposed a reliable design method for spherical shells based
on a robust knockdown factor. Krenzke and Kiernan [6] conducted experimental tests on a
large number of spherical shells, and concluded a method to calculate the ultimate strength.
However, spherical shell is a positive Gaussian rotation structure, and its ultimate strength
is sensitive to structural dimensions, defects, and material properties [7]. Yu et al. [8] and
Zhang et al. [9] introduced imperfections to the model and analyzed the ultimate strength of
spherical shells. Wagner et al. [10] presented and compared modeling details of commonly
used new approaches for shell design, and evaluated the lower-bound buckling pressure.
Pan et al. [11,12] summarized and verified the empirical formula for ultimate strength
calculation of spherical shells made of titanium alloy, and indicated that the influence of
welding on ultimate strength cannot be ignored. Zhang et al. [13] investigated the ultimate
strength of externally pressurized steel spheres considering through-thickness defects.
Zhu et al. [14] proposed a prediction formula for local buckling calculation of spherical
shells, considering local corrosion. Zhao and Bai [15] conducted a comparative study on
various analytical approaches and codified rules, and established the model evaluation
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criteria by implementing statistical model uncertainty factors. In addition, spherical shells
are assembled with cylinders or cones, and the mechanical characteristics become more
complex [16,17].

Uncertainty is inevitable in all aspects of manufacturing, including modeling and
testing. Cerik et al. [18] defined the modeling uncertainties by probabilistic characteristics
based on experimental data, and evaluated the influences of random geometrical and
material properties on the failure assessment. MacKay et al. [19] investigated the accuracy
of model prediction for collapse pressure of a pressure hull by taking uncertainty factors into
account, and the uncertainty level in the numerical evaluation of limit states of submarine
pressure hulls has been quantified. Qiu et al. [20] performed uncertainty analysis for an
axial flow waterjet pump based on the computational fluid dynamics method. Reed and
Earls [21] presented a detailed study on identifying and characterizing imperfections
of a representative ship hull, along with concomitant uncertainties. However, when
different kinds of uncertainties are considered in the modeling and experimental phases,
the uncertainty propagation and quantification process become more complex [22].

Currently, the verification and validation (V&V) theory is used in evaluating the
credibility of model predictions in many areas [23-25], especially for cases considering
combined uncertainties. Long et al. [26] introduced the delayed detached eddy verification
and validation method, and evaluated the reproduction and prediction performance of
simulation under the uncertainty condition. Matsuda and Katsui [27] employed the V&V
method to study uncertainties in the turbulence model for viscous resistance estimation.
However, few of them concentrate on the hybrid uncertainty condition, which is more
common in the real world. The probability box (p-box) is an efficient method to deal with
hybrid uncertainties, and it has great potential for engineering applications. Faes et al. [28]
presented the state-of-art review for the modeling and propagation of uncertainties using p-
box, especially for the conditions of structural reliability analysis. Vinuesa and Cuervo [29]
demonstrated uncertainty analysis based on the p-box method by using nested random
sampling. Wu et al. [30] investigated the sensitivity analysis for numerical and engineering
case studies based on the p-box method, and the influences of input parameters on the
output responses were quantified. Zhang et al. [31] proposed a novel reliability assessment
method for turbine discs by combining fuzzy and p-box variables; the proposed method
performed well in transforming non-normal variables and decreasing computational costs.

As shown above, the ultimate strength is an important characteristic for evaluating the
performance of spherical shells. Until now, most studies on spherical shells were conducted
on the deterministic premise. However, uncertainties are everywhere in the simulation and
experimental tests. The studies ignoring uncertainties will lead to some misjudgment of
the engineering decisions. While some potential methods are being applied in critical fields
to improve design safety and service reliability, deep studies considering uncertain factors
for spherical shells should be conducted to improve the credibility of prediction.

The present paper aims to investigate uncertainties of ultimate strength for spherical
shells subjected to external pressure. Compared with the works published in the literature,
aleatory and epistemic uncertainties are considered simultaneously in this study, which
can be regarded as the highlight of the research. The works presented in this paper extend
the analysis of ultimate strength of spherical shells to a stochastic premise which makes the
comparison between simulation and experimental results more reasonable.

The rest of this paper is organized as follows: Section 2 introduces some basic method-
ologies of the p-box and surrogate models for ultimate strength. Section 3 presents the
experimental studies, including the test details regarding the dimensions and ultimate
strength, as well as the analysis of the test results. Section 4 establishes the Gaussian process
(GP) model of ultimate strength, and the p-box of ultimate strength is obtained based on
the highly precise surrogate model. In the same section, uncertainty analysis of ultimate
strength is conducted by comparing experimental and simulating results in the stochastic
frame. The conclusions of this paper are summarized in Section 5.



Metals 2023, 13, 529

30f18

2. Materials and Methods

Uncertainty is inevitable in the simulations and experimental tests of spherical shells.
The probability-box method for ultimate strength analysis, considering aleatory and epis-
temic uncertainties simultaneously, is introduced. Meanwhile, in order to save computa-
tional costs, a representative surrogate model, called the GP model, of ultimate strength is
also demonstrated in this section.

2.1. Probability-Box of Ultimate Strength

The probability-box method is a mixed probabilistic model commonly used for uncer-
tainty analysis in cases that contain aleatory and epistemic uncertainties simultaneously.
Given that the quantity of interest in the ultimate strength of spherical shells subjected
to external pressure, while the estimated value of ultimate strength, denoted as Y, is not
deterministic, the corresponding cumulative probability distribution function (CDF) cannot
be expressed by a single non-decreasing curve. Suppose Fl. is a space of CDF of ultimate
strength defined in the real number field &, according to Ferson [32] and Chen [33], the
p-box of ultimate strength can be expressed as follows:

IN

H={F0):vY cRF () < R(y) < Fr(v)} M

in which Fy(y) = P(Y <y)and Fy(y) = 1 — P(Y > y) are non-decreasing functions
defined in [0, 1]. Meanwhile, F Y(y) and Fy(y) represent the lower and upper bounds of

the p-box, respectively. Fy(y) is a non-decreasing function that denotes all probable CDFs
between the bounds.

As is shown in Figure 1a, the left bound Fy(y) is an upper bound of probabilities and
a lower bound of y-values. Any point on the left bound Fy(y) represents the maximum
probability at a deterministic ultimate strength y, or the minimum ultimate strength y at a
deterministic probability. Likewise, the right bound F Y(y) is a lower bound of probabilities

and an upper bound of y-values. In addition, the p-box represents an interval containing all
probable values of ultimate strength y at a deterministic probability, and an interval of all
probabilities at a deterministic ultimate strength y. Special cases of the p-box are shown in
Figure 1b—d. Figure 1b,c shows cases that contain only aleatory and epistemic uncertainties,
respectively. Figure 1d is the deterministic case in which all uncertain factors are ignored.
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Figure 1. Sketch of the p-box and its special cases: (a) p-box considering aleatory and epistemic un-
certainties; (b) p-box considering aleatory uncertainties; (c) p-box considering epistemic uncertainties;
(d) p-box ignoring uncertainties.
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For academic and engineering problems that can scarcely be described as explicit
mathematic models, the p-box is usually established, utilizing double-nested random
sampling. The outer layer sampling represents the epistemic uncertainties, and the inner
layer represents aleatory uncertainties. In addition, the sampling size of the outer layer is
much smaller than that of inner layer.

2.2. Surrogate Model of Ultimate Strength

The surrogate model presented in a mathematical form is commonly used to replace
time-consuming finite element analysis, especially for analyses such as nonlinear buckling
and explicit dynamics. The Gaussian process model is a representative surrogate model
that is used in stochastic modeling to represent the relationship between model inputs with
model outputs [34].

Suppose D = [X, Y] is a dataset of ultimate strength and its influence parameters,
while X = [x1,x,---,xn] € RN*? is an N by d matrix that represents the parameters
such as material properties and shell thickness of the spherical shells, and the component
x; = [xp, %2, -+, xi4],i = 1,2,---, N represents a single group of model inputs. Mean-
while, Y = [f(x1), f(x2),- -+, f(xn)] € RN*1is a vector of ultimate strength. In this case,
the GP model of ultimate strength can be formulated as follows:

f(x) ~ GP(u(x),0(x,x)) @

in which, u(x) = E(f(x)) is the mean function, and v(x,x") = cov(f(x), f(x')) is the
covariance function. In addition, f(x) represents any assumption that satisfies the joint
Gaussian distribution.

The regression model, considering the effects of random noise, can be written as:

yi = f(xi) +e& ©)

in which, y; is a prior value of ultimate strength corresponding to the model input x;, f(x;)
is the ultimate strength calculated by the GP model at x;, and ¢; ~ N(0,03) represents
independent identically distributed random white noise.

According to the Bayesian theory, the joint Gaussian distribution of dataset D and its
prediction points can be expressed as:

Y V + 02E VT} )
~ N[0, n 4 4
[YJ ( { Vp Vip @

in which, Y}, is the predicted ultimate strength, V is the assembled covariance matrix of
the input sample, V), is the covariance matrix between the input sample and prediction
points, and V), is the variance of the prediction points. In addition, E is a unit matrix with
dimensions N by N.

While the surrogate model is established, precision inspections should be conducted
to verify its reproduction and prediction capability. The determination coefficient (R?) and
the root mean square error (RMSE), which are defined as Equations (5) and (6) [35], are
two commonly used indexes in precision inspection.

92)
™
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while the value of R? is closer to 1 and that of RMSE is closer to 0, indicating a better
accuracy of the surrogate model. Moreover, only modeling sampling is used to establish

the surrogate model during the modeling phase. In order to ensure the repeatable and pre-
dictable capability of the established surrogate model, modeling and inspection sampling
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groups should be generated separately, and both groups should meet the requirements of
precision inspection.

3. Experimental Studies

Experimental tests on spherical shells, including dimensional measurements and
hydrostatic pressure tests considering uncertainties, are presented in this section. In order
to investigate the uncertainty characteristics of dimensions and ultimate strength, a total
of 25 nominally identical spherical shells, with diameters of 150 mm and thicknesses of
0.8 mm, are manufactured and tested. Each shell is made of two semi-spheres by welding
at the equatorial free edges, and both semi-spheres are manufactured by punch forming
from square 304 stainless plates.

3.1. Measurement of Dimensions

Dimensional measurements are carried out to evaluate the variance of shell thickness.
On one hand, 3D scanning is conducted by an industrial-grade 3D scanner with a scanning
accuracy of 0.02 mm from Open Technologies, and 50 measuring points are distributed
randomly on the surface of each spherical shell. On the other hand, 8 longitudes and 6
latitudes are uniformly distributed on the surface of the spherical shell, and the thickness
at all the cross points is measured by a non-destructive ultrasonic thickness gauge. The 3D
scanning and thickness measurement test sites are shown in Figure 2a,b.

Figure 2. Dimensional test sites: (a) 3D scanning; (b) non-destructive thickness measurement.

The scanning results are compared with the corresponding nominal structural dimen-
sions, and three typical comparisons are shown in Figure 3. The stochastic characteristics
of thickness are listed in Table 1, and the statistical distribution of thickness is shown in
Figure 4.

As the manufacturing processes of punching and welding for thin plates are relatively
mature, an excellent geometrical consistency is obtained between 3D scanning and nominal
structure evaluation. The geometrical error in the main part of shell shown in Figure 3 is
less than 0.4 mm, which is about 0.5% of the sphere radius. The maximum error in the
radial direction is 0.6 mm, and the error is clustered in a very small region. In addition,
an obvious separation line is shown in the figure indicating the interface between two
individual semi-spheres.
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Figure 3. Dimensional comparison of 3D scanning: (a) 7# model; (b) 8# model; (c) 10# model.

Table 1. Results of thickness measurement in the main body.

Sampling fmin/mMm fmax/mm tay/mm tga/mm tev
1 0.71 0.844 0.769 0.036 4.741
2 0.704 0.866 0.774 0.040 5.216
3 0.704 0.828 0.762 0.032 4.206
4 0.668 0.822 0.747 0.032 4.244
5 0.67 0.816 0.744 0.032 4.338
6 0.682 0.824 0.749 0.036 4.755
7 0.662 0.822 0.748 0.032 4.337
8 0.674 0.836 0.752 0.040 5.262
9 0.684 0.822 0.746 0.034 4.564
10 0.670 0.832 0.751 0.036 4.841
11 0.67 0.888 0.758 0.043 5.716
12 0.646 0.84 0.756 0.041 5.360
13 0.688 0.84 0.759 0.035 4.621
14 0.68 0.83 0.740 0.038 5.182
15 0.672 0.846 0.735 0.046 6.214
16 0.678 0.814 0.738 0.038 5.094
17 0.662 0.868 0.754 0.037 4.859
18 0.712 0.836 0.768 0.038 4951
19 0.676 0.866 0.765 0.041 5.380

20 0.682 0.824 0.760 0.032 4.246
21 0.696 0.844 0.769 0.036 4.659
22 0.666 0.85 0.764 0.043 5.657
23 0.692 0.836 0.756 0.035 4.624
24 0.71 0.844 0.767 0.038 4.986
25 0.68 0.894 0.763 0.040 5.191

The thickness of the spherical shell varies randomly over the structure, as is shown in
Table 1. The minimum coefficient of variation for the shells is 4.206%, and the maximum
is 6.214%, indicating a significant variability of thickness in each shell. Moreover, from
Figure 4, the distribution of thickness at all test points presents like a normal distribution,
with a mean and standard deviation of 0.753 and 0.037, respectively. The relative error
between the mean values of the fitted distribution and the experimental measurement is
—0.39%, and that between the standard deviation is —4.60%. Meanwhile, the coefficient of
variation for the fitted distribution is very close to the mean value between the maximum
and the maximum result obtained from experimental measurements. As a result, the shell
thickness in the main body can be treated as aleatory uncertainty and described by the
fitted normal distribution.
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Figure 4. Distribution of thickness at all test points of all shells.

In order to check the inside morphology, all spherical shells are cut up after collapse.
To account for the effect of welding on structural performance, the thickness in the welding
region is also measured in this section. The stochastic characteristics of thickness, as well as
its comparison with that in the main body, are listed in Table 2. Meanwhile, the distribution

of thickness in the welding region of a typical shell (22#) is shown in Figure 5.

Table 2. Results of thickness measurement in the welding region.

Sampling twmin/mm fwmax/mm tfway/mm twav/tav Piest/MPa
1 0.592 0.410 0.488 0.635 5.74
2 0.552 043 0.485 0.627 5.83
3 0.562 0.466 0.508 0.667 5.26
4 0.542 0.420 0.473 0.633 6.14
5 0.506 0.382 0.442 0.594 6.64
6 0.624 0.516 0.551 0.736 494
7 0.524 0.348 0.412 0.551 6.83
8 0.502 0.386 0.431 0.573 6.71
9 0.592 0.358 0.459 0.615 6.41

10 0.498 0.398 0.451 0.601 6.47
11 0.584 0.408 0.464 0.612 6.21
12 0.486 0.326 0.415 0.549 6.81
13 0.562 0.358 0.487 0.642 6.02
14 0.584 0.470 0.506 0.684 5.33
15 0.592 0.428 0.494 0.672 5.72
16 0.492 0.418 0.448 0.607 6.53
17 0.538 0.454 0.497 0.659 5.48
18 0.582 0.410 0.484 0.630 5.92
19 0.562 0.358 0.487 0.637 5.74
20 0.618 0.462 0.539 0.709 5.10
21 0.626 0.422 0.520 0.676 5.25
22 0.476 0.348 0.416 0.545 6.77
23 0.556 0.406 0.482 0.638 5.95
24 0.548 0.412 0.482 0.628 5.97
25 0.494 0.376 0.437 0.573 6.70
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Figure 5. Thickness distribution of welding area.

The thickness in the welding area is thinned and randomly distributed compared
to that in the main body because of fusion in the welding process. An obvious welding
seam with about a 6 mm width, symmetrically distributed on both sides of the interface,
can be seen in the welding area in Figure 6. In addition, a crack-shaped free edge exists
on the inner side of the seam due to the fact that this site cannot be welded directly. For
experimental results of different spherical shells listed in Table 2, the mean value of the
thickness in the welding region is about 0.545 to 0.736 times that in the main body. However,
the measured thickness in the welding region shown in Figure 6 varies randomly, and it
cannot be fitted by a normal distribution. The influence of thickness thinning caused by
welding will be investigated in the following section.

Figure 6. Welding thickness measurement.

3.2. Measurement of Ultimate Strength

Hydrostatic pressure tests are conducted on all test pieces after the dimensional
measurements, and the corresponding ultimate strengths are obtained. The test site is
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shown in Figure 7a, and five typical loading curves are presented in Figure 7b. In the
experimental process, external pressure is applied by a hydraulic pump, and the loading
speed is less than 0.3 MPa/s, which can be regarded as a quasi-static load case. The ultimate
strengths of all test pieces are listed in the last column of Table 2, and the corresponding
distribution is shown in Figure 8. Meanwhile, the quantile-quantile graph shown in Figure 9
is used to validate the normality of the measured ultimate strength.

—— Sphere-9 Ultimate strength
Sphere-10
Sphere-11 i
= Sphere-16 p | —/
Sphere-22 8 /j
Tand-operated P !/J
water pump
frate
Dynamic data £ A AN
3;::("qumlL I o — — I
30 40

Figure 7. Hydrostatic pressure test: (a) test site; (b) typical loading curves.

8 Ultimate strength distribution
= 5|: 7 7
2t j:::: ::::: ;;}/
2.0

5.057 5.291 5.525 5.759 5.993 6.227 6.461 6.695
Ultimate strengtlyMPa

Figure 8. Ultimate strength histogram.

Due to the variation in material properties and shell thickness, as well as uncertain
factors caused by manufacturing, the ultimate strength of the nominally identical spherical
shells can be different from each other. The histogram of measured ultimate strength
shown in Figure 8 is approximately subordinate to a logarithm normal distribution. Mean-
while, in Figure 9, the ultimate strength values are distributed closely on both sides of
the reference line, which indicates a good consistency between the measured and the
expected normal values. The mean value and standard deviation of the measured ultimate
strength are 6.019 MPa and 0.580 MPa, respectively. The variation coefficient of the tested
ultimate strength is 9.64%, indicating an obvious randomness of the nominally identical
spherical shells.
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Figure 9. Distribution of ultimate strength.

The welding results in a relatively smaller stiffness in the welding region than that
in the main body. Consequently, the existence of a welding seam can dramatically affect
the ultimate strength of the spherical shell, and the spherical shell is first collapsed in the
welding region. The collapse mode of the spherical shell is shown in Figure 10. An obvious
pit is generated over the welding region, and the pit is distributed symmetrically, with
respect to the welding seam.

Welding seam

Figure 10. Collapse mode of spherical shell.

4. Results and Discussion

This section presents the uncertainty analysis of the ultimate strength of the spherical
shells subjected to external pressure. The uncertainty of ultimate strength for the spherical
shells in both cases is analyzed and compared with the experimental results. Two case
studies are employed to demonstrate the influence of welding on the results, one of them is
performed on the perfect spherical shell that ignores the welding seam, and the other is
conducted on the case considering the thickness thinning in the welding region.
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4.1. GP Model of Ultimate Strength

In order to save the computational costs in the uncertainty analysis, a highly precise GP
model for the calculation of ultimate strength is established and inspected in this subsection.

4.1.1. Finite Element Modeling

The ultimate strength of the spherical shell subject to external pressure is calculated
utilizing the nonlinear buckling method, which can be performed by elastic-plastic Riks
analysis in Abaqus.

A parametric model, shown in Figure 11, is established to map the real spherical shell
into the numerical space. In the modeling stage, two-dimensional (2D) elements with
a mesh size of 3 mm, determined by the mesh convergence index, are used. A total of
9128 elements and 9126 nodes are contained in the model. The model is mainly meshed by
linear quadrilateral elements of type S4R, which occupy about 99.91% of the total amount
of the elements, and the rest are linear triangular elements of type S3. However, in order to
investigate the influence of the welding seam, the elements in the main body and those
in the welding region, shown in the red box in Figure 11, are assigned with different
uniform thicknesses.

Uy=Uz=URx=0

l

Ux=Uz=URy=0 Ux=Uz=URy=0

Figure 11. Finite element model of the spherical shell.

While a spherical shell is subjected to uniform external pressure, a relatively small
thickness-to-radius ratio of the structure will lead to elastic-plastic buckling. As a result, the
ideal elastic-plastic material constitutive model, including yielding strength, is used here.
The material properties of 304 stainless steel spherical shells, given by the manufacturer,
and initial values of thickness in different regions are shown in Table 3.

Table 3. Thickness and material properties of the spherical shell.

Region t/mm E/GPa oy/MPa 7
main body 0.75 203 335 0.3
welding region 0.60 203 335 0.3

In order to eliminate rigid motions, the symmetrical boundary condition recommended
by CCS 2018 [1] is adopted. The displacements at three nodes, separated from each other
by 90 degrees, are constrained, as shown in Figure 11. All the constrained nodes are on the
welding seam. A unit pressure is applied uniformly on the outside surface of the spherical
shell in the Riks analysis. The equilibrium path curve of the spherical shell is presented in
Figure 12, while the thicknesses and material properties are listed in Table 3.
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Figure 12. Equilibrium path curve of the spherical shell.

The collapse mode shown in Figure 12 is identical to the experimental result shown in
Figure 10. The point of maximum displacement is located on the welding interface. The
abscissa is defined as the maximum displacement to thickness ratio of the main body (u/t)
to show the amount of displacement more intuitively. With the increase in abscissa, the
equilibrium curve rises sharply in a narrow range, and then falls slowly after the pressure
reaches ultimate strength. In addition, the maximum stress occurs in the welding region,
according to the stress distribution at the critical load point. By combining the stress
distribution and collapse mode, a smaller stiffness in the welding region can be inferred
relative to that in the main body.

4.1.2. GP Modeling and Inspection

A GP model of ultimate strength for spherical shells is established, considering the
uncertain parameters. Given the uncertain factors due to different production batches and
manufacturing processes, the material properties and the shell thickness in the main body
and the welding region are regarded as uncertain parameters. The ultimate strength of the
spherical shell is regarded as the response.

Firstly, Latin hypercube sampling is used to generate two groups of variables, the
modeling group and the prediction group, with 2000 and 200 samples, respectively. The
bounds of variables are listed in Table 4. In order to eliminate the boundary effect of the
surrogate model, the bounds are a little wider than those determined by the dimensional
measurements or recommended by the manufacturer. Secondly, both of these two groups
of model inputs are substituted into the above finite element model to calculate the corre-
sponding ultimate strength. Then, the GP model is established to describe the relationship
between the model inputs and the quantity of interest. At last, the precision factors listed
in Table 5 are calculated to verify the precision of the established surrogate model. The
surrogate model is shown in Figure 13.

Table 4. Bounds of model parameters in spherical shells.

. Thickness/mm E ;10in/GPa oy/MPa
Design Space
tmain tweld Emain Oy
lower bound 0.70 0.40 185 250

upper bound 0.85 0.85 215 450
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Table 5. Precision factors of GP model.

Sampling R? RMSE
modeling 1.0 2138 x 10714
prediction 0.998 0.008

(=2
~
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o
(=]
L

6.4

Ultimate strength/MPa
(o]
wm
L

0.85
08

Py,
L7
Gp 0.75 tma‘m/mm

Q

180 0.7

Figure 13. GP model between Ep,in and fpain, with ultimate strength.

The established GP model of ultimate strength is highly nonlinear, but exhibits ex-
cellent precision. As is shown in Figure 13, the ultimate strength varies nonlinearly over
the design space of uncertain parameters. Meanwhile, from Table 5, the determination
coefficient R? of the GP model for the modeling and prediction sample groups are 1.0
and 0.998, respectively. In addition, the RMSE of the model for the two sample groups is
2.138 x 10~1* and 0.008, respectively. The R? is close to 1, and the RMSE is close to 0,
indicating an excellent reproduction and prediction capability of the established GP model.
As a result, the established GP model is accurate enough to replace the finite element model
to predict the ultimate strength in further uncertainty analysis.

4.2. Uncertainty Analysis of Ultimate Strength

Two uncertainty analysis cases for ultimate strength are studied in this subsection.
Firstly, the welding region is neglected, i.e., the material properties and thickness of shells
in the whole model are both regarded as identical (case I). Then, the influence of welding
is included, and the material properties, as well as shell thickness in the main body, are
assigned different values from those in the welding region (case II).

Different distributions should be employed to characterize the uncertain parameters
in the analysis of ultimate strength of the spherical shells. The material properties are
usually regarded as aleatory uncertainties and are described by normal distributions [35].
The thickness of the shell in the main body, shown in Figure 4, is approximate to a normal
distribution. Herein, it is regarded as aleatory uncertainty. However, less information can
be obtained about the distribution of thickness in the welding region, and it is treated as
epistemic uncertainty and described by a uniform distribution. Due to the nonlinear varia-
tion of thickness in the welding region, the mean value of thickness on the welding seam
and that of the main body are used to determine the bounds of uniform distribution for the
equivalent thickness of the welding region. According to the material properties from the
manufacturer and the results of dimensional measurements, the stochastic characteristics
of the uncertain model inputs are listed in Table 6.
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Table 6. Aleatory and epistemic uncertainty model inputs.

Aleatory E/GPa oy/MPa t main/mMm Epistemic twelg/mm
mean value 203 335 0.753 lower bund 0.546
standard deviation 2.03 26.8 0.037 upper bound 0.685
coefficient of variation 1.0% 8.0% 4.96% interval radius 0.070

Uncertainty analysis of the ultimate strength of spherical shells is conducted using
the double-nested sampling method. In case I, the influence of welding is ignored, i.e., no
epistemic uncertainty is considered in the analysis. Consequently, the p-box degenerates
to an empirical CDF curve, as shown in Figure 1b. In this case, the thickness of the whole
model in the main body and the welding region are regarded as an identical value. A
total of 2000 samples of aleatory uncertainties for material properties and shell thicknesses
are generated, and the corresponding ultimate strengths are obtained based on the GP
model. The degenerated p-box of case I and its comparison with the experimental results
are shown in Figure 14. The stochastic characteristics of the predicted and experimental
ultimate strengths are listed in Table 7.

1 r ,
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4 5 6 7 8 9

Figure 14. P-box of case I and its comparison with experimental results.

Table 7. Stochastic characteristics of ultimate strength in case I.

Statistic Test/MPa Prediction/MPa Error/%
mean 6.019 6.768 12.44
std 0.580 0.525 —9.48

The prediction of ultimate strength for a spherical shell, while ignoring the influence of
welding, is much different from the real-world results. An obvious gap, shown in Figure 14,
exists between the empirical CDF obtained from simulation and the experimental result.
The difference between the empirical CDFs indicates that the model is not accurate enough
to predict the experimental ultimate strength of spherical shells. Meanwhile, as is shown
in Table 7, the error of mean value, as well as the standard deviation of ultimate strength
obtained from simulation and experimental results, are 12.44% and —9.48%, respectively.
The larger mean value and smaller standard deviation of the predicted ultimate strength
verified the difference between the simulation and experimental results.

For case II, the influence of welding is considered, and both aleatory and epistemic un-
certainties are included in the process of ultimate strength analysis. The material properties
and shell thickness in the main body are treated as aleatory uncertainties and are defined
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with the same stochastic characteristics as those in case I. However, the thickness in the
welding region is treated as a uniform distribution, and the interval bounds and radius
are shown in Table 6. A total of 200 samples in the outer layer for epistemic uncertainty
and 2000 samples in the inner layer for aleatory uncertainties are generated utilizing the
double-layer nested sampling method. The corresponding ultimate strengths are calcu-
lated based on the precise GP model. As a result, the p-box of case II and its comparison
with experimental results is shown in Figure 15. The left and right bounds of CDFs for
ultimate strength are bolded and highlighted. The stochastic characteristics of predicted
and experimental ultimate strength are listed in Table 8.

1 === Experimental CDF [
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=== Bounds of p-box
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0.6} 1
=
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Figure 15. P-box of case II and its comparison with experimental results.

Table 8. Stochastic characteristics of ultimate strength in case II.

Prediction/MPa Error/%
Statistic Test/MPa
Left Bound  Right Bound LeftBound Right Bound
mean 6.019 5.621 6.549 —6.612 8.805
std 0.580 0.469 0.583 —19.138 0.517

As the aleatory and epistemic uncertainties are considered simultaneously in this case,
the p-box of ultimate strength for spherical shells can predict the bounds of experimental
empirical CDEF. In Figure 15, all probable predicted CDFs of ultimate strength are contained
in the p-box. The empirical CDF of experimental ultimate strength is contained in the p-box.
Meanwhile, from Table 8, the mean value, as well as the standard deviation of experimental
CDE, are contained in the corresponding intervals obtained from the simulation. The error
of mean value is —6.612% to 8.805%, and that of standard deviation is —19.138% to 0.517%.
Both the results presented in the figure and table indicate that the prediction of case II can
cover the experimental results well.

In order to account for the influence of welding on the prediction of ultimate strength,
the results of case I and case II are also compared. For case I, an obvious gap between the
empirical CDFs of predicted and experimental ultimate strength is shown. The ignoring
of welding causes a larger prediction of ultimate strength. However, while the influence
of welding is considered, as is presented in case II, the predicted p-box can cover the
experimental empirical CDF over the whole range. Meanwhile, the error of mean value
in case I is out of the range determined by the bounds in case II, and the absolute error
of mean value in case II is much smaller than that in case I. Consequently, the influence
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of welding should be included to obtain the more reasonable and accurate results for the
prediction of ultimate strength for spherical shells subjected to external pressure.

Moreover, in both case I and case II, the comparison of predicted CDFs and experi-
mental empirical CDF is conducted under the concept of uncertainty, and no point-to-point
error is calculated directly. Obviously, the comparison of CDFs and their stochastic char-
acteristics covers a wider range. As a result, the occasionalities or erroneous judgment
caused by simulation and experimental results can be avoided. Furthermore, from the
p-box of ultimate strength, the bounds of probability distributions are determined, and the
corresponding results can be used for further research, such as for credibility analysis and
engineering decisions.

5. Conclusions

The uncertainty of ultimate strength for spherical shells subjected to external pressure
is studied from both experimental and simulation aspects. To evaluate the influence
of welding on simulation results, case studies using perfect spherical shells and shells
considering welding are carried out, respectively. The conclusions can be summarized
as follows:

(1) The uncertainty analysis can extend the study on the ultimate strength of spherical
shells from the deterministic to the stochastic perspective. The analysis considering the
variability of material properties and shell thickness can predict the ultimate strength over
a wider range, and the comparison between CDFs and stochastic characteristics can avoid
the occasionalities or erroneous judgment of both experimental and prediction values.

(2) The thickness of the spherical shell varies randomly over the structure. In the main
body, the coefficient of variation for shell thickness is 4.206-6.214%, and the distribution
of thickness at all test points presents like a normal distribution, in which the mean and
standard deviation are 0.753 and 0.037. However, the shell thickness in the welding region
cannot be fitted by a normal distribution, and the mean value of thickness in the welding
region is about 0.545 to 0.736 times of that in the main body.

(3) The established GP model is accurate enough to replace the time-consuming finite
element mode to calculate the ultimate strength of the spherical shells. The determination
coefficient R? of the GP model for the modeling and prediction sample groups is 1.0 and
0.998, respectively. In addition, the RMSE of the model for the two sample groups is
2.138 x 10~'* and 0.008, respectively.

(4) The influence of welding should be included in the ultimate strength analysis for
spherical shells subjected to external pressure. The case study ignoring the welding seam
results in greater ultimate strength over the whole uncertain parameter space, along with a
wide gap between the experimental CDF and the predicted value. The error of the mean
value, as well as the standard deviation of ultimate strength between the predicted and
experimental results, are 12.44% and —9.48%, respectively. The errors are mainly caused by
ignorance of the influence of uncertainties caused by welding.

(5) The predictions of ultimate strength for spherical shells, considering aleatory and
epistemic uncertainties simultaneously, can better cover the experimental results. The
experimental empirical CDF is contained in the predicted p-box over the whole range. For
the experimental empirical CDF and the bounds of the p-box, the error of mean value is
—6.612% to 8.805%, and that of standard deviation is —19.138% to 0.517%, respectively. The
results indicate that while uncertainties of material properties and thickness are considered,
the capability of the model in predicting the ultimate strength is improved.

The proposed method can be used for the reliability of the design and the evaluation of
the spherical shells working in the real environment. However, the uncertainties are more
complex for the real spherical shells. Further studies should verify the material properties
given by the manufacturer and conduct hierarchical stochastic model updating, as well
as model validation, based on multi-responses to improve the prediction capability of the
established model.
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