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ABSTRACT

ARTICLE HISTORY

The initial geometrical imperfections of thin-walled cylindrical shell structures are important factors that cause the actual
bearing capacity of such products to deviate from the theoretical value. In recent years, with the development of digital
image measurement technology, it is possible to obtain geometric imperfections(Gls) through the measurement of the real
geometric shape of the product, and it is possible to accurately predict the structural load-bearing capacity by considering
the imperfections. On this basis, the initial Gls random field can then be considered to carry out thin-walled cylindrical shell
load carrying capacity simulation targeting to obtain the strength distribution, and the lower limit of structural strength can
be determined scientifically through a probabilistic approach..In this paper, based on Fourier series method, a modeling
method of imperfection random field considering geometrical imperfection features is proposed for welded plates of carrier
rocket tank. In the first stage, in order to solve the problem of large Gls characterization parameters, a Gls characterization
method based on simplified Fourier coefficients is proposed, and an evaluation criterion based on determination coefficient
(R?) and characterization accuracy (RP) is established. In the second stage, according to the simplified Gls, a dual
construction method based on the waveform and amplitude of the distribution of sample Gls is innovatively proposed. And
according to the structural characteristics, a single panel is used as a sample to achieve sample expansion. It solves the
problem of uncertain random field construction of such structure morphology under the condition of small sample. Finally,
the method is applied to the actual engineering structure, and the accuracy of the method is verified by the bearing capacity
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1. Introduction

Thin-walled structures are widely used in space vehicles due to light weight
and high load-bearing efficiency [1,2]. There are many failure modes for thin-
walled structure while compressive buckling is the main one. Basically, the
theoretical buckling load depends on the structural dimensions and mechanical
properties of material [3,4]. There exists certain random geometrical
imperfections in dimension, surface quality etc., which could cause bearing
capability deviation in thin-walled structures with the same design scheme. This
uncertainty from geometric imperfections attracted NASA’s attention since
1960s. The engineers in NASA introduced the reduction coefficient into
buckling bearing evaluation for thin-walled structures, and provided the
envelope on the buckling bearing capacity with sufficient engineering data
subsequently [5]. With the development of product processing and quality
control technology, structural products based on this envelope design have
become so conservative to the improvement of structural bearing efficiency
[6,7].

In order to predict more reasonable load response of thin-walled structures,
many researchers have studied the effect of Gls on the bearing capacity. Based
on the random field signatures of the Gls distribution of thin-walled structures,
it mainly focuses on the imperfections distribution form and amplitude.In the
early stage, due to the limitation of measurement means, the imperfection form
was mainly based on the assumption when the real geometry of the structure
was unknown. The influence trend of different imperfection amplitudes on
carrying capacity was analyzed. Huhne [8] proposed a Single Perturbation Load
Approach(SPLA), which uses radial concentrated force in the structure to cause
a single dimple imperfection. On this basis, Wang et al.[9] developed it into the
the worst multiple perturbation load approach to obtain the lower limit of
structural bearing capacity.In order to study the influence of the most
unfavorable imperfections, Schmidt et al.[10] introduced the structural buckling
waveform, the most serious imperfection form, into the finite element model as
the initial Gls.Based on this, the influence trend of different amplitude values
on the bearing capacity was analyzed, and the lower limit of the structural
bearing capacity was obtained.With the development of digital measurement
technology, the real geometric shape deviation of products can be obtained by
scanning measurement, and it can be introduced into the ideal finite element
model to achieve fine analysis of carrying capacity.Many scholars such as
Arbocz and Elishakoff [11-13] obtained the product Gls based on the measured
geometric morphology data, and studied the Gls characterization method by
Fourier series fitting. The Gls were introduced into the ideal finite element
model to achieve the accurate calculation of the structure bearing capacity
considering the measured morphology.

Based on the measured geometric deviation samples of the product, the
study of the distribution characteristics of the total geometric deviation random
field is the key to realize the uncertainty analysis of the thin-walled structure
bearing [14,15]. Describing the distribution information of product imperfection
field requires a large amount of data, and how to reasonably reduce the variable
dimension and efficiently construct the imperfection random field model has
become the key to study the uncertainty of morphology [16,17].With the well-
known Karhunen-Loeve (KL) transform [18], the processing method of
generating random variables through orthogonal transformation and greatly
reducing the dimension of data set has been widely used in random field
models.On this basis, Ghanem and Spanos [19] proposed a piecewise basis
function to describe random fields. Li and Kiureghian et al. [20] proposed the
Optimal linear estimation method (OLE) and the improved expension OLE
method (EOLE). Random fields are described in terms of random variables and
shape functions.This idea gradually developed into the mainstream method of
structural imperfection random fields [21-23].

The geometrical imperfection random field of thin-walled structures is
often assumed to be a two-dimensional Gaussian random process, and the
relevant parameters need to be determined during characterization. Yang Hao
[24] et al. proposed a two-stage random field parameter estimation method by
quantifying the imperfection uncertainty, so as to achieve accurate prediction of
random field characterization parameters. M. Fina and P. Weber et al. [25]
extended the probabilistic method into a fuzzy process, fully considering the
uncertainty of samples. However, this method introduces more variables and
emphasizes the sensitivity analysis between variables, which undoubtedly
increases the calculation cost. Limited by high cost, the samples and test data of
thin-walled structures under the same conditions are limited. Under the
condition of finite samples, Schenk and Christian et al. [26] used the KL
expansion theory and Gaussian random process to give the second-order
moment characteristics of the limit load through direct Monte Carlo simulation.
Li et al. [27] proposed using maximum entropy distribution to estimate the
probability density function of random variables, avoiding the introduction of
Gaussian distribution hypothesis, and extending the equality constraint to an
interval form to adapt to small sample conditions.

Some existing random field models do not give too much consideration to
the sample structure and processing mode. In order to obtain as many test
samples as possible, products with similar conditions are used as training
samples to establish a unified random field model.However, in engineering, the
imperfection features of products under some processing and forming processes
have typical specificity. For example, the tank body of a large-diameter launch
vehicle is generally welded by several wall plates after processing. The welding
residual stress and the changes of bending stiffness at the welding position lead
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to obvious mutation of Gls field at the welding position, which affects the
overall imperfection features [11]. At the same time, due to high manufacturing
and testing costs, the number of samples of the same product is limited. In this
paper, a Fourier series geometric imperfection random field construction
method is innovatively proposed for welded structures of panels, using a
structural single-wall panel as a research sub-sample. The structure Gls
distribution features and deviation amplitude law are studied, and the random
field model suitable for the geometric uncertainty of small sample products is
constructed, which has more practical engineering application value.

The content of each part of the article is summarized as follows. In section
2, the principle of Fourier series characterizing imperfections and its
simplification method are introduced; Section 3 establishes the novel dual
modelling method of imperfection random field proposed in this paper; Section
4 establishes a Fourier random field model with measured geometric
imperfections of cylindrical shells, and verifies the validity of the model by
combining with the results of the structural physical tests, and the characteristics

65

of the sample imperfections, the effect of each feature on the load bearing are
analysed; Finally, conclusions are drawn and the value of the study is illustrated
in Section 5.

2. Fourier series-based geometric imperfections characterization
method of thin-walled cylindrical shells

2.1. Extraction of geometric imperfections of thin-walled cylindrical shells

The radial deviation referenced to the ideal surface of the thin-walled
structure can induce buckling failure[28]. Therefore, it is necessary to define
and reconstruct the surface of imperfection. In this work, the morphological data
of the thin-walled cylindrical structure was obtained by employing three-
dimensional laser scanning technology. The radial deviation of point cloud data
is expressed as the off-surface deviation value.

Fig. 1 Off-surface deviation contour of the outer surface

For the convenience to analyze the imperfection information, the radial
deviation data was plotted as contour in Fig. 1. Based on the observation
position of each measuring point, the structural imperfection was described by
m off-surface deviation values in the axial direction and n off-surface deviation
values in circumferential direction, respectively. The original off-surface
deviation field was eventually expressed as two-dimensional matrix w(x,y) (as
Eq. (1)).
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2.2. Fourier series-based representation method on imperfection field

Fourier series method is widely used to describe the initial Gls of
cylindrical shells [29]. To efficiently represent imperfection field, the Fourier
series method was employed in this work. Circumferential imperfection can be
represented by the superposition of trigonometric functions with different
periods and amplitudes at a fixed axial coordinate. The axial principle is similar,
traversing through the coordinates of each point cloud to complete the
representation of the imperfection field. Therefore, double Fourier series was
employed to fit the off-surface deviation values of each scatter point as:
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Where Ay and By, are the coefficients of Fourier series; k and | are the axial
half-wave number and circumferential full wave number under the Fourier order
respectively; By means of series fitting, the Gls information of the structure is
retained in each order coefficient. For ease of analysis, the double series is
expressed as wave peak value 7k|:‘,Ak|2+Bk|2 and phase angle 6. Fourier
series method superimposes multi-order axial and circumferential waves.
Respectively represent the imperfection information in the corresponding
direction. The detailed principle is shown in Fig. 2.
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Fig. 2 Schematic diagram of imperfection expressed by Fourier series

The trigonometric function values s(k, I) for different k and | values
were calculated and combined with the off-surface deviation matrix w(x, y).
Through singular value decomposition of the augmented matrix [w(x, y) s(k, )],
simple wave of Fourier periodic signals are obtained, and the Fourier series
characterization of Gl field is realized by extracting the coefficients of each term.

Affected by the production and processing methods, the surface
imperfection signature of similar structural products have certain regularity.
Fourier series method decouples the product axial and circumferential signature.
The complex structural imperfections field is described by a relatively clear
superposition of simple wave of each period.

2.3. Simplification on Fourier series of Gls field

According to the method mentioned above, there will be more than
thousand coefficients used in the Fourier series. The Fourier coefficients Ay and
By in Eq. (2) are a set of constants, reflecting the contribution from different
periodic trigonometric functions to the overall Gls. In this work, the dominant
coefficients which contribute the main trend of the Gls will be kept in order to
reduce the complexity of calculation. If the integral values of the sine and cosine
functions are equal in the whole period, the corresponding coefficients from the
sine and cosine parts contribute equally to the imperfection field. Therefore,
there are three methods to simplify the Fourier series as following:
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1. Use the peak value of the wave ¥ as the simplification factor;
2. Use the Ay and By as the simplification factor;
3. Use the group of coefficients [Ay Bi] as the simplification factor.

Since there are limited structures to collect the imperfection data, it should
be reasonable to choose the simplification method according to the actual
situation. First of all, the deviation measures were calculated for each
simplification method. Then, the coefficients Aq and By of larger absolute
deviation values were saved to represent the contribution from the
corresponding series. Finally, the imperfection result from the simplified
Fourier series was compared with the original one to ensure the accuracy of
simplification.

Define w, as the mean of the off-surface deviation matrix, which is
expressed as Eq. (3). A determination factor R? is defined subsequently as Eq.
(4), which is used as the evaluation criterion of the fitting accuracy about Fourier
series.

=5 ) ®

p=l gl

szlzq21(w(xpv yq)—,uw)z

Where w is the deviation value from the simplified Fourier series; w is the
true value from the structure.

The overall fitting accuracy is defined as the minimum value in limited
samples, which indicates R> =minR? .The calculation efficiency of three
methods is compared to determine the optimal method at the same accuracy
although the numbers of dominant coefficients are different. Eventually, the off-
surface deviation after simplification is expressed as:
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Wheren; and n, are the numbers of retained parts after simplification;
A, and By, represent the coefficients after simplification.

An criterion on structural bearing capacity is defined in order to ensure the
accuracy of simplification which is:
Pcr - Pcs

RP=1—<¢ 6)

cr

Where P is the critical load before simplification, and P is the critical
load after simplification. { is critical value to evaluate the accuracy on the
simplification, which was 1% in this work.

The during the procedure in the following context, the value of R? will be
increased until the RP criterion is met.

3. Construction method of Fourier series-based imperfection random
field

Since there are extremely limited structures as samples in actual
engineering (only three in this work). Some literature [30-32] shows that the
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concave inside the weld, and the imperfection signature have obvious rules.
Taking Fourier coefficient as the control variable of imperfection random field,
Fourier coefficient can reflect the imperfection signature of a class of structures
[33]. Therefore, an imperfection random field model was proposed to describe
the uncertainty from the imperfections in this work. The flowchart is shown as
Fig. 3.
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Fig. 3 Imperfection random field modeling method

First of all, the statistic distribution about Fourier series coefficients of
same order in all samples are calculated according to the features of the
imperfection wave. The random uniform sampling is carried out within the
coefficient distribution interval to determine the imperfection features of the
random field.

Then, the amplitude distribution of the imperfections random field is
established based on the imperfections amplitude rule of the existing samples.
Amplitude sampling was carried out within a certain confidence interval. Avoid
situations where random field results deviate from the sample range due to
adequate sampling.

According to the analysis about Fourier series, the trigonometric functions
of each order represent independent imperfection features. The corresponding
coefficients represent the proportion of imperfection features. The Gls of the
sample is represented in the form of simplified series with different weights
according to the specific weight ratio. Before sampling, the variable range was
determined with the minimum value and maximum value in three samples for
each coefficient. Then, uniform sampling was performed randomly in the range
for all coefficients to construct the Fourier series-based imperfection,as Eq. (7).
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Fig. 4 Off-surface deviation field of welded plate structure [30]

In order to ensure that the amplitude of the imperfection field does not
deviate from the statistical result of the sample, the amplitude of the off-surface
deviation of the sample is measured under certain confidence
requirements.According to the statistical results, the sampled off-surface
deviation field is enlarged or reduced to realize the amplitude rule control of the
imperfection random field.

For instance, Fig.4. shows the surface imperfections of the welded structure
of eight plates measured by NASA [34]. It is obvious that it shows concave at
weld line and convex in the middle of the shell between neighbored weld lines.
In order to reflect the detail features about sample amplitude, the amplitude of
the off-surface deviation in a single plate was taken as an independent statistical
sample. The distributions about the minimum off-surface deviation values

Wmin/mm sample 1 sample2  ...... sample N
_ l, —  samples drawn |
Bearing capacity sensitivity Sooomoeomomoeoeend
analysis (Establish index) ‘ Imperfection features field ‘
- + - O IS
Amplitude sampling —— | zoominor out |
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minw(x,, y,) and maximum off-surface deviation values mMaxw(x,,Y,) of
the single plate were tested respectively. The probability distribution model of
the amplitude was established. According to its distribution features, random
field amplitude sampling is carried out within the confidence interval [p-3c,
p+3o] of the amplitude statistics results with 99.7 per cent confidence level, and
the preliminary constructed defective feature field was deflated. The
imperfection feature field constructed initially is scaled.

Taking the minimum off-surface deviation as an example, the scaled
imperfection random field is expressed as:

Wy x,y)= VAV(X,Y) (8

_r
minw(x,, y,)

Where, 7 is the concave amplitude of the sample within the statistical
range of the sample.The sensitivity analysis about the scaled maximum and
minimum deviations were performed respectively. In order to ensure
computational efficiency, global sampling was employed according to the
features of the probability distribution model of minW(x,,y,) and
maxw(x,, Y,) . The corresponding sample of amplitude 7= (z,,7,,--7,) was
obtained. Each bearing capacity P(z;) of the structure was calculated
accordingly. The essential effect size of sample i is defined as:

(¢,)-P, |
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According to the mean value of the essential effect values of each sample,
the sensitivities of two types of amplitudes on the bearing capacity were
compared. The index with higher sensitivity was selected as the scaled standard.
After amplitude sampling is introduced, the sampling results of the imperfection
random field model include the basic features of the sample imperfections, and
ensure that the imperfection amplitude falls within the confidence range of the
sample. By Eq. (2), the values of random field off-surface deviation are
expressed in Fourier series. The scatter field is fitted to the form of space surface
to represent the imperfection, and the imperfection feature field is constructed
based on Fourier series method.The operation process of this method is
relatively simple,has clear the physical features, and it is suitable for all kinds
of sample conditions.Especially for products with the same structural form and
process, the random field model can fully include the imperfection features of
such products.

Fig. 5 Plate welded thin-walled cylinders

4. Results and discussions

As shown in Fig. 5, there are there structures used to verify the method in
the following context. All of them are orthogrid-stiffened aluminum cylinders
of 1m in diameter. The structure is divided into three aluminum shell parts
which are welded together, and steel end rings which connect to the outer
surface both ends of the cylinder. The overall height of the cylinder and the
orthogrid-stiffened part are 720mm and 550mm, respectively. The thickness of
the stringer is 2mm. A total of 3 products were produced, and the material
properties, structural dimensions and Gls of each product were measured.

4.1. Measured product geometric imperfections and their bearing capacity

Abaqus was used to model and analyze the bearing capacity of the structure.
As comparison, the bearing capacity of the ideal structure with smoothing
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surface was 3109.2 kN from simulation. Three weld lines failed first which
caused the overall failure subsequently. The relative error of the bearing
capacity was 9.10% between the ideal structure and the average of three samples
from experiments.
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Fig. 6 Measured Gls of the product

Three-dimensional laser scanning technology was used to obtain the Gls
information of each physical structure. The Gls were expressed as off-surface
deviation normalized by thickness t=2 of the structure , as shown in Fig.6.
When the fitting accuracy of the determination coefficient R? is greater than
99.9, the structural bearing capacity of the measured Gls is considered in the
calculation. The international KDF [34] is used to describe the influence of Gls
on bearing capacity. Table 1 shows the relative deviation of the calculated
results from the experiments and the corresponding Gls knockdown factor.

Table 1
Comparison between simulation and experiment

D Simulation Experiment R.ela.tive de- KDF Buckling position
(KN) (KN) viation (%) (%)

1 2737.3 2843.7 -3.74 88.04 471'/3

2 2898.7 2888.8 0.34 93.23 2z/3and 47/3

3 2885.8 2817.4 2.43 92.81 Oand 27/3
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The comparison shows two phenomena. One is that there is small deviation
between the simulation and the experiment when the imperfection is taken into
consideration. It indicates that considering the Glst method in this work can
provide more accurate result. The other is that the positions of failure in all
structures are different. Since the imperfection filed shows certain stochastic
characterization, it introduces uncertainty in terms of the failure position and
the magnitude of the critical load. It is worth to note that the failure happened
in the weld line for all structures although the positions were not the same. The
reason is that there is larger variation in term of the off-surface deviation.

Table 2
Statistics of peak off-surface deviation of single plate

Convex amplitude Concave amplitude
0.33 -0.70
0.33 -0.69
0.42 -0.70
0.23 -0.53
Sample data(mm) 0.32 -0.55
0.35 -0.54
0.45 -0.56
0.35 -0.60
0.25 -0.53
Mean value 0.338 -0.600
Standard deviation 0.071 0.077
Sensitivity EE (KN) 1530.97 1592.54

The maximum values of the outer protrusion and inner concave of each
plate in the existing samples were counted.Based on the information of 9 plate
samples, the general situation is estimated, and the peak deviation distribution
of single plate is established.And the bearing capacity sensitivity of the two
types of amplitudes is analyzed. Table 2 shows the analysis results and the
statistical results of the peak off-surface deviation of the sample single
plate.Under the condition of small sample, the Lilliefors test is applied, and
when the significance level is greater than 0.05, the peak value distribution
follows the normal distribution.The concave amplitude, that is, the minimum
off-surface deviation, is more sensitive to load.It is used as the amplitude
simplification standard for this group of samples.

4.2. Feature analysis and simplification of Fourier coefficients

There are thousands coefficients above which takes much simulation cost.
The Fourier series is simplified reasonably according to the imperfection
features to improve the efficiency. As discussed before, each amplitude of
Fourier coefficients reflects the influence level of the order in the imperfection
field. Fig.7 shows the amplitude of Fourier coefficients of each sample.

It is obvious that the value of y is relatively larger for smaller wave
number and order than the larger wave number and order in Fig.7. It indicates
that these parts dominantly contribute to the random field of imperfection.

Circumferential shapes under typical periods (1=2, 3, 6 and 9) are illustrated
as Fig. 8 by ignoring the axial imperfection. The order of a wave represents the
circular frequency of the wave. Fig. 8(a) shows the roundness deviation of the
overall cylindrical structure; Fig. 8(b) shows the imperfection features with a
single plate as a symmetric period, such as the imperfection at the weld. The
other waveform reflect the periodic features of symmetry within a single plate,
and the symmetric period is an integral multiple of the plate.

As shown in Fig.7, the periodic properties of axial waveform have no
obvious rules. The coefficients with less axial wave number and relatively clear
features account for a larger amplitude. Since the 0-order waveform reflects the
radial deviation of the structure and has little effect on the axial bearing capacity,
it is not discussed here. The corresponding imperfection features with larger
coefficients are shown in Fig. 9. It is notable that the axial imperfection is
obvious if the axial waveform is half wave or multiple entire waves. The
superposition of half wave and multiple entire waves have less contribution to
the structural imperfections.

68

0.2

t

0
+
|

0.15

0
@
|
E i - i
mnounumnunnn
O sWN=0O

}

7kl 0.1

0.05

12 15 18 21 24 27 30
L

(a) Structure 1

0.2

i

0
[}
|
E i i i i
L A (R R | A [
O bh WN=0

t

AN

0 3 6 9 12 15 18 21 24 27 30
L

(b) Structure 2

0.3

—e—k=0
-+ -k=1

0.25 =2
o k=3

0.21 -~ k=4l
=5
——k=6

Ykl 0.15¢
0.1

0.05

0 3 6 9 12 15 18 21 24 27 30
L

(c) Structure 3

Fig. 7 Fourier series amplitude of the sample shells

— =) — =3
= = =Ideal structur = = =Ideal structur

S




Hong-Fei Fu et al.

— =6 — =9
= = =Ideal structur = = =Ideal structur

© 1=6 @ 1=9

Fig. 8 Imperfection features of circumferential significant waveform

— k=1
= = —ldeal structure

— k=2

- = =Ideal structure

(@ k=1 (b) k=2

— k=4
= = =ldeal structure

© k=4

Fig. 9 Imperfection features of axial significant waveform

The above features respectively construct the circumferential and axial
imperfection bodies of welded plate structures, and reflect the overall law of
imperfection features of such structures. The amplitude corresponding to each
waveform reflects the difference of each product.The dominant Fourier
coefficients are employed to reconstruct the structure. The reduction of the axial
critical load of the structure under different waves is summarized. The results
are shown in Table 3.

Table 3
The critical load characterized by single order coefficient

Bearing load (kN) Contribution of

Order bearing capacity
Shell 1 Shell 2 Shell 3
reduction(%)

k=1 3088.87 3100.47 3095.80 5.20
k=2 2823.00 2969.61 2971.57 68.29
k=4 3170.42 3156.34 3116.15 -13.99
1=2 3102.74 3089.46 3100.17 5.05

1=3 3100.63 3102.56 3098.49 3.42

1=6 2957.28 3029.39 2996.84 43.02
1=9 3155.28 3144.29 3140.09 -14.30

The results revealed that the off-surface deviation amplitude and period of
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the imperfection field are larger at lower order, which leads to larger reduction
of the bearing load. As the order increases, it provides a smaller amplitude and
period of the imperfection field. Among them, the two-order waveform of k=2
and I=6 contribute significantly to structural load reduction.The waveform
signature of the structure during buckling are shown in Fig.10, which is
manifested as 6 circumferential waves and 2 axial waves, consistent with the
two-order waveform of k=2 and 1=6. These two order imperfection signature are
close to the buckling form of the structure, and can easily induce the structure
to buckle under axial load.

The Fourier coefficients required to construct 1-m-diameter shell
imperfections are more than 1000 terms.under R? >99.9% . The efficiencies
about three simplification methods were analyzed and shown in Fig.11.
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Fig. 10 Structural buckling waveform features
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Fig. 11 Comparison of simplification efficiency

The number of Fourier coefficients required by the group set simplification
method is lower than other two methods. Because the coefficients of each order
A and By are different, some global small quantities will be retained in the
simplified processing, resulting in low efficiency. Although i represents the
amplitude of the two types of coefficients, the two types of coefficients of the
same order are retained in the simplification process, so that part of the global
small quantity is retained and the efficiency is reduced.However, set
simplification method is more efficient because it selects from a global
perspective and does not introduce global small quantity.

The coefficients of Fourier series are simplified considering the accuracy
of the determination coefficient greater than 96%. The retained coefficients
constitute the simplified Gls, and the comparison before and after is shown in
Fig.12. The simplified imperfections ignore the items which influence the
bearing capacity and keep the dominant items which can reduce the bearing
capacity apparently.

In order to further test the rationality of simplification, the bearing capacity
and buckling deformation of the structure were obtained which are tabulated in
Table.4. The calculation deviation of structural bearing capacity compared with
the full case is less than 1%, which meets the accuracy requirements. Moreover,
the buckling mode and buckling position of the structure are highly coincident
with the simulation results of real imperfections.
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Table 4

The bearing capacity of the structure after imperfection simplification

Before simplification

©
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Coefficient of determina-
1D Total Fourier coefficients Bearing capacity(kN) RP(%) Buckling position
tion R?
1 30 0.964 2783.1 0.3 4z/3
2 33 0.967 2874.8 0.8 2z/3 and 47/3
3 24 0.966 2906.8 0.7 0Oand 27/3
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4.3. Imperfection random field-based bearing load prediction

Uniform sampling for imperfection field was carried out to reconstruct the
structure for buckling analysis. The minimum off-surface deviation constraint
is introduced in the imperfection feature field during sampling. 200 groups of
imperfection characteristic fields were generated within 2 hours and the
structures were reconstructed according to the sampling results.

According to the discussion above, the influence of imperfections on the
bearing capacity is related to the features of imperfections and the amplitude of
off-surface deviation. Three cases in the sample set were contoured to
investigate the feature of the random field as shown in Fig.13. It presents the
typical “M” shape for each part of the shell which is highly consistent with the
actual samples.

The distribution about the maximum off-surface deviation of all random
samples were shown in Fig.14. The results show that the minimum value is
basically consistent with the sample distribution form, and the maximum value
is slightly deviated from the decreasing direction of the deviation value under
the sample distribution form. The majority of the results falls within the
envelope of the sample probability density curve. The statistics of the maximum
off-surface deviation of the test set are close to the sample state.

As shown in Fig.15, the results from the experiments all fall within the
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distribution range of the loading capacity of random fields.And it coincides with
the high probability distribution. Using the Anderson-Darling test, when the
significance level is greater than 0.05, the results are considered to follow
normally distribution. According to the physical test results on the bearing
capacity of the real sample, the mean and variance of the bearing capacity of the
structure are predicted. Structural design orientated, the envelope of the
structural load is realised by considering the confidence level of meeting the
requirements based on the prediction of the load uncertainty. Under the normal
distribution hypothesis of small sample, the mean and variance of the population
are unknown. The confidence interval estimation on the mean and standard
deviation can be expressed as:

(0 _+i n—

/‘l'[x—\/ﬁt(x/Z( 1)}

s _S¥h-1  sdn-1
\/Zi/z(n _1) ’ \/Zia/z(n_l)

©)

Where X and S are the mean and standard deviation of the sample
respectively. With the significance level « =1, the confidence intervals for
estimating the population mean and standard deviation are
[1€[2760.32,2939.62] and & €[13.29,159.78] , respectively. Under the
imperfection random field, the mean 4=2839.3 and standard deviation ©=60.6
fall within the above confidence interval. The results clarify that the
imperfection random field model proposed in this work can accurately reflect
the influence of the surface detail on the bearing capacity.

5. Conclusion

In this paper, for the problem of uncertainty in the shape of welded thin-
walled cylindrical shell structure of the panel, we innovatively put forward a
small sub-sample-based Fourier series geometric imperfection random field
construction method, and combined with the results of the strength test to carry
out the load-bearing capacity of the target verification. Based on the typical
surface imperfection characteristics of thin-walled cylindrical shells welded by
panels in relation to the process, the sample expansion is realised using a single
panel as a sample. From a completely new perspective, a dual defect
imperfection uncertainty random field construction method based on the
waveform and amplitude of the sample imperfection distribution is used, which
ensures the adequacy of the sampling process and imposes constraints on the
deviation of the results from the sample. The sampling test results match the
experiments, verifying the accuracy of the method, and the following
conclusions are drawn:

(1)The characterization of Gls by Fourier series in the traditional method
requires a large number of coefficients, which is not conducive to random field
modeling. The coefficient set reduction method proposed in this paper is applied,
and the contribution degree of each order coefficient to the whole imperfection
is taken as the reduction criterion. Under the premise of ensuring 99% accuracy
of bearing capacity and consistent failure mode, more than 1,000 coefficients
can be reduced to about 30, which greatly improves the characterization
efficiency.

(2)According to the test results of the geometrical imperfections of welded
cylindrical shell structures and the imperfection field data published in literature,
the imperfection rules of each panel are consistent. By taking the smallest
independent unit of the structure, the single wall panel, as the statistical sample
of imperfection amplitude, a imperfection random field model is established to
achieve sample expansion to a certain extent.

(3)Geometric imperfection feature sampling is carried out with Fourier
series statistics of product samples, and imperfection magnitude constraints are
carried out with statistics of panel samples to establish a geometric imperfection
random field construction method. Tested by 200 sets of sampling data, the
structural bearing capacity distribution under the random field model reasonably
envelops the physical test results.

With the increase of the number of samples, the method has a tendency to
grow in construction accuracy. The proposed method is a technical prerequisite
for the simulation of thin-walled cylindrical shells' load-carrying capacity
targeting in consideration of geometric imperfection random fields, and
provides technical support for the realisation of scientific determination of the
lower limit of structural strength and deviation based on the probabilistic
method.
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