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Abstract

This paper focuses on the wall reinforcement design of toroidal shells with openings. Five 304 stainless steel test
models were manufactured, and geometric measurements, three-dimensional scanning, and hydrostatic tests were
carried out. The scanning models were established according to the measured geometrical imperfections. Linear
buckling analysis (LBA), geometrically and materially nonlinear analysis (GMNA), and geometrically and materially
nonlinear analysis with imperfections (GMNIA) were used for numerical simulations. The test results were in good
agreement with the numerical analysis results, and an effective finite element method was obtained. Finally, 51
numerical simulations were established to study the influence of the size, number, and shape of openings on the
buckling load performance of the toroidal shell with openings.
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Influence of opening parameters on buckling performance of opening toroidal shells
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Reinforcement design and buckling analysis of toroidal shell with openings Bo Zhao et al.

1 INTRODUCTION

Recent studies have demonstrated that the static stability of closed toroidal shells has several advantages over that
of cylindrical or hemispherical shells for underwater applications. Ross (2005, 2006) proposed a new conceptual design
for an underwater vehicle and station, using a toroidal shape for the main pressure hull having. It appears that the
buckling loads for toroidal shells with circular cross-sections are not as sensitive to initial geometry imperfections as they
are for cylindrical or hemispherical geometries (Btachut. J. and Jaiswal, O.R, 2000). Moreover, the toroidal structure is a
type of self-closing rotating shell. The absence of two end heads on the pressurized toroidal shell is conducive to the
internal layout, and is convenient for personnel movements. Therefore, it has been adopted as the main structure of
underwater space stations. The underwater space station model is shown in Figure 1.

Figurel. Conceptual model of an underwater space station.

To examine the buckling of toroidal shells, Fliigge and Sobel conducted buckling and stability analyses (Fliigge W,
Sobel LH. 1965, 1967). Wang (1999), Wang and Ren (1990) and Wang A, Zhang W. (1990) deduced the nonlinear
differential equations that control the buckling of a toroidal shell under a large deflection deformation state, and
provided an asymptotic solution of the nonlinear differential equation. Zhang (1944), Clark (1950), and Novozhilov (1951)
obtained an elastic asymptotic solution of pure toroidal shells under axisymmetric loading. Moreover, Maching (1963)
and Fliigge W, Sobel LH. (1965, 1967) investigated the buckling and stability of toroidal shells. Bushnell (1967) and
Jordan (2012) performed stability analyses of toroidal shells using the finite difference method (FDM) and finite element
method (FEM), respectively. Galletly (1995,1996) examined the stability of closed toroidal shells with circular and non-
circular cross-sections. Blachut (2003) experimentally compared the toroidal shell collapse pressures for different
materials, geometries, and manufacturing processes, confirming the findings with the numerical results. Jordan (1973)
conducted a stability analysis of the toroidal shells using the finite difference method (FDM), and presented a formula to
predict the critical pressure. Zhu et al. (2020a) compared and analyzed the buckling characteristics of toroidal shells by
numerical and experimental method. The nonlinear buckling numerical calculation of the toroidal shell was discussed in
detail, with thickness imperfection as the initial geometric imperfection.

Du et al. (2009) studied the static structural characteristics of a ring-stiffened toroidal shell using FEM and
membrane theory. Du et al. (2010) then investigated the nonlinear structural properties of a ring-stiffened toroidal shell
using the nonlinear FEM and verified the feasibility of the shell as a main pressure hull in underwater engineering.
Zou et al. (2012) calculated the stress of a ring-stiffened toroidal shell at two special positions on an internal and external
toroidal cycle. Additionally, Du et al.(2015) performed a steel welding ring-stiffened toroidal model experiment under
hydrostatic external pressure, obtained the static elastic stress state and collapse pressure of the model, compared the
findings with numerical results, and examined the buckling characteristics via nonlinear FEM. Zhu et al. (2020b) studied
different ribbed toroidal shells and concluded that discrete ribs were superior to continuous ribs, and that the overall
stability of ribbed toroidal shells was sensitive to rib type and section parameters.

However, while previous studies have focused on the theoretical solution and buckling analysis of toroidal shells, opening
problems have not been investigated. Openings are essential for some pressure shells, including for entrances and exits,
passageways and observation windows for underwater space station personnel. For toroidal shells with openings, large openings
are bound to reduce the buckling properties of the pressure shell. Therefore, it is of great practical significance to study the toroidal
shell with openings. Much research exists on the opening of spherical and cylindrical shells. Brunesi et al. (2018) ensured that the
computational model followed the current European shell buckling rules to study the effect of openings on the buckling strength
of cylindrical shells. Jullien JF and Limam A (1998) used experimental and numerical methods to study the stability of cylindrical
shells with openings, and the shape and size of the openings were parameterized. Christoforos etal. (2015) studied the
effectiveness of the GMNIA and MNA/LBA proposed in EN1993-1.6 (2007) for the design of steel shells, and evaluated an
MNA/GNA design method based on modified slenderness ratio proposed in the literature. Meanwhile, Christoforos et al. (2015)
studied the characteristics of non-reinforced and reinforced sections of opening cylindrical steel shell by numerical calculations,
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and conducted extensive numerical analysis to find an appropriate numerical prediction method. Tohid et al. (2015) used the rib
method to reduce the effect of openings on the structural capacity of cylindrical shells. Ma (2018) studied the design of
reinforcement of the spherical shell openings, and found that opening spherical shells with walls retain the original mechanical
properties of the complete spherical shell.

Based on the concept model of the underwater space station proposed by Ross (Ross, C. T. F, 2005, 2006), the wall
reinforcement design of a toroidal shell with openings was carried out, five 304 stainless steel test models were
manufactured, and geometric measurement and hydrostatic tests were carried out. Linear buckling analysis and
nonlinear analysis were performed using the finite element method. The test models were then analyzed and compared
with the numerical scanning model. The test results agreed well with the numerical results, and an effective finite
element method was obtained. Finally, 51 numerical simulations were established to study the influence of opening
parameters on the buckling performance of the toroidal shell with openings.

2. MANUFACTURING DETAILS

2.1 The structure of the toroidal shell with openings

According to conceptual models of underwater space stations, the opening of a toroidal shell is created on the inside of the
toroidal shell (Ross, C.T.F, 2005, 2016). The structures of toroidal shells with three and four openings are shown in Figure 2. R
represents the distance from the center of the circle to the rotating axis, r represents the radius of the mid-section circle, ¢
represents the normal axis of the rotating axis and the cross section, 6 represents the angle of rotation of the section circle along
the ring direction, t represents the thickness of the shell, to represents wall thickness, D represents the actual hole diameter, d
represents the diameter of the hatch, h; represents the height of the inner part of the wall and h; represents the height of the
outer part of the wall, p represents the percentage of opening, and p=D/ (2r) .

%

(a) (b)

Figure 2 The structure of the toroidal shell with openings: (a) the toroidal shell with three openings and (b) the toroidal
shell with four openings.

Taking into account the manufacturing conditions and test arrangements, the design of the wall reinforcement
toroidal shells with openings was carried out using the dimensions shown in Table 1.
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Table 1 The geometric parameters of toroidal shells with opennings.

Name Parameters
Distance from the center of the circle to the rotating axis (R) 65.5 (mm)
Radius of the mid-section circle (r) 30 (mm)
Thickness of the shell (t) 1.2 (mm)
Wall thickness (to) 1.5 (mm)
Actual hole diameter (D) 16,22 (mm)
Height of the inner part of the wall (h;) 15 (mm)
Height of the outer part of the wall (h2) 15 (mm)
Openings number (n) 3,4

2.2 Geometry and manufacturing process

The test models were manufactured according to the specific dimensions of the toroidal shell with openings in
Section 2.1. Firstly, the 304 stainless steel plate was laser cut and rolled, and the welding of the stainless steel 90° elbows
was completed. Then, laser cutting and opening were carried out inside of the 304 stainless steel elbows, and the
openings were sealed with the same material as the elbow and the same diameter as the opening with the cylindrical
pipe. Finally, four sealed 90° elbows were welded to complete the test model processing. The toroidal shells were not
stress-relieved because the thickness-to-diameter ratio was small. The five test models are shown in Figure 3.

(a) TS0 (b) TS3h-16 (c) TS3h-22 (d) TS4h-16 (e) TS4h-22

Figure 3 The test models of toroidal shell with openings; TS represents the toroidal shell, and 3h and 4h represent the openings
number of toroidal shell, respectively. 16 and 22 represent the actual hole diameter of toroidal shells.

3 PRE-TEST AND TEST DATA

3.1 Material properties

In the case of uniform external pressure, the buckling behaviors of toroidal shells are determined according to the
compression stress—strain behavior of the relevant material. However, in the case of thin-walled structures, it has been proven
that such behaviors are extremely difficult to determine. Therefore, the compression behavior of steel is assumed to be identical
to its tension behavior. This hypothesis has been frequently used to predict the buckling of various shells of revolution subjected
to external pressure (Ma et al. 2018; Zhu et al.2019). The five test models were all made of 304 austenitic stainless steel, and the
coupons were cut out in the same orientation as the test models. The flat tensile coupons were manufactured and tested
according to the Chinese Standard (GB/T228.1-2010), which is in accordance with 1ISO 6892-1:2009 (I1SO, 2009). The test coupons
are shown in Figure 4. The nominal wall thickness of the toroidal shell was 1.2 mm, so the nominal thickness of the coupon was
also 1.2 mm.

12.540.05
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5 4
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— N “~\
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Figure 4 Schematic diagram of the test coupon.
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Five samples were obtained for material parameter measurements. Before the test, the thickness and width of the
samples were measured, and the resulting cross-sectional area of the samples was calculated to obtain Young's modulus.
Strain measurements were made on specimens both laterally and longitudinally to verify the extensometer readings and
determine Poisson's ratio. An accurate stress-strain curve was obtained and expressed as:

o=Ee for o<o,, (1)

and

Ee
o=0—-1n for o<a,, (2)
O-S

where E is Young’s modulus, os is the yield strength based on 0.2% proof stress, and n and k are strain-hardening
parameters. Table 2 exhibits the measured and average values of the yield strength, Young’s modulus, and Poisson's
ratio. In this paper, all material properties were assigned based on the properties determined from material testing.

Table 2 Material properties of 304 stainless steel.

Sample 65 (MPa) E (GPa) v
14 322.8 199.6 0.295
2# 323.6 199.5 0.303
3# 320.8 200.4 0.301
44 327.6 201.5 0.298
5# 323.2 200.2 0.305

Average 323.60 200.24 0.300

3.2 Measurement and geometric analysis

In order to reflect the thickness parameters of the toroidal shells with openings, the thickness of the test models was
measured by ultrasonic thickness gauge. Each toroidal shell with openings had 96 measuring points; 8 points were measured
along the circular section (¢ direction), and 12 points (6 direction) along the circular direction, thickness measurement is shown
in Figure 5. The test results are shown in Table 2, and the thickness distribution along the circular section is shown in Figure 6.

Figure 5 Thickness measurement.
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Table 3. Thickness test results of the toroidal shell with openings (mm).

Sample tmin tay tmax tstd
TS-0 1.017 1.182 1.246 0.052
TS3h-16 1.012 1.210 1.355 0.052
TS3h-22 1.105 1.203 1.316 0.038
TS4h-16 1.108 1.205 1.301 0.040
TS4h-22 1.102 1.199 1.307 0.037

flmm]
f[mmy]

o) R o)

{a) TS-0 (b) TS3h-16

f[mm]
f[mm]
i |
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(¢) TS3h-22 (d) TS4h-16

]

o 457 00" 135° 180T 225°  270° 3I5° 360
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(e) TS4h-22

Figure 6. Test models thickness distribution.

Table 3 lists the minimum, average, maximum, and thickness standard deviations of the thickness of the five test
models. Figure 6 shows the thickness distribution of the five test models. It can be seen from Table 3 and Figure 6 that
the thickness variation rules of the five test models are similar, it appears that the inner side of the toroidal shell is thicker
than the outer side, which is consistent with the research in the literature (Zhu et al. 2020a). In the ¢ direction, the
average thickness errors of five test models are -1.5%, 0.83%, 0.25%, 0.42%, and -0.08%, respectively. Due to the grinding
and processing of the welds, the maximum and minimum values fluctuate to some extent, but the thickness variation of
the five test models shows good consistency, reflecting the reproducibility of the manufacturing.

Many studies (Tu et al. 2015) have proven that imperfections of geometric shapes will affect the stability of the shell. Before
conducting the hydrostatic test, the outer surface of each sample shell was accurately measured using a three-dimensional optical
scanner (Open Technologies; single scan range: 150 x 115 x 150 mm); scanner pixels: 200 M; accuracy: 0.02 mm). Before scanning,
the outer surface of each test model was sprayed with reflective reagents to avoid the reflection of light on the 304 stainless steel
surfaces. In addition, several marker points were pasted on the surfaces of the samples to facilitate the collection of the scanned
samples and complete the stitching of the pictures. The scanning process is depicted in Figure 7.

Latin American Journal of Solids and Structures, 2021, 18(4), e375 6/15



Reinforcement design and buckling analysis of toroidal shell with openings Bo Zhao et al.

Figure 7. Scan diagram of test models of toroidal shell with openings.

The fabrication deviations of the test models from perfect geometries were compared using GOM Inspect Suite 3D
measurement data analysis software. The comparative analysis results of the five test models are presented in Figure 8.
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Figure 8. Comparison of contours between scanned geometry and designed geometry.
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Figure 8 shows that the five manufactured test models manufactured have small deviations from the design model.
The five test models show great deviation in the reinforcement of the inner hole and the weld, and the inner and outer
surface of the elbows are in good agreement with the design model. Due to the limitations of processing conditions and
uncontrollable factors, the test models are slightly different from the design models but can still provide a reference for
the stability test of wall reinforcement for toroidal shells with openings.

3.3 Experimentation

Analysis of the wall thickness, shape, and material parameters showed that the test models were within the range
of controllable error, and the manufacturing process had good repeatability and consistency. After geometric
measurements, each test model was placed in a deep-sea pressure chamber, since the buoyancy of the toroidal shell
was greater than its own gravity, a net bag was used to wrap the sample with an iron block of appropriate weight in the
test and ensure that the iron block was underneath. The sample was suspended and completely immersed in a clean
water medium,and the loading device was a manual pressure pump. The preparation steps and procedures for the
hydrostatic test were described in detail in previous reports [Zhu et al ,2020a, 2020b; Ma et al. 2018a, 2018b; Zhu et al.
2019]. The pressure chamber is shown in Figure 9. The destruction of each toroidal shell with openings was accompanied
by a sharp drop in pressure and models were ballasted failure sound in the chamber. The damaged toroidal shell after
the experiment is shown in Figure 10, and the recorded pressure curves is shown in Figure 11.

L L

® @\\{
: \ 1 .

366006

(D Deep sea pressure chamber (® Half-ring-shaped cap

(@ Drainage valve (@ Analogue pressure gauge

@) Air cylinder Hand-operated pressure pump
@ Digital pressure gauge (@ Heavy stepped head

(® Intake valve @@ O-shaped rubber ring

Figure 9. Physical picture of pressure chamber

(a) Ts-0 (b) TS3h-16 (c) TS3h-22 (d) TS4h-16 (e) TS4h-22

Figure 10. Toroidal shells with openings after failure.

It can be seen from Figure 10 that all test models show a local dimple. However, the failure locations of the five test
models are slightly different. The failure locations of TS-0 and TS4h-16 are similar, and there are dimples on both sides
of the toroidal shell. The failure locations of TS3h-16, TS3h-22 and TS4h-22 are similar, and there is dimple on one side
and little change on the other side of the toroidal shell. The results show that the failure positions of the five models are
symmetric with respect to the center line of the model.
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nl — TS0

P,.,[Mpa]

1[s]

Figure 11. Hydrostatic pressure curves for the shell samples.

Figurell shows the variation trend of the test pressure curve. With the increase of time, the pressure curve increases first
and then decreases rapidly after reaching the critical pressure. At the beginning, with the increase of pressure, the toroidal shells
with openings does not change. It can be seen that the wall reinforcement design can compensate the buckling performance of
toroidal shells with openings to some extent when the diameter of the opening is small. When the openings number is 3 and 4,
the critical load decreases with the increase of the opening diameter. When the opening diameter is constant, the critical load of
toroidal shells with three openings is greater than that of toroidal shells with four openings.

4 RESULTS AND DISCUSSION

4.1 Comparison of experimental and numerical results

To investigate the influence of different opening parameters on the buckling performance of toroidal shells with
openings, finite element calculations were performed. The finite element model was established according to the real
geometric shape obtained by scanning. The material parameters were taken as the mean values in Table 2. Young’s
modulus: E = 200.24GPa; Poisson's ratio: v = 0.300; yield strength: o, =323.60MPa.

The scanning models were processed and imported into the commercial software ANSA to complete the grid generation.
The higher the mesh density is, the closer the finite element calculation result is to the real value. However, if the meshes are too
dense, the computing efficiency will be significantly reduced. Therefore, there is a trade-off between the accuracy of the
calculation results and calculation speeds. The mesh density convergence analysis shows that the size of the mesh should not be
greater than 0.5Jrt , and the size of the mesh should be less than or equal to 3 mm. As the toroidal shells have openings, a
combination of quadrilateral and triangular meshes was adopted, and the meshes were divided as shown in Figure 12. After
meshing was completed, it was imported into ABAQUS for finite element analysis. In theory, the toroidal shell with openings is
unconstrained under external pressure. To eliminate the rigid displacement of the model without hindering the relative
deformation, this study referred to the Chinese Classification Society’s constraint on the spherical shell (CCS 2013), as well as the
previous study’s (Btachut 2000) recommendations for the constraint position. Our study also adopted Blachut’s suggestion of
applying symmetric boundary conditions or antisymmetric boundary conditions to the analysis of symmetric structures, and
setting the four-point constraint mode with 90° symmetry.

53 S4

Ux=Uy=0 Ux=Uy=0

Us=Uz=0

(a) (b)

Figure 12. Meshing and boundary constraint mode of the numerical model: (a) three openings and (b) four openings.
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In finite element analysis, linear buckling analysis and nonlinear buckling analysis were used to predict the critical buckling
load of the toroidal shells. The linear buckling analysis did not consider the geometric imperfection and the material nonlinearity,
so the difference between the numerical calculated result and the actual value is very large. It is necessary to conduct nonlinear
buckling analysis using the Riks analysis method (Zhu et al. 2020a, 2020b). GMNA and GMNIA were performed for nonlinear
buckling analysis. In the analysis step, the initial arc length was 0.01 mm, the minimum arc length was 0.05 mm, the maximum arc
length was 0.5 mm, and the total arc length iteration steps was 200. The first-order mode of linear buckling analysis was
introduced into the nonlinear buckling analysis, and the geometric imperfection factor was added at the same time. According to
the measurement results of shell thickness, 20% of shell thickness was used as the geometric imperfection factor in this paper.
The numerical analysis results are shown in Table 4.

Table 4. Experimental (Pes:) and numerical (Pisa, Pomna, Pevinia) buckling loads of toroidal shells with openings. Pi: is the test value,
Piga is the linear buckling analysis value, Psuna is the geometrically and materially nonlinear buckling analysis value, Pevnia is the
geometrically and materially nonlinear analysis value with imperfections.S3 are triangular elements,S4 are quadrilateral elements.

Mesh Psmna Psmina

Sample 3 s Pisa [MPa] [MPa] [MPa] Pres: [MPa] Piest/Prea Prest/ Pamna Piest/ Pamina
TS-0 1930 18323 14.559 8.826 8.099 7.670 0.527 0.869 0.947
TS3h-16 2510 18200 14.523 8.029 7.924 7.346 0.506 0.915 0.927
TS3h-22 2354 18774 13.897 7.183 7.140 6.669 0.480 0.928 0.934
TS4h-16 2660 18674 14.442 7.468 7.343 6.787 0.470 0.909 0.913
TS4h-22 2336 18929 14.865 6.836 6.784 6.296 0.424 0.921 0.928

Table 4 shows the numerical buckling load of the scanning model and test results. The critical buckling load
corresponds to the pressure at the peak point of the equilibrium path curve. It can be seen from Table 4 that, when the
number of openings is constant, the critical buckling load decreases with the increase of the opening diameter. When
the opening diameter is constant, the critical buckling load of toroidal shells with three openings is greater than that of
toroidal shells with four openings. By comparing the numerical and experimental results of the five test models, GMNIA
analysis results are the closest to the experimental value, with a maximum difference of 8.7% (in the model TS4h-16),
while LBA and GMNIA analysis results are significantly different from the experimental results, with a maximum
difference of 57.6% (in the model TS4h-22). The calculated results based on GMNIA analysis method are in good
agreement with the experimental results. The equilibrium paths of five toroidal shell scanning models were very similar.
The curve and buckling and post-buckling instability modes of TS4h-16 are shown in Figure 13.

—— TS4h-16

S, Mises
+5.200e+02

Po/Po

0 1 I 1 1 1
Ut

Figure 13. Equilibrium path, critical buckling mode, and post-buckling mode for TS4h-16, P/P, is the ratio of the applied external
load to the initial load (Po = 1 MPa), Unax/t is the ratio of the maximum deformation Unmax to the nominal shell thickness t.

It can be seen from Figure 13 that, with the increase of deformation, the applied pressure increases monotonically
at first and decreases significantly after reaching the critical value. The post-buckling modes of the five scanning models
are shown in Figure 14. It can be seen from the figure that the post-buckling modes are all in the form of a local
depression. Except TS4h-16, the buckling positions and failure modes of the other four scanning models are consistent
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with the test failure modes in Figure 10. The failure location of the TS4h-16 is that there are dimples on both sides of the
toroidal shell, which may be caused by a manufacturing imperfections.

00000

(a) Tsh-0 (b) TS3h-16 (c) TS3h-22 (d) TS4h-16 (e) TS4h-22

Figure 14. Post-buckling mode of the scanning models.

4.2 Effect of opening parameters on buckling characteristics of toroidal shell

This section mainly discusses the influence of the number, size, and shape of openings on the buckling
characteristics of toroidal shells. The equal area was adopted to design the shape of the opening, including circular and
oval shapes. The design ensured that zD* / 4 = zab . According to the experimental and numerical results in Section 4.1,
the GMNIA method was used to predict the buckling characteristics of the toroidal shell with openings more accurately.
In this section, the number of openings was 0, 1, 2, 3, 4, 5, the diameter of the openings was 10, 16, 22, 32, and 40, and
the shapes of the openings were circular and oval, respectively. A total of 51 finite element models were established.
The analysis method is described in Section 4.1, and the numerical analysis results are shown in Table 5.

Table 5. Numerical analysis results, p is the percentage of opening, and p=D/(2r).

Opening Circle Oval
number Model D P Pana Model 2a,2b P Pennna
n [mm] [MPa] [mm] [MPa]
0 1 0 0 8.77394 - - - -
2 10 0.167 8.77643 27 12,83 0.167 8.5625
3 16 0.267 8.76892 28 18,14.1 0.267 8.4215
1 4 22 0.367 8.72202 29 24,20.1 0.367 8.371
5 32 0.533 8.28126 30 34, 30.1 0.533 8.0521
6 40 0.667 7.35263 31 42,38.1 0.667 7.125
7 10 0.167 8.77535 32 12,83 0.167 8.536
8 16 0.267 8.75675 33 18,14.1 0.267 8.4652
2 9 22 0.367 8.65216 34 24,20.1 0.367 8.2515
10 32 0.533 7.97358 35 34,30.1 0.533 7.6352
11 40 0.667 6.99208 36 42,38.1 0.667 6.6521
12 10 0.167 8.77914 37 12,83 0.167 8.55212
13 16 0.267 8.77568 38 18,14.1 0.267 8.5425
3 14 22 0.367 8.74895 39 24,20.1 0.367 8.4615
15 32 0.533 8.2068 40 34,30.1 0.533 8.0251
16 40 0.667 7.3215 41 42,38.1 0.667 7.3215
17 10 0.167 8.77612 42 12,83 0.167 8.5021
18 16 0.267 8.77322 43 18, 14.1 0.267 8.4824
4 19 22 0.367 8.7244 44 24,20.1 0.367 8.1526
20 32 0.533 8.06464 45 34,30.1 0.533 7.7683
21 40 0.667 7.2455 46 42,38.1 0.667 6.9522
22 10 0.167 8.78185 47 12,83 0.167 8.5512
23 16 0.267 8.76762 48 18, 14.1 0.267 8.5221
5 24 22 0.367 8.45125 49 24,20.1 0.367 8.2554
25 32 0.533 8.1023 50 34,30.1 0.533 7.9625
26 40 0.667 7.2815 51 42,38.1 0.667 7.0254
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Figure 15 shows the effect of different opening shapes on the buckling performance of toroidal shells with openings.
Under the conditions of the same area and number of openings, the critical buckling load of toroidal shells with circular
openings is at least 2% higher than that of toroidal shells with oval openings. Therefore, in consideration of practical
engineering applications and machining, circular openings should be given priority.

9.0

@
3
T

@
S
T

P GrgvaMPa]

=
o
T

—=— ]h-circular
—e— 2h-circular

3h-circular
7.0 - —w— 4h-circular
—— Sh-circular

6.5 1 1 1 1 1
10 16 22 32 40

Opening diameter[mm]

Figure 15. Effect of opening shape on buckling load of toroidal shells, under 1-5 holes and circular and oval shapes.

The effect of different opening sizes on the buckling performance of the toroidal shell with openings is presented in
Figure 16. When the number of openings is constant, the critical buckling load of the toroidal shell decreases with the
increase of opening diameter. The decreasing trend is very significant when d > 22mm ( p > 0.367). For the toroidal shell
with large openings, the effect of the wall reinforcement is not ideal, so an improved reinforcement method should be
explored to improve the buckling performance of the toroidal shell ( »>0.367).
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Figure 16. Effect of opening diameter on buckling load of toroidal shells, under 1-5 holes and circular shapes.

The effect of different numbers of openings on the buckling performance of the toroidal shell with openings is shown in
Figure 17. When d > 22mm ( p > 0.367 ),the opening diameter is constant, the number of openings also has a greater influence
on the buckling performance of the toroidal shell. When the number of openings is odd (n=1, 3, 5), the buckling performance of
toroidal shell is better than that of even number of openings (n = 2, 4). In the case of multiple openings, the buckling performance
of toroidal shell with openings is the worst when n = 2. When n = 3, the toroidal shells with openings have the optimal buckling
performance. This is because the buckling instability of the toroidal shell presents a rotational symmetric mode. When n = 2, the
positions of the opening are selected on the symmetry axis of the toroidal shell, so buckling instability is likely to occur from the
position of the symmetry axis. When n = 3, the three openings of the toroidal shell show the position relation of a triangle,
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demonstrating its stable performance. Therefore, in practical engineering applications, an odd number of toroidal shell openings
is preferred to provide better buckling performance.
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Figure 17. Effect of opening number on buckling load of toroidal shells.

5 CONCLUSIONS

In this paper, the design of toroidal shells with openings with wall reinforcement was studied, and the influence of
openings on the buckling characteristics of toroidal shells was analyzed through numerical and experimental methods.
The main conclusions are as follows:

(1) For toroidal shells with small openings ( p>0.367), the performance of the wall reinforcement toroidal shell with
an opening could maintain good consistency with that of the complete toroidal shell in every aspect, and the
mechanical properties of the complete toroidal shell were retained. This proved the feasibility of reinforcing the
toroidal shells with openings by wall reinforcement.

(2) After the material parameters, real profile and thickness parameters of the test models were obtained, and the
critical buckling pressure of the toroidal shell with openings was determined through numerical analysis with LBA,
GMNA, and GMNIA. The numerical analysis results obtained by the GMNIA were in good agreement with the test
results, which also showed that the method of introducing equivalent geometric imperfection was effective and
feasible.

(3) The opening parameters have a certain influence on the buckling characteristics of the toroidal shell with openings.
With the increase of the opening diameter, the buckling load of the toroidal shell tended to decrease rapidly. When
the opening diameter was constant, the buckling performances of the toroidal shell with n =1, 3 and 5 were better
than those with n = 2 and 4. When n = 2, the buckling performance was the worst.

(4) The effect of circular and oval openings on the buckling characteristics of toroidal shells was studied. The results
showed that when the shape of the opening was circular or oval, the influence of opening parameters on the
buckling characteristics of the toroidal shell were in good agreement. However, the buckling load of the toroidal
shell with circular openings was at least 2% higher than that of the toroidal shell with oval openings. Considering
the actual processing conditions, it was also more economical and convenient to choose the circular opening.
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Notation

In this paper, subscripts are used to identify quantities pertinent to a specific toroidal shell with openings.
R - Distance from the center of the circle to the rotating axis

r - Radius of the mid-section circle

@ - Normal axis of the rotating axis and the cross-section

¥ -Angle of rotation of the section circle along the ring direction
t -Thickness of the shell

to - Wall thickness

d - The diameter of the hatch

D - Actual hole diameter

h; - Height of the lower part of the wall

h; -Height of the upper part of the wall

E - Elastic modulus

v - Poisson's ratio

p - Percentage of opening

a - Major axis radius of the oval

b - Minor axis radius of the oval

n - The number of openings

LBA -Linear buckling analysis

GMNA - Geometrically and materially nonlinear analysis

GMINA - Geometrically and materially nonlinear analysis with imperfections
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