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Abstract

Comprehensive consideration regarding influence mechanisms of initial imperfections on ultimate strength of spherical shells is taken to
satisfy requirement of deep-sea structural design. The feasibility of innovative numerical procedure that combines welding simulation and non-
linear buckling analysis is verified by a good agreement to experimental and theoretical results. Spherical shells with a series of wall thicknesses
to radius ratios are studied. Residual stress and deformations from welding process are investigated separately. Variant influence mechanisms are
discovered. Residual stress is demonstrated to be influential to stress field and buckling behavior but not to the ultimate strength. Deformations
are proved to have a significant impact on ultimate strength. When central angles are less than critical value, concave magnitudes reduce ultimate
strengths linearly. However, deformations with central angles above critical value are of much greater harm. Less imperfection susceptibility is
found in spherical shells with larger wall thicknesses to radius ratios.
Copyright © 2017 Society of Naval Architects of Korea. Production and hosting by Elsevier B.V. This is an open access article under the
CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Deep-sea submersibles are essential to ocean resource
development, where spherical shells have been widely utilized
because they are able to bear less stress than other structures
under the same external pressure (Yu et al., 2004). Various
imperfections are generated when manufacturing spherical
shells, which can have great impact on spherical shells' ulti-
mate strength. Specifically, residual stress and deformations
can be introduced during welding process because of incom-
plete expansion caused by large temperature gradient. The
residual stress is significantly concentrated in the girth welding
zone and circumferentially concave deformation is generated
(Tian et al., 1996; Lee and Chang, 2013), but research on their
influence on ultimate strength is still incomprehensive.

Theories estimating ultimate strength of spherical shells
have been widely established. On the one hand, elastic buck-
ling theory has been studied by Zoelly (1915) for spherical
shells under external pressure. It is considered as the limitation
of structural stability and can be expressed by Eq. (1),

Pe ¼ 2E
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
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where E is Young's Modulus, n is Poisson Ratio, t is wall-
thickness, R is radius of shell middle plane. On the other
hand, the ultimate strength of spherical shells is regarded as
the largest external pressure that leads to material yielding,
which can be expressed by Eq. (2),

Py ¼ 2ss

t

R
ð2Þ

where ss is yield stress of material. Spherical shells must not
bear external pressure greater than either Pe or Py to avoid
collapse. The Pe disregards material yielding and presents load
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carrying capacity of perfect spherical shells, which is a
structure stability problem. On the contrary, Py considers it as
the max load carrying capacity that its material reaches
yielding stress. These two theories are helpful to predict which
kind of collapse patterns will happen given t/R ratios. For Pe,
the t/R ratio is squared in the equation, so its output is lower
and dominant when the ratio is less than certain boundary (Pan
and Cui, 2010). The boundary can be easily obtained by
equaling Eqs. (1) and (2), which is B ¼ 9.48 � 10�3 according
to the material properties in this paper. In the range above B,
also the range of most deep-sea submersibles, spherical shells
collapse primarily because material yields and the collapse
pattern is usually local concave, which has been verified by
experiments conducted by Zheng et al. (1986) and Pan et al.
(2012). Both theories are returning higher results because of
missing consideration of various imperfections in reality. In
order to obtain applicable solutions, imperfections of spherical
shells should be sufficiently considered.

Equations adopted by most submersible design rules are
generally based on experimental results. One of the most
famous experiments was conducted by Krenzke and Kiernan
(1963) in David Taylor Model Basin, where a profound
empirical formula was established following theory of Gerard
(1957) with a coefficient taking all manufacturing errors into
account. Theories and experiments of Zheng et al. (1986) have
also demonstrated that axially symmetrical imperfection can
influence collapse patterns. Wunderlich and Albertin (2002)

collected available experimental results and noted that less
deformations and residual stresses are generated after pro-
duction process when aluminum rather than steel is chosen to
be material of spherical shells. Pan et al. (2012), who have
tested four spherical shells made of titanium alloy, provided
further evidences showing that material mechanical properties
have significant effects on collapse form. Influence from initial
imperfections are considered in the form of safety factors and
coefficients by most design rules and equations. According to
Pan and Cui (2011), designed wall-thicknesses that are
required by various design rules are much larger than actually
needed based on external pressure exerted. Unnecessary
redundancy of wall thickness can sometimes be adverse, such
as reducing working space and increasing submersible weight.
The safety factors or coefficients can only offer an overall
estimation for all kinds of imperfections instead of specific
welding deformations. Particular reduction from each kind of
imperfections remains unknown.

Except for experimental tools, the Finite Element Method
(FEM) has been applied to predict ultimate strength of
spherical shells. Lu et al. (2004) have worked out ultimate
strength of spherical shells with and without initial deflections
in satisfactory accuracy. Calculations of Wang et al. (2005)
demonstrated that ultimate strength is at the lowest stage
when imperfection range equals to the critical arc-length,
coinciding with the theory of Zheng et al. (1986). Wang
et al. (2007) researched the influence of imperfections on
spherical shells of different target depths and Pan and Cui
(2010) have calculated ultimate strength of perfect spherical
shells as a comparison to the theory. The results of finite
element methods have been proved accurate and eligible to
analyze related issues. However, researches above did not
focus on particular deformations from welding process. Most
initial deformations are introduced from elastic buckling
modes multiplied by factors, which is appropriate but lack of
exactness. Specific deformation from welding process is not
fully examined and influence from welding residual stress is
absent in most former research. It is still hard to understand
the influence mechanism of welding imperfections.

In this context, a comprehensive consideration regarding
particular imperfections caused by welding process should be
taken to veritably evaluate its damage, which requires study on
both residual stress and deformations. This paper is to obtain
clearer and deeper understandings of influence mechanisms of
initial imperfection and provide estimation on reduction in
ultimate strength with two kinds of imperfections being
studied separately. On the one hand, welding process is
simulated by a moving heat source to obtain fields of tem-
perature and residual stress by direct thermal-mechanical
coupling. Then elastic buckling and non-linear buckling are
combined together to compute ultimate strength of spherical
shells with and without residual stress. Remarkable changes in
stress conditions and collapse patterns of spherical shells are
discovered. On the other hand, circumferentially concave de-
formations along the welding path is modeled and two inde-
pendent parameters, central angle of concave zone a and the
concave magnitude d, determining the deformation are

Nomenclature

Pe Ultimate strength of spherical shells based on
structure stability

Py Ultimate strength of spherical shells based on
material yielding

Pc Ultimate strength of spherical shells without
welding imperfections

Pcr Ultimate strength of spherical shells with
welding imperfections

B Ratio boundary of two collapse modes (Pe or Py)
t Wall-thickness of spherical shells
u Initial deflection factor
ui Initial deflection factor for elastic buckling

mode i
a Central angle of welding deformation
d Concave magnitude of welding deformation
E Young's modulus
n Poisson's ratio
ss Yield stress
Ts Solidus temperature
Tl Liquidus temperatures
l Latent heat
ε Emissivity
R Radius of middle planes
Ri Radius of inside planes
Ro Radius of outside planes
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analyzed, which generate more significant reductions in ulti-
mate strength than residual stress.

2. Finite element modeling

Complete spherical shells are modeled in this paper. Two
parameters are necessary to describe a spherical shell as shown
in Fig. 1. The radius of inside plane designated as Ri is con-
stant 500 mm and the wall-thickness t is set to be variable to
get different t/R ratios. In practical terms, t/R ratios of most
submersibles are under 0.10 (Pan and Cui, 2011) and in order
to have an in-depth study, the research range of the ratio is
selected to be from 0.01 to 0.10. The radiuses of middle and
outside planes are designated as R and Ro, respectively.

The complete spherical shell is usually welded of two same
hemispherical shells. The simulated welding process is girth
welding along the horizontal equator as shown in Fig. 1.
Accordingly, direction parallel to the welding path is named as
latitude, and direction perpendicular to the welding path is
named as longitude. The material of spherical shells is tita-
nium alloy TC4 (Ti-6Al-4V), whose mechanical properties
and constant thermal properties are listed in Table 1. Since
large temperature range can be created in the welding process,
temperature-dependent thermodynamic properties are neces-
sary in the simulation, which are illustrated in Fig. 2 (Shanghai
Iron and Steel Institute, 1984; Zhang et al., 2008). Commercial
FEM software ABAQUS is employed to carry out the finite
element analysis in this paper.

2.1. Influence of residual stress

For influence of residual stress, the numerical analysis
contains welding simulation and ultimate strength calculation.
Welding simulation is carried out by direct thermal-
mechanical coupling. A circumferentially moving heat
source along the equator is employed to simulate the welding
torch, which is performed by Gauss heat source model in the
speed of 10 mm/s in the middle planes of spherical shells. The
wall-thicknesses of spherical shells differ greatly, ranging

from 5 mm to 50 mm. Welding on spherical shells of different
wall thicknesses needs variant scale of heat input, so it is
inappropriate to unify its magnitude for all spherical shells
with different t/R ratios. Therefore, the temperature of weld-
ing molten pools is confined slightly above 2000 �C during
welding by adjusting the heat input separately as is performed
by Song et al. (2015). After welding process, sufficient time
(7200 s) is provided in order to cool it down to room tem-
perature (20 �C). There is no other boundary condition except
for this predefined temperature field. The transient coupled
temp-displacement procedure is used to work out temperature
and stress distribution during welding process, using an
8-nodes thermally coupled brick, trilinear displacement and
temperature element (C3D8T in ABAQUS). General mesh
scheme is illustrated in Fig. 3. In order to finish the analysis in
acceptable time, the approximate mesh size in latitude and
longitude is 30 mm in the welding zone with decreasing
density in distant regions. The size in thickness is approxi-
mately half of the wall thicknesses. Residual stress field of
welding simulation is introduced into ultimate strength anal-
ysis by setting up initial field condition. The ultimate strength
analysis contains elastic buckling analysis and non-linear
buckling analysis, using an 8-node linear brick, reduced
integration, hourglass control element (C3D8R in ABAQUS).
The elastic buckling modes are assumed to be the initial
deflection of the structure (Paik et al., 2008) to generally
simulate all initial imperfections except for residual stress.
The first mode is usually selected to be initial deflection.Fig. 1. Geometric sizes of spherical shells.

Table 1

Mechanical properties and constant thermal properties.

Property Notation Value

Young's modulus E 110 GPa

Poisson's ratio n 0.3

Yield stress ss 860 MPa

Solidus temperature Ts 1605 �C
Liquidus temperatures Tl 1650 �C
Latent heat l 393,261 J kg�1

Emissivity ε 0.4

Fig. 2. Temperature-dependent thermal properties.
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However, to take a comprehensive consideration of the other
initial deflections caused by non-welding process, first five
elastic buckling modes are calculated and introduced into the
next step, the non-linear buckling analysis in this paper. Ac-
cording to experimental results of shell 1#, 2# and 3# (Pan
et al., 2012), the average ratio of thickness error Dt to
average thickness t is approximately 0.045. It is assumed that
the max initial deflection u ¼ u1 þ u2þ … þu5 equals to
±0.02t, and max magnitude of initial deflection of each mode
ui decreases from mode one to mode five. It can be computed
by Eq. (1) to give higher priority to lower elastic buckling
modes:

ui ¼ 0:01$t

2i�1
ð3Þ

where i is the mode number. In the non-linear buckling anal-
ysis, arc-length method is employed to work out the ultimate
strength of spherical shells under uniform external pressure.
Because complete spherical shells are modeled, the boundary
condition is fixed displacement of one point in outside plane to
ensure convergence. The reference force is set to be uniform
external pressure and the magnitude is 100 MPa, max arc-
length increment is 2 � 10�2 and min arc-length increment
is 1 � 10�5. Maximum number of increments is set to be 100,
which is enough for all t/R ratios.

2.2. Influence of welding deformation

For girth welding, typical deformation is circumferentially
concave along the weld path (Tian et al., 1996; Lee and
Chang, 2013) as shown in Fig. 4. In this paper, the circum-
ferentially concave imperfections are determined by two pa-
rameters, the central angle of concave zone a and the concave
magnitude d. The later parameter is researched in the form of
d/t ratios. The welding deformations are introduced at the
initial geometric modeling, and the general mesh scheme is
shown in Fig. 5. Approximate mesh size in latitude and
longitude is 30 mm, and the size in thickness is approximately
half of the wall thicknesses. Similar ultimate strength analysis
containing elastic buckling analysis and non-linear buckling
analysis is performed.

2.3. Verification

In order to verify the accuracy of ultimate strength analysis
in this paper, experimental results of 1#, 2# and 3# models
from Pan et al. (2012) and MT-1 model from Yokota and
Murata (1986), as Lu et al. (2004) presents, are compared
with FEM results and detailed information of tested models is
illustrated in Table 2. In addition to experimental results,
theory established by Krenzke and Kiernan (1963), which has
been calculated by Lu et al. (2004) as Pan et al. (2012) pre-
sents, is also compared with FEM results to prove its

Fig. 3. General mesh scheme for Part I finite element modeling.

Fig. 4. Deformation due to welding process.
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reliability as shown in Fig. 6. The analysis method can provide
satisfactory accuracy and is eligible to be utilized in subse-
quent study.

3. Results and discussion

3.1. Influence mechanism of residual stress on ultimate
state

Ultimate strength of ten spherical shells of t/Ri ratios
ranging from 0.01 to 0.10 with and without residual stress can
be calculated following the analysis method stated above, and
spherical shell of t/Ri ¼ 0.06 is selected to exemplify the
simulation of welding process and external pressure test.
Specific temperature distribution perpendicular to welding

path is shown in Fig. 7, where temperature in outside and
inside planes are significantly lower than the middle plane and
large temperature gradient can be found near the welding path.
Great welding thermal stress is generated due to hindered
expansion and mutual constraint, causing plastic strain and
leaving residual stress after cool-down as shown in Fig. 8.
Detailed von Mises stress distribution in outside, middle and
inside planes is presented in Fig. 9. It is noticeable that region
bearing high stress is much larger than that bearing high
temperature during welding process. After cool-down, mate-
rial beside the welding path is still in high stress and part of it
yields. Similarly, huge gradient of stress field also appears near
the welding path, where stress in outside and inside planes is
greater than that in middle plane. The residual stress field
showing in the (b) of Fig. 8 is introduced into subsequent
ultimate strength analysis.

Von Mises stress fields of non-linear buckling analysis are
shown in Figs. 10 and 11 for spherical shells without and with
residual stress, respectively. Only part of the shell yields at
first and then gradually spread to local inelastic buckling.
Significant discrepancy can be found in stress fields of
reaching ultimate strength in Figs. 10 and 11. In the spherical
shells with residual stress, regions under high stress are much
larger and concentrate along the sides of welding path before

Fig. 5. General mesh scheme for Part II finite element modeling.

Table 2

Parameters of tested model.

Test model 1# 2# 3# MT-1

Inner radius (mm) 250 250 250 234

Average t of north hemisphere (mm) 8.3671 9.5916 9.7373 16.00

Average t of south hemisphere (mm) 8.4849 9.5824 9.5827

Material TC4 TC4 Ti80 TC4

Test collapse pressure (MPa) 56.00 58.29 57.80 123.00

Fig. 6. Accuracy verification of analysis method.

Fig. 7. Temperature distribution of outside, middle and inside planes during

welding process (t/Ri ¼ 0.06).
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and after collapse. Consequently, local inelastic buckling also
appears near the welding path. The stress condition of the
whole shell is obviously worse when attached with residual
stress, substantially all of the shell is under high stress. Hence,
fields of stress along longitude in outside, middle and inside
planes should be investigated. As shown in Fig. 12, consid-
erable gradient exists with large concentrated tensile stress
being offset by extensive compressive stress, where both kinds
of stress reach their maximum in the vicinity of welding path.

The concentration of residual stress promotes propagation
of cracks near the path and therefore reduces fatigue strength
(Bian et al., 2011), which is particularly hazardous if the

spherical shell needs to perform tasks frequently. Addition-
ally, compressive stress from external pressure can overlap on
residual stress. Residual tensile stress can offset outside
compressive stress, but area with residual compressive stress
will bear higher compressive stress than other areas. As a
result, regions under higher compressive stress increase and
continue gathering beside the welding path when external
pressure increases, as shown in the (b) of Fig. 13. With
external pressure reaching collapse pressure, yielding regions
can no longer provide support and therefore leave more load
to adjacent zone, which is also about to yield. Local material
yielding spreads and finally develops into local inelastic
buckling, as shown in (c) of Fig. 13. The local inelastic
buckling locates in the high compressive stress zone, which
further verifies that the residual compressive stress has strong
influence on the spherical shell's non-linear buckling
behavior.

FEM results of ultimate strength of spherical shells with
residual stress (Pcr) and without residual stress (Pc) are listed
in Table 3. Even though residual stress is influential to the non-
linear buckling behavior of spherical shells, little difference in
ultimate strength of spherical shells with and without residual
stress can be found. The Pcr/Pc ratio of each spherical shell is
chosen to evaluate strength reduction and its relationship to t/R
is shown in Fig. 14. In general, all ratios are above 96.75%,
demonstrating minor effect of residual stress on ultimate
strength. Eliminating the first scatter (t/Ri ¼ 0.01), a pattern
that influence of residual stress reduces along the increment of
t/R ratio can be found. For the first scatter, the difference can
be explained by the negligible variance between t/R ¼ 0.01

Fig. 8. Von Mises stress field (t/Ri ¼ 0.06).

Fig. 9. Von Mises stress distribution of outside, middle and inside planes after

cool-down (t/Ri ¼ 0.06).

Fig. 10. Von Mises stress field of the spherical shell without welding residual stress (t/Ri ¼ 0.06).
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and B ¼ 0.00948. It should be recognized that the B is not a
strict boundary and only provides with a prediction out of two
collapse patterns, collapse caused by losing structure stability
and collapse caused by material yielding. The variance is so
small that the limitation of structural stability Pe still works in
a way. Therefore the t/R ¼ 0.01 spherical shell might lose its
structure stability before its material yields in some cases. The
residual stress in thin spherical shells has less effect because it
is losing stability rather than high stress that results in
collapse. Similar situations can be found in other structures,
Grondin et al. (1999) concluded that residual stress becomes
less effective in reducing ultimate strength when overall

buckling occurs for stiffened plates as Tekgoz et al. (2015)
presents.

To sum up, residual stress is not the main factor influencing
ultimate strength of spherical shells but it can reduce spherical
shells' fatigue strength and affect its buckling behaviors. It
worsens stress field of shells and makes more regions near
welding path bear high compressive stress when overlapped
with stress from external pressure. The noticeable influence is
that worse stress field, especially in the sides of welding path,
can be destructive when combined with other influential fac-
tors. Considerable attention should still be given to residual
stress for the reason that more severe reduction is expected as
it is always companied by welding deformations.

3.2. Welding deformation and its influence

Calculated t/Ri ratios are 0.01, 0.03, 0.05, 0.07 and 0.09.
The research ranges of two parameters are 5.0, 7.5, 10.0, 12.5
for a (degree measure) and 0.04, 0.08, 0.12, 0.16 for d/t,
respectively. The t/Ri ¼ 0.05 spherical shells are selected to
present details. In the FEM modeling, mainly two kinds of
buckling behaviors are found as shown in Fig. 15. The ma-
jority is overall collapse in welding path as shown in (a) where
material in the whole welding zone reaches its yielding stress
and spreads to the sides, leading to the final collapse with a
very wide range of yielding. The minor kind is shown in (b),
which is still local collapse as most of spherical shells without
welding deformations. Though specific collapse patterns vary,
both of them are caused by material yielding and relative to
the circumferentially concave deformation. A total of 80 FEM
models are calculated and the results are listed in Table 4.

Fig. 12. Introduced longitude residual stress of outside, middle and inside

planes (t/Ri ¼ 0.06).

Fig. 11. Von Mises stress field of the spherical shell with welding residual stress (t/Ri ¼ 0.06).

Fig. 13. Longitude stress field (t/Ri ¼ 0.06).
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Increment in either a or d/t can decrease ultimate strength
of spherical shells. The concave magnitudes d and central
angles a work differently in reducing ultimate strength. For
the spherical shells with same a as shown in Fig. 16, most Pcr /
Pc decreases along the increment of d/t in each set of t/Ri in an
approximately linear way. For small t/Ri ratios (0.01 and 0.03),
it should be recognized that the curves of a ¼ 5.0, a ¼ 7.5 and
a ¼ 10.0 stay closer to each other than the curve of a ¼ 12.5,
especially when t/Ri ratio is smaller. The isolation of a ¼ 12.5
curve indicates that a significant strength reduction is

produced by increment in central angle ranging from 10.0 to
12.5. For the spherical shells with same d/t as shown in
Fig. 17, the reductions of ultimate strength vary along the
increment of a and show no clear pattern when a is less than
or equal to 10.0. Strength reductions along increment of
central angles a are not as prominent as reductions along
increment of concave magnitudes d when a � 10.0. The
gradient is more apparent when a reaches 12.5, which is
another expression of the isolation in Fig. 16, signifying the
existence of larger reduction between a ¼ 10.0 and 12.5.

The strength reduction is also highly dependent on t/R ra-
tios. Values of the Pcr/Pc generally get higher as t/R increases,
illustrating that strength reductions are weakened by higher t/R
ratio and that thinner spherical shells are typically more
imperfection susceptible than thicker spherical shells. For t/
Ri ¼ 0.01, when central angles a and concave magnitudes
d are tiny, the decrements are not dramatic, the ultimate
strength is barely influenced by them when a is less than or

Fig. 15. Different collapse patterns caused by welding deformation (t/Ri ¼ 0.05).

Table 4

Ultimate strength of spherical shells with different welding deformations

(MPa).

t/Ri d/t a

5 7.5 10 12.5

0.01 0.04 10.44 10.30 10.47 4.47

0.08 10.38 10.32 10.40 4.45

0.12 10.32 10.33 10.41 4.44

0.16 10.29 10.35 10.42 4.42

0.03 0.04 47.19 47.16 47.44 27.84

0.08 44.12 44.07 44.64 26.98

0.12 41.55 41.42 42.07 27.71

0.16 39.21 38.89 39.69 26.54

0.05 0.04 78.58 77.52 69.52 64.95

0.08 76.07 73.00 64.94 72.67

0.12 72.81 72.15 62.77 64.72

0.16 69.82 64.67 57.64 61.09

0.07 0.04 113.80 112.71 115.37 104.52

0.08 110.32 108.40 112.28 88.37

0.12 107.52 100.20 108.79 93.71

0.16 103.42 100.20 105.79 88.37

0.09 0.04 148.79 148.83 147.72 147.32

0.08 142.98 140.66 144.53 134.55

0.12 139.55 136.22 140.90 127.95

0.16 136.09 131.86 137.44 122.07

Table 3

Ultimate strength of spherical shells with and without residual stress.

t/Ri t/R Pc (MPa) Pcr (MPa)

0.01 0.0100 10.08 10.07

0.02 0.0198 32.43 31.42

0.03 0.0296 50.15 48.82

0.04 0.0392 67.08 65.14

0.05 0.0488 83.41 82.13

0.06 0.0583 100.07 98.59

0.07 0.0676 116.61 114.59

0.08 0.0769 132.88 131.07

0.09 0.0861 148.84 148.84

0.10 0.0952 164.93 164.74

Fig. 14. Decrement in ultimate strength caused by welding residual stress.
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equal to 10.0. Once a reaches 12.5, ultimate strength
dramatically decrease by nearly 55%. For t/Ri ¼ 0.03, 0.05 and
0.07, influence of concave magnitude d becomes increasingly
significant even when a is 5.0. Sudden reduction can still be
found when central angle a exceeds 10.0, but not as large as
when t/Ri ¼ 0.01. For all the t/Ri ratios above, ultimate
strength is not severely influenced no matter how much
concave magnitude is until central angle reaches certain value
that is greater than 10. Once the angle come up to that critical
value, ultimate strength decreases sharply. For t/Ri ¼ 0.09,
influence from both factors are much less even for spherical
shells with a ¼ 12.5 and the largest strength reduction is
smaller than 20%. High t/R ratios can markedly reduce the
influence from welding deformations.

The influence from welding deformations on ultimate
strength of spherical shells is more direct than residual stress.

Unlike the stress concentration caused by residual stress, the
stress concentration here is mainly caused by geometrical
change (circumferentially concave) from welding de-
formations. As is stated above, it is hazardous to have stress
concentrated beside the welding path for the reason that it can
reduce spherical shells' fatigue strength. Once welding de-
formations perform with residual stress, the region initially
attached with compressive stress is expected to bear higher
compressive stress, where yielding is going to happen earlier
than exerted by single factor. The influence of combination of
residual stress and deformation should be further researched.

4. Conclusions

According to FEM modeling results and analysis above,
some conclusions regarding influence of residual stress and

Fig. 16. Decrement in ultimate strength along the increment in d/t ratio under different t/Ri ratios.
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deformations on ultimate strength of spherical shells can be
made as follows.

The residual stress is not the main factor that causes
decrement in ultimate strength and not able to reduce load
carrying capacity of spherical shells significantly alone. The
max reduction in ultimate strength is less than 3.25%.
Generally, the influence of residual stress decreases along the
increment of t/R ratio. Considering high t/R ratios of most
submersibles (Pan and Cui, 2011), the single influence from
residual stress cannot severely influence ultimate strength. The
harm of residual stress is mainly aggravating spherical shells'
stress conditions, especially the vicinity of welding path. It can
promote material's yielding when external pressure is large
enough. The residual stress acts as a supporting role and is

expected to be more destructive when combined with welding
deformations.

For welding deformations described by central angle a and
concave magnitude d, more direct and significant reductions of
ultimate strength can be generated comparing to residual stress.
There is a critical value for central angle a for small t/R ratios,
which is suggested to be above 10 and below 12.5, where
average reductions are less than 10% and more than 30%,
respectively. For a given central angle a that is under the critical
value, the small concave magnitude d has limited damage to the
load carrying capacity of spherical shells. Its reduction is
approximately linear to its magnitude. Ultimate strengths are
not impacted markedly regardless of howmuch d is and no clear
relationship, between a and ultimate strength reduction, can be

Fig. 17. Decrement in ultimate strength along the increment in angle a under different t/Ri ratios.
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found. The max reduction of a � 10.0 is 31.04%, which is of
similar magnitude of average reduction of a¼ 12.5. However, if
central angle a exceeds the critical value, much serious strength
loss will be engendered, even when concave magnitude d is
small. It is therefore essential to control central angles of
welding deformations in manufactory. Both of residual stress
and welding deformations can lead to stress concentration be-
side the welding path, which is adverse to fatigue strength ac-
cording to research of Bian et al. (2011). Anyway, real effects of
combination of residual stress and deformations are not
researched in this paper and remain unknown.

Large t/R ratio is beneficial to weakening influences of both
residual stress and welding deformations regardless of other
factors, for example, the increasing weight. It can directly
enhance the ultimate strength of spherical shells and reduce
imperfection susceptibility simultaneously. The ultimate
strengths of higher t/R ratios will not decrease dramatically
between 10 and 12.5 of central angles, the critical value could
probably locate at higher degrees, which needs further
research. However, if imperfections, especially the central
angle a, could be strictly controlled, it is practicable to reduce
certain redundancy of ultimate strength in present design rules.
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