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a b s t r a c t

This paper reports on the experimental investigations on the failure modes of ring-stiffened cylinder
models subjected to external hydrostatic pressure. Nine models were welded from general structural
steel. The shells were initially formed by cold-rolling, and flat-bar ring frames were welded to the shell.
The hydrostatic pressure tests were conducted by using water as the medium in pressure chambers. The
details of the preparation and main test were briefly explained. The investigation identified the conse-
quence of the structural failure modes, including: shell yielding, local shell buckling between ring
stiffeners, overall buckling of the shell together with the stiffeners, and interactive buckling mode
combining local and overall buckling. In addition, the ultimate strengths were predicted by using existing
design codes. Non-linear numerical computations were also conducted by employing the actual
imperfection coordinates. Finally, accuracy and reliability of the predictions of design formulae and
numerical were substantiated with the test results.
© 2018 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/).

1. Introduction

In order to satisfy light weight requirements and structural ef-
ficiency, large cylindrical structures are reinforced by stiffeners,
such as rings (circumferentially) and/or stringers (axially). In ma-
rine structures, these stiffened cylindrical shells are frequently used
as load-carrying structures, such as pressure hulls of submarines,
and offshore platform columns. These structures are designed to
withstand external loads including hydrostatic pressure, axial
loadings, and torsion.

Early theoretical solutions for cylindrical shells with uniform
thickness, with simply supported boundary conditions, were pro-
vided by von Mises (1929), Windenburg and Trilling (1934), and
von Sanden and Gunther (1952). The expression is still widely used
as it is presented in a relatively simple form. The vonMises buckling
pressure has become a standard tool for designing pressure hull

shells between frames, providing an approximation of the elastic
interframe buckling pressures. For the overall buckling strength of
ring-stiffened cylindrical shells, Tokugawa (1929) and Bryant
(1954) proposed a ‘split-rigidity’ equation method in which the
formula for critical pressure consist of a shell term and a stiffener
term (ISSC, 2015). In the derivation, they assumed a half sine wave
between supports as the buckling deformation. The equation
shows that the principal of energy conservation can be achieved if
the buckling pressure of a simply supported ring-stiffened cylinder
is taken as the sum of the critical buckling pressures for ring stiff-
ener with associated shell plating and a cylindrical shell.

In the fabrication processes, the shell plating is firstly formed by
cold rolling to the required radius. The shell is then joined by lon-
gitudinal seam weld. The ring-stiffeners are then inserted into the
shell, comprising several sections of the structures. Finally, the
sections are assembled and rotated to avoid a continuous longitu-
dinal weld land. Because of these manufacturing processes, ring
stiffened cylinders are prone to have material and shape imper-
fections. The strength of ring-stiffened cylinders are sensitive to
these fabrication imperfections (Ross, 1990).

Review of all published test data on welded ring-stiffener
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cylinders is simply provided in the following section. However,
since the mid-1990s, there have been no reports on experimental
studies on welded steel ring-stiffened cylinder. This paper details
the hydrostatic pressure experiments on welded flat-bar ring-
stiffened cylinders. Some of the test model were partially reported
by Cerik and Cho (2013), Cerik et al. (2013), and Cho et al. (2017).
The failure modes of the tested models are described in detail: shell
yielding, local/interframe buckling, overall buckling, and interac-
tion of interframe-overall failure. Moreover, the ultimate structural
capacities of the models were predicted by the existing design
formulae and their adequacies were checked with the test results.

2. Hydrostatic pressure tests on welded steel ring-stiffened
cylinder

A summary of reports on hydrostatic tests on welded steel ring-
stiffened cylinders is given in Table 1. Experiments on welded steel
ring-stiffened cylinders under hydrostatic pressure have been
conducted since the early 1950s by Slankard and Nash (1953). They
performed a series of experiments at the David Taylor Model Basin
to investigate the elastic stability of the shell components of ring-
reinforced cylinders. Model BR-5, an externally flat-bar ring-stiff-
ened cylinder made from high tensile steel, was tested in an oil
pressure tank. The model failed with local buckling in adjacent
bays. The buckle configuration was 14 lobes. As was reported from
the experiment, after reaching the critical pressure, the number of
lobes increased, even without a further increase in pressure. Other
externally flat-bar ring-stiffened cylinder model tests were re-
ported by Kirstein and Slankard (1956). They reported on the dif-
ference in strength between identically shaped welded-and
machined-models: BR-4A (machined), and BR-4 (welded). A 30%
reduction in the collapse pressure for the weldedmodel was noted.
The lower collapse pressure was attributed to the manufacturing
shape imperfections and residual stresses.

More extensive testing was performed by Kendrick (1955, 1964,
1970) on 89 welded steel ring-stiffened cylinders to investigate
maximum collapse pressures on typical submarine pressure hulls.
He also derived the energy expressions and boundary conditions
for estimating the minimum tripping stress of the ring-stiffener.
The tested models had both internal-and external-frames, on
either the T-ring or the flat-bar ring frame, that resulted in local
buckling, overall buckling, or a combination of the two. Later, this
mode was called the interactive-failure mode (Graham, 2007).

Lunchick (1959) investigated the axisymmetric yield failure of
an externally flat-bar ring-stiffened cylinder. The results were
compared with classical theory from von Sanden and Gunther
(1952), Salerno and Pulos (1952), Hodge (1954). The model was
designed with heavier frames, with closer spacing, to encourage
yielding failure between the stiffeners, and showed good correla-
tion with the von Mises yield criterion.

Evaluation of the buckling theory with experimental data was
conducted by Reynolds (1960). According to the derived formula,
buckling pressure is a function of the geometric properties, the
secant and tangent moduli that govern the stressestrain of the
uniaxial compression test of shell specimen. The results were
confirmed by the experimental data on five externally ring-
stiffened cylinders, with discrepancies less than 4%. The models
tested were manufactured from steel plate.

The work was continued byMiller and Kinra (1981) for the ring-
stiffened cylinders of offshore structures. They performed hydro-
static pressure tests on 20, flat-bar, ring-stiffened welded steel
cylinders. The test models were designed to fail in local buckling
(14), and overall buckling (6). Most of the models were externally
stiffened, only three models having internal frames. These models
were representative of offshore structures. The experimental re-
sults showed that residual stresses have a significant effect on
lowering the collapse stresses which obtained by API, as much as
20% for local buckling failure, and 24% for overall buckling.

Yamamoto et al. (1989) highlighted the inevitable initial im-
perfections due to manufacturing that contributed to the overall
buckling mode. They designed two externally welded steel flat-bar
stiffener models, with thick shell plate and two machined models
which are three times as small as weldedmodels. The configuration
was specifically chosen to encourage the model failure in overall
buckling and avoiding the local buckling of the shell between
stiffeners. The initial shape imperfections of the welded shell were
measured prior to the experiment. It can be concluded from the
experiments that collapsing of the machined model conforms with
the theory for perfect cylinders, whereas the multiplication of
buckling pressure for perfect cylinders, with a reduction factor, can
be used to predict the collapse of the welded models.

Frieze (1994) reported the experimental response of welded
steel internally flat-bar ring-stiffened cylinders. The shell plate was
rolled to the required radius before the ring-stiffeners were welded
to the shell. The initial shape imperfection measurements of the
shell and the out-of-plane of the ring-stiffeners were briefly

Table 1
Published experimental works on welded ring-stiffened cylinders.

Reference Topic Comment Failure mode

Number of
models

Material

Slankard and Nash (1953) Elastic stability of the ring stiffened cylinder External (2) High tensile steel Local buckling
Kendrick (1955, 1964) Various scantling of the ring-stiffened cylinder. Internal (74),

External (15)
Steel Local buckling (63),

overall buckling (4),
local & overall (22)

Kirstein and Slankard (1956) Initial imperfection, residual stresses due to
welding and cold rolling.

External (1) Steel Local buckling

Lunchick (1959) Axisymmetric yielding External (7) Steel Yield failure
Reynolds (1960) Inelastic buckling formula and confirmed with the

experiment results of external ring-stiffened
cylinders

External (5) Steel Local buckling

Miller and Kinra (1981) Typical offshore platform to determine the
adequacy of design rules

Internal (3),
External (17)

Steel A36,
ASTM A572 CL 1

Local buckling (14),
and overall buckling (5)

Yamamoto et al. (1989) Reduction of buckling pressure between perfectly
machined ring-stiffened cylindermodel andwelded
model

External (2), Low alloy high
yield Steel

Overall buckling

Frieze (1994) Flat-bar ring stiffener considering the imperfection
on the shell and stiffener

Internal (2) ‘Grade 50’
Corten steel

Local buckling mixed
with stiffener tripping
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reported. The experiment aimed to measure the growth of strain
and pressure differences at several places in themeasured shell and
frames, corresponding to local buckling of the shell, and local ring
tripping. Different stress relieving treatments on the models were
also investigated to assess the effects of welding residual stresses. It
was found that residual stresses due to ring frame welding reduce
the ultimate strength by approximately 8.3%.

3. Definition of failure modes

Under uniform external hydrostatic pressure, the failure of ring-
stiffened cylindrical structures is indicated by one of shell yielding,
local buckling, or overall buckling of the shell and stiffeners or
combination of local and overall buckling. These failure modes are
illustrated in Fig. 1.

Shell yielding generally occurs when the ring stiffeners are very
strong, and the spacing between the rings is relatively small. It is
characterised by an accordion-shaped pleat that develops on the
shell between stiffeners. Local buckling can occur when the shell
thickness is relatively thin, and the stiffeners are strong and widely
spaced. The shell will not able to maintain the circular form, and
will fail into large lobes. This is often referred to as interframe
buckling and is characterised by inward-outward dents forming on
the shell. The dents may occur at the different locations along the
bay.

Overall buckling is categorised as a general instability, or
asymmetric collapse, of the entire unit. It will occur when the
cylinder is relatively long, the shell is thin, and the ring stiffeners
are small. The structure will fail in a large lobe that initiates in the
mid-bay and progresses longitudinally along the cylinder. It com-
prises yielding of both the cylindrical shell and the ring stiffeners.

Another failure which may initiate structural failure is stiffener
tripping. When stiffener tripping occurs, in any form, the result is a
loss of stiffening capability, which consequently leads to another
form of instability, generally overall buckling. Traditionally, the
design of pressure hulls requires relatively stocky stiffeners in order
to resist bending stresses, withstand web buckling, and to allow for
internal space constraints. If during the design stage, care is taken
to avoid stiffener tripping, this failure modes could be prevented
(MacKay, 2007). However, in reality, finite-length ring-stiffened
cylinders may fail with a combination of both local and overall
buckling. This interconnected failure mode is usually due to a
combination of shell imperfection, and the start of stiffener
tripping.

4. Test models

4.1. General layout

Nine models were manufactured from general purpose struc-
tural steel, the material properties of which were obtained from
uniaxial tensile tests. The manufacturing of the model followed the

standard methods and techniques of full-scale structures of this
kind. The cylinder shell was cut from the chosen steel sheets, cold-
rolled to the required radius, and welded by longitudinal seam
welding. The radius of the model was limited by the size of the
pressure chambers. The ring frames were then welded to the cir-
cular shell, as shown in Fig. 2, which shows the RS-4model after the
manufacturing process. Afterwards, gridlines were drawn on the
outer and inner shells of the models. Fig. 3 presents photographs of
ring-stiffened cylinder models RS-I and RS-II.

The nine ring-stiffened cylinder models were named as RS-4 e

RS-10, and RS-I and RS-II. The axisymmetric geometry of these
models is shown in Fig. 4, and the detail of the corresponding pa-
rameters are given in Table 2. The flat-bar ring-stiffeners were cut
from flat sheets and welded internally or externally to the formed
cylindrical shells. The nominal thicknesses of the shells varied from
3 to 5mm, while those of the ring-stiffeners varied from 4 to
12mm.

In order to induce failures in the middle of the models, the
stiffener spacing were reduced towards the ends of the cylinders. In
the middle bays, the stiffener spacing varied from 50mm (RS-8) to
200mm (RS-I). Open heavy rings, 20mm thick, were fitted to the
end of the model during manufacture to help maintain the cylin-
drical shell shape, while circular end plates of similar size were
welded at the opposite end. For testing purposes, the open heavy
ring was welded to the open end flange of the pressure chamber.

4.2. Measurement of the initial shape imperfection

The detailed geometry of the models was measured before
mounting the models in the pressure chamber. Grid lines were
drawn around the circumference on the outer-and inner-surfaces of
the model, with 5� and 10� spacing, respectively. Perpendicular
radial lines were drawn at the flat-bar stiffeners axis and the mid-

Fig. 1. Failure modes of ring-stiffened cylinders: (a) shell yield, (b) local buckling, (c) overall buckling.

Fig. 2. Model RS-4 after fabrication: (a) before painting, (b) before testing.
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bays. The shell, ring-stiffeners, and the end-plate thicknesses were
measured using an ultrasonic gauge at 10 random locations.

In earlier testedmodels, RS-4e RS-9, the initial imperfections of
the shells were measured using a custom turntable and dial gauges
at 36 locations around the circumference. A bar is attached to the
outside of the turntable and dial gauge rods were installed on the
spindle centre of the reference (datum bar) that plug into a
removable circular rod on the turntable. The relative distance from

the centre of the rotating plate on the dial gauge length was
determined using a precisely machined reference rod. A measure-
ment was taken every 10�. The initial imperfections weremeasured
as radial deviations from a perfect circle with a nominal radius,
measured from the gauge as described in Fig. 5. This apparatus was
only capable of measuring shell imperfections with respect to
relative coordinates. The largest cylinder model, RS-10, was
measured only using a plunger dial indicator. However, due to the
limitations of this measurement technique, the flat-barring frames
were assumed to be a perfect plane.

For the more recent models, RS-I and RS-II, the initial shape
imperfection was measured exclusively using a laser portable arm,
with an accuracy of 0.05mm. A Cimcore laser probe was used to
measure the points and convert them to three-dimensional co-
ordinates in a CAD commercial software package. Before the mea-
surement, leveling and reference points were taken tominimise the
error while measuring. The initial imperfections of the shells were
measured along the grid lines crossing points on the outside. Due to
the limitation of the arm length, the measurements were carried
out in two steps. A total of 1110 points were measured to model the
complete circular shell, as shown in Fig. 6.

The out-of-plane coordinates of the flat bar frames were recor-
ded with the same apparatus. For measurement purpose, the
models were turned down, as shown in Fig. 7. Deviations from the
normal plane were determined by measuring the inclination of the
frames at the root and the tip every 10� along the circumferences, a

Fig. 3. Ring-stiffened cylinder model: (a) RS-I, (b) RS-II.

Fig. 4. Schematic of the ring-stiffened cylinder model with the external ring stiffeners.

Table 2
Ring-stiffened cylinder geometry properties.

Model
Name

Shell Ext./Int.
frame

Stiffener

Lc R t d1 ew1 d ew L1 L2 L NS

(mm) (mm)

RS-4 950 274.5 2.38 External 35 20 25 3.88 50 75 100 10
RS-5 1140 274.5 2.37 External 35 20 25 3.88 50 100 120 10
RS-6 950 274.5 2.38 External 35 20 30 5.98 50 75 100 10
RS-7 1140 274.5 2.37 External 35 20 30 5.98 50 100 120 10
RS-8 860 275 2.37 External 35 20 15 3.87 30 50 50 17
RS-9 1040 274.8 2.48 External 35 20 15 3.87 40 60 60 17
RS-10 1750 604.3 4.48 Internal 35 20 30 12 70 90 110 16
RS-I 1060 400 3.96 Internal 50 20 35 3.94 80 150 200 6
RS-II 1060 550 4.96 Internal 50 20 40 5.92 60 95 150 8

Notation: Lc: overall length, R: mean radius, t: shell thickness, d, d1: stiffener height, ew, ew1: stiffener thickness, L, L1, L2: stiffener spacing, NS: number of stiffeners.
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total of 72 points for each ring frame. A summary of the measure-
ments is presented in Table 3.

4.3. Tensile test of materials

Quasi-static tensile tests were conducted to obtain the me-
chanical properties from the parent plate of the ring-stiffened
cylinder models. The test was performed using a universal testing
machine. The speed during the elastic-to plastic-range tensile tests
was set at 1mm/min. The head was stopped when the fracture
failure of the specimen occurred. Detailed material properties from
the tests were presented in Table 4.

It is seen that material thickness has a lesser effect on the static
tensile test results. The coupon tested for the shell had an average
yield stress slightly lower than the ring-stiffener coupon. As an
example, the tensile specimen for model RS-II had an average yield

stress for the shell coupon of 274.91MPa, with a COV 1.82%. This
value differed by 5% from the ring-stiffener coupon specimen.
However, the value of all the tested coupons exceeded the nominal
yield stress of mild steel, which is widely used in the design stage as
235MPa. Meanwhile, the average ultimate tensile stresses were
approximately 1.4 times higher than the average yield stresses. An
engineering stressestrain curve of the tensile test coupon from RS-
II is shown in Fig. 8, where a sharp change in yield point, followed
by plastic strain, is observed. The material shows a clear yield
plateau, that indicates yield elongation propagation along the
length of the specimen.

5. Hydrostatic pressure experiment

The pressure chamber used for the test is part of the hydrostatic
test facility in ULSAN Lab. Themedium-sized pressure chamber was

Fig. 5. Imperfection measurements: (a) turntable, (b) model RS-8, (c) plunger dial indicator.

Fig. 6. Out-of-roundness measurements of the shell (model RS-II).

Fig. 7. Out-of-plane measurements of the flat bar ring frames (model RS-II).
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used to accommodate the larger ring-stiffened cylinder models.
The pressure chamber is capable of replicating depths of up to
800m beneath the sea surface. A schematic illustrating the
medium-size pressure chamber, which is 2.8m long, and 1.3 in
diameter, is shown in Fig. 9. In this case, models RS-10, RS-I, and RS-
II, were tested in the medium-sized pressure chamber. It is noted
that the rubber pad was put to support the free end of the cylinder
to reduce the bending moment due to the own weight of the test
model. The pad was hard rubber block and greased between rubber
pad and the chamber inner surface.

The remaining models were tested in a small pressure chamber.
Detailed specifications of the both chambers are presented in
Table 5. Before testing, each ring-stiffened cylinder was attached to
the open-end flange by welding. This open-end flange was used to

achieve the water tightness of the model, provided access to the
strainwire located inside themodel, and to provide open spaces for
visual inspection during the experiment. The end flange was closed
with 24 of 0.84 inch bolts, tightened using a high-torque pneumatic
air gun as shown in Fig. 10. The watertight seal between the end
flange and the chamber opening was ensured by O-rings greased
into circumferential grooves in the end flange.

The hydrostatic pressure test was conducted using water which
supplied to the pressure chamber. The pressure was applied grad-
ually by a Haskel air driven high-pressure pump that was operated
manually to control the pressure increments. Hydrostatic pressure
in the tank was monitored using a pressure gauge. It was calibrated
and installed at the top and bottom side. Two types of pressure
gauges, analog and digital, were used. Finally, a National In-
struments integrated computer was used to record the strain and
pressure histories during the experiment.

External pressure was applied to the chamber by closing all the
valves, except for the valve connected to the high-pressure pump
located at the bottom of the tank. Initially, the pressure loading was
increased at approximately 2 bar, and terminated until zero to
reckon the stabilization of the pressure chamber at the first stage
before hydrostatic pressure test is steadily increased. The in-
crements of the hydrostatic pressure test was divided into three
phases: the first 15% of the predicted collapse pressure was set by
0.5 bar, from 15 to 80% by an additional 1 bar, and from 80% up to
the collapse of the model, by the final 0.5 bar increment. Inter-
mittent stops were made to settle the pressure, and check the
model until collapse occurred. The collapse of the model was
accompanied by a loud bang, followed by a sharp drop in the
pressure history.

The hydrostatic testing setup is presented schematically in
Fig. 11. All installed digital measurement devices were synchron-
ised to the data acquisition computer. After collapse, a visual in-
spection was carried out to determine the severity of the damage.
Subsequently, the release air valve was opened gradually.

6. Test results

The collapse of the structure occurred suddenly and led to the
failure mode of the rings-stiffened cylinder models. This indicated
the maximum external pressures which could be withstood by the
ring-stiffened cylinder models. The collapsing event during the
experiment was indicated by a sudden drop in applied pressure and
was accompanied by a loud noise. The specific failure modes of the
models were identified by visual inspection after the test, as
summarised in Table 6.

6.1. Shell yielding

Two ring-stiffened cylinder models RS-8 and RS-10, were failed
by shell yielding. In this case, model RS-8 yielded at the 2nd bay,
near the end plate, whereas model RS-10 yielded at the 9th bay. The
detailed photographs of the deformed shapes can be seen in Figs.12
and 13, respectively. Yielding progressed circumferentially around
the cylindrical shell. Fig. 14 displays a full loading and displacement
history of the corresponding models. In the model RS-10 at the
beginning, the pressure valve is opened and the testing fluid is
supplied through the pressure pump. This added volume of water is
necessary to cause collapse. As the water supply, the pressure rises
and the shortening is increasing. The unproportioned behaviour
during the elastic loading most probably because the malfunction
of the LVDT sensors which attached for measuring the shortening of
the end plate. However the dashed line showed the linearly in-
crease of the pressure and deformation. This continues until the
model is collapsing at Pc equal to 2.63 MPa. Upon the collapsed, the

Table 4
Summary of material properties in the static tensile test result.

Model Name Shell Ring-stiffener

sY E sY E

(MPa)

RS-4 288.3 218800 297.5 205300
RS-5 284.1 209700 297.5 205300
RS-6 288.3 218800 297.5 205300
RS-7 284.1 209700 297.5 205300
RS-8 278.2 204100 267.0 197000
RS-9 278.2 204100 267.0 197000
RS-10 329.2 216500 330.3 216600
RS-I 306.5 206000 307.1 206000
RS-II 274.9 202400 290.7 197200

Notation: sY ; yield strength, E; Young's modulus.

Fig. 8. Engineering stressestrain curve obtained from static tensile test of model RS-II
coupons.

Table 3
Summary of initial shape imperfection measurements.

Model Max. shell out-of-roundness

d/R (%) Location

RS-4 0.73 160� at 4-2 Bay
RS-5 0.75 350� at 3-2 Bay
RS-6 0.78 195� at 7-1 Bay
RS-7 0.66 250� at 3-2 Bay
RS-8 0.83 50� at 12 Bay
RS-9 0.78 210� at 16 Bay
RS-10 0.59 210� at 9-3 Bay
RS-I 0.50 0� at 3 Bay
RS-II 0.88 0� at 3 Bay; 340� at 3 Bay

Notation: d; shell imperfection amplitude.
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pressure is dropped due to the excess volume create by shell
yielding of the structures. In the post-ultimate strength, a pressure
is continuously supplied, however, the structure deformation is
steady growth further until the unloading of the chamber. After the

pressure is released at value of 1.5 MPa, the end plate is spring back
after undergoes compression during the test and leaving perma-
nent shortening at 51 mm.

Fig. 9. Schematic of the hydrostatic test in pressure chamber.

Table 5
General specification of the small and medium-sized pressure chamber.

Type Pressure chamber Open end-flange

Capacity Inner length Inside diameter Thickness Outside diameter Inside diameter Thickness

Bar mm mm

Medium-size 80 2800 1300 40 1610 997 135
Small-size 120 1800 650 26 940 640 90

Fig. 10. Detail of open end-flange.
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6.2. Local buckling

It was concluded, by post-test inspection, that four ring-
stiffened cylinder models had failed by local buckling. It was
intended that these models would have sturdy stiffeners in order to
force local failure mode. The prediction was consistent for models
RS-4 e RS-7. The local buckling progressed longitudinally across
two adjacent bays, and circumferentially around a quarter of the
cylindrical shells. Only for model RS-5, did the local buckling occur
only in the 2nd bay; the remaining bays on this model remained
intact. Internal and external photographs of the four models are
shown in Figs. 15e18, respectively. The pressure histories of the
tested models can be seen in Fig. 19, where the applied pressure is
plotted against the axial deformation for each specimen.

Fig. 11. Experimental set-up for hydrostatic pressure test using medium-sized chamber.

Table 6
Details of hydrostatic pressure tests.

Model Name Collapse Pressure (Pc) Collapsed detail Data and instrumentation

MPa Failure modes Failure Location

RS-4 1.844 Local buckling Bay no.3 and no.4,
at 3000 - 3600 - 600

Pressure gauge, LVDT

RS-5 1.815 Local buckling Bay no.2,
at 210� to 360�

Pressure gauge,
LVDT

RS-6 2.119 Local buckling Bay no.3 and no.4,
at 300� - 360� - 30�

Pressure gauge,
LVDT

RS-7 1.746 Local buckling Bay no.5 and no.6,
at 300� - 360� - 60�

Pressure gauge,
LVDT

RS-8 2.943 Shell yielding Bay no 2
at 300� - 360� - 140�

Pressure gauge,
LVDT

RS-9 2.531 Overall buckling bay no.4 to bay no.11
at 700� - 140�

Pressure gauge,
LVDT

RS-10 2.630 Shell yielding Bay no 9 at 0� - 360� Pressure gauge,
LVDT

RS-I 2.160 i) Overall buckling Bay no. 2, 3, 4, & no 5 Pressure gauge,
strain gauge,
laser measurement device

ii) Local buckling Bay no.2 at 340�;
Bay no. 3 at 10�;
Bay no.4 at 340�;

iii) Stiffener tripping Frame no.2 at 10�& 340�

Frame no.3 at 10�& 340�

RS-II 2.409 i) Overall buckling Bay no. 4, 5 & no 6 Pressure gauge,
strain gauge,
Vicon motion
detector

ii) Local buckling Bay no. 3 at 10�;
Bay no. 6
at 230� to 300� and 10� to 90�

iii) Stiffener tripping Frame no.2 at 190�& 360�

Frame no.3 at 190�& 360�

Fig. 12. Shell yielding failure mode of model RS-8.
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Fig. 13. Shell yielding failure mode of model RS-10.

Fig. 14. Pressure versus axial shortening histories (RS-8 and RS-10).

Fig. 15. Local buckling of model RS-4: (a) outside, (b) inside.

Fig. 16. Local buckling of model RS-5: (a) outside, (b) inside.

Fig. 17. Local buckling of model RS-6: (a) outside, (b) inside.

Fig. 18. Local buckling of model RS-7: (a) outside, (b) inside.

Fig. 19. Pressure versus axial shortening histories of models RS-4 to RS-7.

S.-R. Cho et al. / International Journal of Naval Architecture and Ocean Engineering 10 (2018) 711e729 719



6.3. Overall buckling

The overall bucklingmode occurred onmodel RS-9, as expected.
This long cylinder was designed with a light stiffener and longer
spacing. Fig. 20 shows a large lobe along the longitudinal axis. As
the applied pressure dropped due to an increase in the deformed
volume, the deformation progressed to the end of the compart-
ment, leaving permanent damage (from bay no.4 to bay no.11). In
more detail, there was a combined failure of both the shell and the
stiffener, where buckling progressed forward to the end of the

cylinder due to the loss of frame stiffness. In this mode, the stiffener
torsion occurred in the central bay, frame no.7 at 100�. It was
observed during the experiment that overall buckling started in the
central bay (bay no.7), precipitated by the presence of stiffener
torsion or tripping. The collapse pressurewas recorded as 2.53MPa.
Fig. 21 shows the record of pressure histories against the axial
deformation. At the elastic region the behaviour seems to be un-
usual. That is because measurement fault of the LVDT sensor,
however this part can be negligible by replacing with the linear
curve showed by the dashed line.

Fig. 20. Overall buckling of model RS 9: (a) outside, (b) inside.

Fig. 21. Pressure versus axial shortening histories of model RS-9.

Fig. 22. Collapsed shape of model RS-I: (a) outside, (b) inside.

Fig. 23. Collapsed shape of model RS-II: (a) outside, (b) inside.

Fig. 24. Experiment result of pressure versus axial shortening of models RS-I and RS-II.
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6.4. Interactive buckling

The collapse of models RS-I and RS-II appeared to be the inter-
active buckling mode. As shown in Figs. 22 and 23, the deformed
shape is characterised by a number of shell-buckling lobes, super-
imposed with overall buckling of the shell and stiffeners. Local
buckling, shown as single lobes in several bays, was found in the
RS-I model in bays no.2, no.3, no.4. In the case of the RS-II model,
local buckling occurred in bays no.3 and no.6. That local failure was
progressed circumferentially for about a quarter of the circular
shell, whereas the overall buckling of both models started from the
mid-bay of the cylinder towards the end plate.

It is concluded that both models exhibited similar collapsing
behaviour. Local collapse occurred on the shell between stiffeners
at different bay locations, whereas, in the central bay of the com-
partments two adjacent stiffeners are tripping, which led to overall
buckling. Fig. 24 shows the relationship of applied pressure versus
axial shortening, where the axial shortening was measured from
the displacement of the centre point of the end plate. The small
fluctuations shown in the figure was due to time settlements dur-
ing pressure increases. Instead of controlling the load by the
amount of fluid release as typical volume-control (MacKay and van
Keulen, 2010), the high pressure pump was handled manually by
controlling the valve. Hence, the settlements mean there is a power
cut-off of the pump which made intentionally following the load
increment procedure. A significant loss of applied pressure
occurred immediately after the maximum pressure was reached.

The collapse pressure was found to be approximately 2.16MPa, for
RS-I, and 2.41MPa for RS-II. This pressure drop resulted from
expansion of the fluid volume due to the growth of the model's
deformed shape. It indicated the rapid growth in strain with some
reduction of the pressure. However, the RS-II model had a higher
collapse pressure than R-I. This was related to the thickness of the
shell plate and the stiffener geometry.

By contrast, the axial shortening was muchmore severe as there
was no stiffener at the end plate. This condition was different for
the RS-I model, that employed several stiffeners and an eye bolt to
facilitate easy lifting, and easy handling when moving the model
into the pressure chamber. These different conditions contributed
to the compression on the end plate being twice as high.

6.5. Strain measurements

The strain measurements were only obtained from models RS-I
and RS-II. According to the strain measurements shown in Fig. 25,
the longitudinal deformation was relatively small compared to the
circumferential deformation, and the strains were highly
compressive. A different trend was noted at position 4 (strain gauge
attached to ring stiffener), where the radial direction of the strain is
low tension, while in the circumferential direction it is more
compressive.

As observed in Fig. 26, stiffener tripping was detected by the
strain measurement on the stiffener (SG no.5 & 6). The strain was
indicated to be tensile on the ring stiffener. The instability on the

Fig. 25. Strain measurement from RS-I model.

Fig. 26. The strain measurement from RS-II model.
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stiffener led to a general loss of stiffness, followed by buckling of
the shell due to high compression, which is shown as negative
strain. Overall, the growth of the strain increases significantly in the
post-collapse regime, right after the incidence of the limit load. As
the applied pressure was decreased, the strain begins to decrease
simultaneously with the drop of the pressure, which is the ring-
stiffened cylinder model experiencing an unloading of pressure.

7. Characteristic pressures

In the design phase, structural designers are faced with the
challenge of providing the best structural designs possible, at the
lowest cost. If the designer can use some of the tools available, such
as classification society, to reduce or eliminate some of the proto-
type models, it will be a significant cost saver. Recently, there were
four classification-society design rules to assess ring-stiffened cyl-
inders. First, PD 5500, Specification for unfired fusion welded
pressure vessels. British Standard Institution, 2009 Edition. Sec-
ondly, DNV- Germanischer Lloyd (DNV-GL), section of the rules for
the sub-surface Ship, Submarine, 2015 Edition. Thirdly, the Amer-
ican Bureau of Shipping (ABS), Rules for underwater vehicles, 2010
Edition. Finally, American Petroleum Institute (API) from the
Bulletin on stability design of cylindrical shells - Bulletin 2U, 2000
edition. DNV-GL and PD 5500 were selected because of their
widespread use in Europe, and the last two were selected because
of their extensive use in the U.S.

Classical solutions, generally used for a basic analysis of ultimate
strength for stiffened cylindrical shells, can be divided into three
main collapse modes: shell yielding, interframe or local buckling,
and overall buckling.

The characteristic pressure is the traditional approximation
before the development of the collapse pressure such as interframe
design curves. These interframe design criteria based on the
empirical curve which mapped from the experimental collapse
pressure versus the local buckling pressure ðPmÞ with both axes
non-dimensionalised respected to yield pressure (PY ). In the design
stage, it is convenient to predict the collapse pressure (PcÞ related to
the proportion of the shell slenderness ratio PY=Pm, where the PY
and Pm estimated by Eqs. (1) and (2), respectively. The mean or
lower bound with 15% offset design curves which fitted to the tests
data were adopted in PD 5500 (BSI, 2009) and ABS (ABS, 2002). In
the following section, the results from the mean strength curve
from PD 5500 and the lower bound curve from ABS were sub-
stantiated with the tested models.

For the collapse prediction using API, the procedures were
threat the main failure modes (local buckling and overall buckling)
independently. Then the collapse pressure as the failure pressure
was calculated based on the classical buckling formulas which
modified by the reduction factor such as fabrication tolerance and
plasticity reduction factor (API, 2000). The DNV-GLwere resembled
based upon the Salerno and Pulos methodology. The buckling
pressures are a function of the cylinder geometry and the tangent
modulus Et and secant modulus Es as determined from the
stressestrain curve of the shell material (Salerno and Pulos, 1952).
The code was adopted to find the axisymmetric yield and the
asymmetric buckling which refer as the same term of yield and the
local buckling pressure (DNV-GL, 2015).

7.1. Yield pressure

Yield pressure (PY), modified from Wilson equation as stated in
MacKay (2007), approximates the external pressure causing the
mean stress in the plating at mid-bay to reach the von Mises yield
criterion, by Eq. (1).

PY ¼ sY t
R
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where, A is the modified ring-frame area, v is the poisson ratio, and
a is a dimensional parameter as 1:285ffiffiffiffi
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provided in Fig. 4 and Table 2.

7.2. Local buckling pressure

The expression of the interframe buckling (Pm) derived by von
Mises (1929) is widely used and has become a standard tool for
designing pressure hull shells between frames, providing an
approximation of the elastic interframe buckling pressure. This
stated that the elastic buckling pressure for a simply supported
cylindrical shell under external pressure, must be minimised with
respect to the number of circumferential waves (n) of the local
buckling mode as shown in Eq. (6).
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7.3. Overall buckling pressure

Bryant's (1954) two-term approximation of the overall buckling
pressure (Pn) is given by Eq. (7), with simply supported boundary
conditions for long, ring-framed compartments. This expression
gained wide acceptance for its ease of use. Bryant used the energy
method to showthat the principal of energyconservation is satisfied
if the buckling pressure of a simply supported ring-stiffened cylin-
der is taken as the sum of the critical buckling pressures for ring
stiffeners, with associated shell plating, and a cylindrical shell.
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where, Ic is the second moment of area, comprising the stiffener
together with an effective width (Leff ) of the shell about an axis
parallel to the cylinder axis, Lc is the overall length of the cylinder
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and n is to the number of circumferential waves of the overall
buckling mode. The adoption of the effective width (Leff ) comes
from Bijlaard (1957) which should be satisfied as Eq. (8). This
procedure were also used in PD 5500. For determining the effective
width, the formula shall be included in Eq. (7) and dependent to the
minimal selected wave number.

7.4. Tripping pressure

Another fundamental termof the ring-stiffened cylinder buckling
under hydrostatic pressure is stiffener tripping. That is an important
factor leading to susceptibility to failure. Stiffeners could fail rapidly
through tripping, and this generally results in a sudden drop of load
carrying capacity of the whole cylinder. This failure is characterised
by the rotation of the stiffener about the axis, from stiffener to plate
junction. Therefore, this phenomenon is considered to be dangerous
and needs to be considered in strength predictions.

Faulkner (1991) estimates the elastic tripping stress by energy
approaches, combining the shear modulus ðG0 Þ, St. Venant's pure
torsion ðJÞ, warping (G) of the cross section between the stiffener
and the shell axis, and the rotational spring restraint (k0nÞ from the
shell due to stiffener's torsion parameter (TpÞ. The elastic tripping
stress must be minimised with respect to the circumferential mode
(n). In order to estimate the equivalent external pressure ðPtÞ;
which leads to tripping, the relationship between circumferential
yield pressure (Pyf ) and yield strength (sY ) from Eq. (9) is used.
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where,  Rs is the radius to the centroid of the stiffener, and Rf is the
radius to flange of the stiffener. The circumferential yield pressure
is given by Eq. (10). The other corresponding parameters were
standard terms, as used in the references.
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8. Numerical analyses

8.1. Overview of the idealised non-linear finite element modelling
method

In recent years, there is only a handful of researchers who per-
formed both of numerical and experimental on the ring-stiffened

cylinder. Until now there is no general plot on how the non-
linear finite element analyses can be precisely substantiated as
actual in the computational modeling of ring-stiffened cylinders.
The recommendation in ISSC (2012) requires the geometric
imperfection and effect of residual stresses on pressure hull
strength shall be considered in the submarine pressure hull design.
However, a deterministic model based on conservative worst-case
assumptions has been the most commonly used approach. As
briefly reported by MacKay et al. (2011b), the accuracy of the wide
range of non-linear numerical methods in the general cases is
found to be approximately 16%, where the higher fidelity of Finite
Element (FE)models are foundmore accuratewithin 9%. The higher
accuracy refer to the inclusion of initial shape of imperfection
(MacKay and van Keulen, 2013), cold rolling (Graham, 2007), effect
of thickness thinning variation with corrosion damage (MacKay
et al., 2011a), cold rolling or collision damaged case (Cerik et al.,
2015) and or combined with residual stresses due to welding
(Cho et al., 2017). In this study, FE analyses focused on how the
imperfection effect on the load capacity of the structures since it
has the significant reduction in collapse pressure (MacKay and Van
Keulen, 2013) and there is less report on the method described.

In the case of thin-walled steel, members are particularly sen-
sitive to imperfections in the shape of their eigenmode. Its devia-
tion is therefore assumed to correspond to the critical eigenmode of
the structural element, which is expected to be triggered at ulti-
mate strength. These geometric imperfection assumptions are
taken into account to shows the detrimental effects of other
strength reduction in the ring-stiffened cylinder. The amplitude of
the assumed eigenmode is then calibrated according to empirical
maximum imperfection values determined by experimental tests
or numerical sensitivity studies. This method is used when there is
no measured data available. This technique is called eigenmode
affine imperfection. Another method is the measured imperfection
utilized by spline curve function, which was applied as the nodal
coordinate.

In general, buckling analysis divided into bifurcation and load-
deflection analysis. Bifurcation buckling occurs when loading or
hydrostatic pressure becomes equal to the critical buckling pres-
sure. The procedures of the bifurcation analysis can be conducted in
the eigenvalue analysis which the procedures is summarized by
Hibbit et al. (2000). This analysis can be used to modeling the
imperfection. The normalized vector from the eigenvalue buckling
analysis will adhere to the results file as nodal data. The initial
imperfection shape is typical to be considered from themode shape
for the first eigenvalue. It might not always be themost detrimental
imperfection shape. However, it was necessary to represent the
lower bound of buckling load.

To increase the accuracy of the idealized imperfection, it is
necessary to examine the magnitude of the assume imperfection.
Faulkner (1977) reports the amplitude could be based on the
maximum expected of the weld distortion as much as out-of-

Fig. 27. Fourier amplitude of the measured initial shape of imperfection from the models RS-4 to RS-10.
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roundness (d) normalized by shell thickness (t) equal to 0.1. Another
criterion stated that the magnitude of OOC should be at the
maximum allowable value chosen for the design, which is 0.005
times the hull radius (BSI, 2009). Cerik (2015) has performed the
validation of the idealized imperfection magnitude that calibrated
with the ultimate strength formula, resulted in d/t equal to 0.2 for
the ring-stiffened cylinder and 0.4 for the orthogonal stiffened
cylinder.

8.2. Numerical strategies and validation

As reported in section 4.2, model RS- 4 to RS-10 the initial shape
imperfection of the shells were measured using a custom turntable
and dial gauges. The measured value of the mean chord gauge
reading at each 36 circumferential positionwere transformed to the
shell out-of-roundness data. The processes were done utilized us-
ing Fourier series, and the procedure is referring to Kendrick (1977).
This method was also adopted in BSI (2009) and DNV-GL (2015).
The calculated Fourier out-of-roundness of the shell at each
measuring point is described in Fig. 27.

In the other cases, recent models were measured precisely using
Cimcore portable arm laser probe. The global three-dimensional
coordinates were the results of the evenly-spaced measurement
data is shown in Fig. 28. The point cloud coordinates are portrayed
as the accurate replication of the actual shell imperfection spatial
data including out-of-plane of the ring stiffeners. As there were

briefly reported in FE modelling methods and trends, there are
three recommendations of how to utilize the measured geometric
imperfections data: Fourier series, Splines, Linear or no interpola-
tion (MacKay, 2007). In this study, spline method as the iterated

Fig. 28. Measured point of the initial shape of imperfection for RS-II shell.

Fig. 29. Cross sectional shell of models RS-I and RS-II at the mid-bay.
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fitting curve algorithm is being chosen to generate geometrical
model contain the actual initial shape imperfection. Fig. 29 shows
out-of-roundness of the cross-section of the cylinder.

The imperfection modelling procedures by the spline method
are described. Initially, the taken coordinates were recalled using
macros through commercial package CAD software. Then the point
clouds were converted using spline method for fitting the
geometrical imperfection data. Subsequently, the shell and ring
spline edges were extracted in the ABAQUS FEA as shown in
Fig. 30(a). In the last stage of the modelling phase, the represen-
tative edges of the shell and the ring stiffener were joined into
three-dimensional shell element to develop the numerical model.
Finally, the end plates were drawn to fulfil the completeness of FE
model as plotted in Fig. 30(b). The FE analysis in this study is taken
emphasis on how the measured coordinate can be adequate to
assess the collapse pressure of the ring-stiffened cylinder. The ac-
curacy of the present method was substantiated by the recently
tested models in the following section.

In ABAQUS simulation, the calculation is being done by using
Riks method. It has a finite radius of convergence to solve the
nonlinear equilibrium equations (Hibbit et al., 2000). It can be used
to perform the eigenmode-affine imperfectionwhich is an assumed
imperfection in the form of the bifurcation mode of the perfect
structure. In the case, when there are enough data of the real
measured initial imperfection shapes, Riks method from ABAQUS
can be utilized similarly to solve nonlinear analysis problems with
either stable or unstable post-buckling behavior. Thus this tech-
nique can also be adopted to trace the entire loadedeformation
path. A direct comparison can be made between the results from
these analyses with experimental loadedeformation results.

The four-node doubly curved with membrane locking and
reduced the integration thin shell element S4R were used during
this analysis. The material which used in this ultimate limit state
assessment is assumed as elastic-perfectly plastic, where the
modulus and other properties obtained from the uniaxial tensile
test results. Mesh convergence studies were performed to deter-
mine the requiredmesh density. As a result, an element edge length
about two times of the shell thickness was determined. Fig. 31
shows the finite element mesh for the external and internal
frames ring-stiffened cylinder models.

Loading and the boundary condition follow the real hydrostatic
pressure test where conducted inside the pressure chamber facility.
At the  x ¼ 0, there is no movement allowed as the open end bay
was welded at the end flange of the chamber. The two pressures
normal direction were represent the hydrostatic pressure. Axial
pressure is acting at the x ¼ Lc whereas, Radial pressure is applied
to the outer shell of the model. For the both pressure loading area
free boundary condition were applied. The outline of the load and
boundary condition can be found in Fig. 32.

9. Substantiation of predictions

In this section, substantiation of the experimental results is
briefly discussed for each specimen. The experimental results are
compared with the results from the design formulae mentioned
above. In the case of numerical analyses, the splines method to
quantify the imperfections were compared with the test results.

The mean value of Xm is the bias between the experiment and
predicted results from design formulae, and it can indicate a sys-
tematic error. For more accurate predictions, the mean bias should

Fig. 30. Initial shape imperfection modelling using splines technique for model RS-II: (a) converted spline edges from the measurements (b) numerical model for FE analysis.

Fig. 31. Finite element mesh: (a) RS-8, (b) RS-10.
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tend to unity, and the COV should be small as possible.
It can be seen in Table 7 the result from basic design formulation

together with the numerical in the collapse pressure assessment of
the testedmodels. Its accuracy is reasonable for the in-house tested
models, as the mean approaches 1.00, with a COV of approximately
6% (PD 5500), 8% (Num) and the maximum 14% (API). It was found
that PD5500 consistently overestimates the collapse pressure in
contrary to ABS. The range of the value Pm/PY and the Pc/PY which
closed to the lower bound curve is themain reason the prediction is
consistently higher than test results. A series of the FE analyses
results were also compared. It is showed the requirement magni-
tude as the 0.005 times the hull radius shows consistently higher
than the actual. It is to be expected the other term of reduction
factor due to welding have to be included in the idealised method.
In contrary, the spline method approaches more accurate where
the mean are close to unity but coefficient of variation is higher by
7.88%. The actual coordinate which imposed in the numerical
model predict a slightly lower pressure compared the test result.
Overall, accuracy of the method were quite acceptable as reported
in the statistics the accuracy of the pressure hull strength predic-
tion (ISSC, 2012).

Table 8 shows the deformed shapes from the experiments, and
spline method from the numerical results. In the local buckling
modes, showed by the images of models RS-4, RS-5, RS-6, and RS-7,
the splinemethod result is sufficiently close to the actual result. It is

similar to model RS-I that failed by the interactive mode (local and
overall buckling), and the spline method result is closer to the
experimental results. The imperfection pattern is uniformly
distributed along the shell, and it gives the stress distribution at
each bay more accurately. Conversely, the collapsed shapes of RS-8
and RS II were not as accurately calculated using the spline method.
Overall, the numerical predictions by the simplified model, that
only considered the geometric imperfections, is able to anticipate
the predicted collapse mode.

The relationship between pressures versus axial deformation of
the models RS-4, RS-7, RS-9, and RS-II were compared with nu-
merical results as respectively shown in Fig. 33. The collapse
pressure were normalized with the yield strength of the cylinder
and the axial shortening were represent as the axial end
displacement normalized with the overall compartment length. It
is noted that the curve traced by the critical loads in the test result
would be the same as buckling equilibrium path predicted by the FE
analysis.

10. Discussions

A plot of the ratios (Pc.exp/PY) of the tested models against the
parameter (Pn/Pm) is given in Fig. 34. As can be seen in the figure
when the pressure ratio is greater than 2.5 the failure mode is local
buckling, whereas when the pressure ratio is smaller than 1.5 the

Fig. 32. Load and boundary condition of the non-linear FE analyses.

Table 7
Summary of substantiation with test results.

Model Characteristic pressure (MPa) Collapse Pressure
Exp. (MPa)

Exp./Pred. (Xm)

Shell yielding
(PY )

Local buckling
(Pm)

Overall
buckling (Pn)

Tripping
(Pt )

Num PD 5500 DNV-GL ABS API

RS-4 2.95 4.35 12.48 8.10 1.84 0.89 0.83 1.01 1.02 0.90
RS-5 2.88 3.47 9.87 5.82 1.82 1.15 0.94 0.89 1.14 1.12
RS-6 2.94 4.35 23.78 22.12 2.12 1.01 0.96 1.23 1.18 1.04
RS-7 2.86 3.47 15.56 14.64 1.75 1.04 0.91 0.88 1.10 1.07
RS-8 3.29 9.98 7.82 18.74 2.94 1.14 0.93 0.89 1.20 0.93
RS-9 3.22 8.80 6.11 15.54 2.53 1.00 0.84 0.87 1.07 0.85
RS-10 3.60 7.29 8.41 18.41 2.63 0.96 0.84 0.81 1.29 0.77
RS-I 3.53 4.04 9.68 4.47 2.16 1.02 0.94 0.89 1.14 1.06
RS-II 3.20 6.34 14.91 8.55 2.41 1.01 0.87 0.83 1.15 0.77

Mean 1.03 0.90 0.92 1.14 0.95
COV (%) 7.88 5.60 13.72 6.83 14.01
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failure mode is overall buckling. When the parameter is in between
1.5 and 2.5 the interactive failure mode can be expected.

It appears that the value of Pn/Pm could be a simple tool to
differentiate the failure mode by indicating the condition under
which ring-stiffened cylinders will collapse locally or fail by overall
buckling. It would, therefore, appear from the simple criterion the
ring-stiffened cylinders can be designed to avoid a collapse in the
most severe case such an overall failure.

However, the number of the investigated experiments is not
enough to draw a firm conclusion whether the parameter (Pn/Pm)
could be used as an indicator of the failure modes, especially on the
shell yielding and overall buckling failure. It seems necessary to
perform further investigation including all available test results.

Another assessment is shown in Fig. 35. It shows that there is an
apparent skewness of the Xm depending on the non-dimensional
tripping pressure (Pt/Pc) obtained using various design codes. It may
suggest that if the tripping pressure is included in the design for-
mula the predictions could be improved.

There is a satisfactory agreement in failure evolution of ring-
stiffened cylinder which marked by tripping initiation in the
model RS-I and RS-II. As it verified in the numerical results, the
rotation of the stiffener about the stiffener to plate junction can be
monitored clearly. Fig. 36 displayed when the applied pressure
reached the ultimate strength a sudden overall collapse followed.
Further studies, which take the coupling effect between failure
modes will need to be undertaken providing more accurate reliable
of assessing the failure pressure.

11. Conclusions

The aim of this study was to experimentally investigate the
failure modes of welded steel ring-stiffened cylinders subjected to
external hydrostatic pressure. The models were fabricated from
general structural steel. The structures had experienced material
and shape imperfection as the consequences from manufacturing
processes. The hydrostatic pressure tests were conducted in pres-
sure chambers using water as the pressurization medium. Nine
ring-stiffened cylinder models have been loaded to failure under
external hydrostatic pressure. The collapse pressure (Pc) ranged
from 1.75 to 2.94MPa. Four of themodels namely as, RS-4, RS-5, RS-
6, RS-7 collapsed with local failure mode, whereas one model (RS-

Table 8
Comparison of experimental collapse shapes of models with those of numerical
predictions.

Model
name

Failure
mode

Deformed shape

Experiment Num. spline method

RS-4 Local
buckling

RS-5 Local
buckling

RS-6 Local
buckling

RS-7 Local
buckling

RS-8 Shell
yielding

RS-9 Overall
buckling

RS-10 Shell
yielding

Table 8 (continued )

Model
name

Failure
mode

Deformed shape

Experiment Num. spline method

RS-I Interactive
buckling

RS-II Interactive
buckling
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9) is failed by overall buckling. Two models failed by Shell yielding
(RS-8 and RS-10) and the recent models, RS-I and RS-II were
intentionally designed to fail by the interactive failure modes.

The other most noteworthy points of this study are summarised
as follows:

1. It has been proved, the distinctive failure modes are not only the
shell yielding, local shell buckling between ring stiffeners,
overall buckling of the shell together with the stiffeners, but also
the interactive buckling mode combining local and overall
buckling.

2. A simple criterion has been made to classify the failure mode
which ring-stiffened cylinders will collapse locally or fail by

overall buckling. The criterion could be determined from the
pressure ratio (Pn/Pm). However, the finding of this typical
parameter is not enough since the number of the reported test
models is insufficient. Nonetheless, as a continuation of this
research, more extensive test results will be employed for
further investigation of this promising indicator.

3. The accuracy and reliability of the design formulae employed for
the ultimate strength predictions seem necessary to be
improved due to the large values of bias and COV of the collapse
pressure prediction. On the other side, the occurrence of stiff-
ener tripping evidently triggered the failure of the shell together
with the stiffeners. For that reason, the stiffener tripping must

Fig. 33. Pressure and axial shortening comparison.

Fig. 34. Possible failure modes indicator. Fig. 35. Skewness check of the design code prediction against the proportion of
tripping pressure.
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be taken into account in the interactive design formula which
includes the interaction of the failure mode (shell yielding, local,
overall buckling, and stiffener tripping).

4. Based on the non-linear FE analyses, the numerical models,
which employed the actual imperfection coordinates, predict
the test collapse pressurewith good accuracy. On the basis of the
actually measured imperfection coordinated, the analyses were
able to predict the failure modes of the ring-stiffened cylinder
models. In case for the interactive buckling problem, numerical
analysis could be a more viable option to investigate further this
phenomenon. Therefore, the numerical analyses technique can
be adopted to generate a greater number of data base for
parametric studies.
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Fig. 36. Stiffener tripping occurrences lead to overall buckling.
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