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Abstract
Fibre-reinforced polymer (FRP) jackets have been widely used to conﬁne reinforced concrete (RC) columns for enhancement in both
strength and ductility. This paper presents the results of a recent study in which the beneﬁt of FRP conﬁnement of hollow steel tubes was
explored. Axial compression tests on FRP-conﬁned steel tubes are ﬁrst described. Finite element modelling of these tests is next discussed. Both the test and the numerical results show that FRP jacketing is a very promising technique for the retroﬁt and strengthening
of circular hollow steel tubes. In addition, ﬁnite element results for FRP-jacketed thin cylindrical shells under combined axial compression and internal pressure are presented to show that FRP jacketing is also an eﬀective strengthening method for such shells failing by
elephant’s foot collapse near the base.
 2006 Elsevier Ltd. All rights reserved.
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1. Introduction
Over the past decade, ﬁbre-reinforced polymer (FRP)
composites have been widely used in the strengthening of
concrete structures [1,2]. More recently, the use of FRP
to strengthen metallic structures has also attracted a significant amount of attention [3], but this work has generally
been limited to the strengthening of metallic beams by
the bonding of FRP laminates. The present paper is concerned with the performance enhancement of circular hollow steel tubes with FRP jacketing.
Circular hollow steel tubes are widely used as columns in
many structural systems and a common failure mode of
such tubes when subjected to axial compression and bending is local buckling near a column end. For example, hollow steel tubes are often used as bridge piers and such
bridge piers suﬀered extensive damage and even collapses
*
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during the 1995 Hyogoken-nanbu earthquake [4]. Fig. 1a
shows a local buckling failure mode at the base of a steel
bridge pier and the repair of the pier by the addition of
welded vertical stiﬀeners. Such local buckling is often
referred to as elephant’s foot buckling. In typical circular
tubular members, elephant’s foot buckling appears after
yielding and the appearance of this inelastic local buckling
mode normally signiﬁes the exhaustion of the load carrying
capacity and/or the end of ductile response. The latter is of
particular importance in seismic design, as the ductility and
energy absorption capacity of the column dictates its seismic resistance. A number of methods have been proposed
for the seismic retroﬁt of hollow steel tubes as bridge piers
where enhancement of ductility without a signiﬁcant
strength increase is preferred, but each method suﬀers from
some limitations [5].
Xiao [6] and Xiao et al. [7] recently explored the use of
FRP jackets for the conﬁnement of the critical regions of
concrete-ﬁlled steel tubes. Although his work appears to be
directed at new construction, the same concept can be
employed in the retroﬁt of columns. In such columns, the
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Fig. 1. Elephant’s foot buckling in a steel tube or shell (Courtesy of Dr. H.B. Ge, Nagoya University & Prof. J.M. Rotter, Edinburgh University). (a)
Failure near the base of a steel tube. (b) Failure at the base of a liquid storage tank.

inward buckling deformation of the steel tube is prevented by
the concrete core while the outward buckling deformation is
prevented by the FRP jacket. FRP jacketing therefore provides a very eﬀective means of suppressing local buckling
failures at columns ends. Two research groups have recently
explored the FRP jacketing of hollow steel tubes independently. Teng and Hu [8] extended Xiao’s concept to circular
hollow steel tubes and showed that even in hollow tubes
where inward local buckling is not prevented, FRP jacketing
provides a simple and eﬀective method for the ductility
enhancement and hence seismic retroﬁt of such columns.
During the preparation of the present paper, the authors
became aware of work by Nishino and Furukawa [9] undertaken in Japan, which explored the same technique for
hollow steel tubes independently.
The idea of FRP jacketing of circular steel tubes can be
extended to circular cylindrical shells (or even general shells
of revolution) if the elephant’s foot buckling mode is the
critical failure mode. It is well known that large thin steel
cylindrical shells such as liquid storage tanks and steel silos
for storage of bulk solids may fail in the elephant’s foot
buckling mode at the base (Fig. 1b) when subject to the
combined action of axial compression and internal pressure
[10,11]. Many such failures have been observed during
earthquakes. In addition to the base of a shell, the elephant’s foot failure mode can also occur at a discontinuity
that leads to local bending, such as at a lap joint [12]. For
such steel cylindrical shells, FRP conﬁnement appears to be
an eﬀective method of retroﬁt and may also be considered
in new tank/silo designs.
This paper presents the results of a recent study in which
the beneﬁt of FRP conﬁnement of hollow steel tubes under
axial compression was examined. Axial compression tests
on FRP-conﬁned steel tubes, which were ﬁrst presented
in Ref. [8], are described. Finite element modelling of these
tests is next discussed. Both the test and the numerical
results show that FRP jacketing is a very promising technique for the retroﬁt and strengthening of circular hollow
steel tubes. In addition, ﬁnite element results for FRP-jacketed thin cylindrical shells under combined axial compression and internal pressure are presented to show that FRP
jacketing is also an eﬀective strengthening method for such
shells failing by elephant’s foot collapse near the base.

2. Experiments
2.1. Specimens
In order to demonstrate the eﬀect of FRP conﬁnement
on steel tubes, four steel tubes with or without a glass
FRP (GFRP) jacket were tested at The Hong Kong Polytechnic University. The four tubes were cut from a single
long tube and their details are shown in Table 1. GFRP
was used instead of carbon FRP (CFRP) in these tests as
GFRP possesses a larger ultimate tensile strain and was
expected to lead to greater enhancement of the ductility of
the tube. The four tubes are named respectively, ST-F0,
ST-F1, ST-F2 and ST-F3, with the last number indicating
the number of plies of the FRP jacket (Table 1). The GFRP
jacket was formed in a wet lay-up process, and each ply consisted of a single lap of a glass ﬁbre sheet impregnated with
epoxy resin. A continuous glass ﬁbre sheet was wrapped
around the steel tube to form a jacket with the required
number of plies, with the ﬁnishing end of the ﬁbre sheet
overlapping its starting end by 150 mm to ensure circumferential continuity. Before the wrapping of GFRP, the surface
of the steel tube was cleaned using alcohol.
Three steel coupon tests were conducted according to
BS18 [13] to determine the tensile properties of the steel.
The tensile test specimens were cut from a single steel tube
which in turn was cut from the same long tube as the tube
specimens for compression tests. The average values of the
elastic modulus, yield stress, ultimate strength, and elongation after fracture from these tensile tests were 201.0 GPa,
333.6 MPa, 370.0 MPa and 0.347, respectively.
Five tensile tests according to ASTM3039 [14] were also
conducted for the GFRP material which had a nominal
thickness of 0.17 mm per ply. The average values of the elastic modulus and tensile strength from these tests, calculated
Table 1
Specimen details
Tube specimen

ST-F0

ST-F1

ST-F2

ST-F3

Outer diameter (mm)
Length (mm)
Tube thickness (mm)
FRP jacket thickness

165
450
4.2
NA

166
450
4.2
One ply

165
450
4.2
Two plies

165
450
4.2
Three plies
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on the basis of the nominal ply thickness of 0.17 mm, were
80.1 GPa and 1825.5 MPa, respectively, leading to an ultimate tensile strain of 0.0228.
2.2. Instrumentation and loading
For the bare steel tube, four unidirectional strain gauges
with a gauge length of 8 mm were installed at the mid-height
to measure axial strains. For each FRP-conﬁned steel tube,
four bidirectional strain gauges with a gauge length of
20 mm were installed at the mid-height of the FRP jacket.
The layout of strain gauges is shown in Fig. 2 for each
FRP-conﬁned specimen. The compression tests were all
conducted using an MTS machine with displacement control (Fig. 3). The loading rate was 0.5 mm/min. The total
shortening of the steel tube was taken to be the same as
the relative movement between the two loading platens
recorded by the MTS machine. Some steel block spacers
existed between the steel tube and the loading platens
(Fig. 3), but their deformation was small and was ignored.
2.3. Test observations and results
Fig. 4. Bare steel tube after compression test.

The failure mode of the bare steel tube was outward
buckling around the circumference. This local buckling
mode near the tube end, widely known as the elephant’s

strain
gauge at
mid-height

150mm
overlap
Fig. 2. Layout of strain gauges for FRP-conﬁned steel tube specimens.

foot buckling mode (Fig. 4), is normally found in steel
tubes whose diameter-to-thickness ratio is relatively small.
Two load–axial strain curves of the steel tube are shown in
Fig. 5. One of the curves is for the average strain from the
four strain gauges at the mid-height of the steel tube, while
the other curve is for the nominal axial strain, which is
equal to the average total axial shortening divided by the
height of the steel tube. The four strain gauges recorded
axial strains very close to each other until unloading took
place. During the post-buckling regime, the axial strain at
the mid-height reduces as the load reduces, but the nominal
axial strain steadily increases. This means that load–strain
curves in the post-buckling regime from strain gauge readings depend strongly on strain gauge locations and do not
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Fig. 3. Test set-up.

Fig. 5. Experimental axial stress–axial strain curves of the bare steel tube.
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reﬂect the global behaviour of the tube (e.g. the energy
absorption capacity of the tube). Therefore, from here
onwards, only load–axial shortening curves are shown.
The three FRP-conﬁned steel tubes after failure are
shown in Fig. 6. Readings from strain gauges at the midheight indicated that the axial load was well centred in all
three tests. The load–axial shortening curves of these three
specimens together with that of the bare steel tube are
shown in Fig. 7. While the load–axial shortening curve of
the bare steel tube features a descending branch immediately after the linearly ascending branch, those of the three
FRP-conﬁned tubes all feature a long and slowly ascending
branch before reaching the peak load, showing great ductility. Fig. 7 shows that the tube conﬁned with a single-ply
FRP jacket is almost as ductile as those with a two-ply
or a three-ply jacket. For practical applications, methods
need to be developed to achieve optimum designs of FRP
jackets.
In the steel tube with a single-ply FRP jacket, failure
involved outward local buckling deformations near the
ends, causing the FRP jacket to eventually rupture due to
hoop tension. It should be noted that in these steel tubes,
local rupture of the FRP jacket at one or more locations
did not aﬀect the load–axial shortening behaviour signiﬁcantly, so it is not possible to identify from a load–axial
shortening curve when local rupture of FRP was ﬁrst
reached. Some inward buckling deformations also developed in this specimen, but the outward deformations dominated the behaviour. In the tube with a two-ply FRP
jacket, the FRP jacket also ruptured near one of the ends
due to the expanding local buckling deformations but
inward buckling deformations became more important in
this tube. When a three-ply FRP jacket was used, local rupture of the FRP jacket did not occur and failure was dominated by inward buckling deformations away from the two
ends. It is obvious that in such steel tubes, as the thickness
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Fig. 7. Experimental load–axial shortening curves of all four steel tubes.

of the FRP jacket increases, the outward buckling deformations near the ends are increasingly restrained, making
inward buckling deformations away from the ends increasingly more important. Since the FRP jacket oﬀers little
resistance to inward buckling deformations, once the
behavior is dominated by inward bucking, the use of a
thicker jacket leads to little additional beneﬁt (Fig. 7).
Key test results are summarized in Table 2, where Pco is
the yield load deﬁned as the yield stress of the steel from
tensile coupon tests times the cross-sectional area of the
steel tube (taking the diameters of all specimens to be
160.8 mm) and Pu is the ultimate load obtained from the
compression tests. Dco is the axial shortening of the bare
steel tube at peak load from the bare steel tube compression test, while Du is the axial shortening of an FRP-conﬁned steel tube at peak load. It can be found that both
Pu and Du increase with the thickness of the FRP jacket.
The conﬁnement eﬀectiveness of the FRP jacket can be
gauged by examining the degrees of enhancement in the
ultimate load and the axial shortening at peak load. As
seen in Table 2, the ultimate load of the steel tube was
enhanced by 5–10% by FRP jackets of diﬀerent thicknesses. The ultimate load increases with the thickness of
the FRP jacket, although this increase is generally very limited. Table 2 and Fig. 7 both show that the ductility of the
steel tube was greatly enhanced by FRP conﬁnement. The
axial shortening at peak load is enhanced by around 10
times through FRP conﬁnement. It is worth noting that

Table 2
Summary of test results

Fig. 6. FRP-conﬁned steel tubes after compression test.

Specimen

ST-F0

ST-F1

ST-F2

ST-F3

Pco (kN)
Pu (kN)
Pu/Pco

707.4
717.5
1.01

740.4
1.05

771.0
1.09

782.2
1.10

Dco (mm)
Du (mm)
Du/Dco

0.936
0.936
1.00

8.662
9.25

9.691
10.35

10.114
10.80
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FRP conﬁnement of circular hollow steel tubes leads to
great increase in ductility with very limited increases in
strength, a feature that is highly desirable in the seismic retroﬁt of structures. Therefore, FRP jacketing appears to be
a very promising technique for the seismic retroﬁt of circular steel tubular columns.
3. Finite element modelling of the bare steel tube
3.1. General
The general-purpose ﬁnite element software package
ABAQUS [15] was employed to simulate the test tubes in
this study. To model these tests, both geometric and material nonlinearities were considered and the nonlinear load–
deformation path was followed by the arc-length method.
Symmetry conditions were not exploited so that the deformation pattern was not restricted by imposing such conditions. The modelling of the bare steel tube is ﬁrst examined
in this section. As for the test results, the ﬁnite element
results are also reported in terms of the load–axial shortening curves.
The steel tube was modelled using element S4R. Element
S4R is a 4-node doubly curved general-purpose shell element with the eﬀect of transverse shear deformation
included. Each node has six degrees of freedom (three
translations and three rotations). Nine integration points
were adopted for integration across the thickness. A mesh
convergence study was conducted, leading to a uniform
mesh of 5 mm · 10 mm elements for the steel tube, which
was found to provide accurate predictions. The longer side
of the element lies in the circumferential direction, as the
number of waves of the deformations of the tube in the circumferential direction is generally small. The stress–strain
curve for the steel adopted in the ﬁnite element model is
shown in Fig. 8. This curve is based on the average values
of the yield stress and the elastic modulus, and the shape of
its strain-hardening part is based on test curve 1 shown in
Fig. 8.

831

Based on numerical results obtained with the ﬁnite element model, the ﬁnal ﬁnite element model arrived to
include the following two features, the need of which is
not apparent in a straightforward ﬁnite element modelling
exercise: (a) the two ends are fully ﬁxed except that the
axial displacement of the top end is left unrestrained to
allow the application of axial loading; (b) a small geometric
imperfection is included to guide the ﬁnite element model
into a deformation pattern similar to that found in the test.
The rationale for these choices is explained below, where
the ﬁnite element results are from a ﬁnite element model
with the above features included unless otherwise speciﬁed.
3.2. Boundary conditions
In the experiment, the steel tube was in contact with stiﬀ
loading plates at the two ends (Fig. 3). While this support
condition may appear to be close to a simply-supported
condition, the numerical comparison shown in Fig. 9 indicates that a clamped support condition for the two ends
leads to much closer predictions of the test results. Furthermore, the deformed shape of the tube from the ﬁnite element model with clamped ends is also in much close
agreement with that from the test (Fig. 10). Therefore,
the clamped end condition is more appropriate for this
tube. This means that the tube wall was suﬃciently thick
that the loading plates in contact provided signiﬁcant
restraints at the ends against meridional rotations.
3.3. Geometric imperfection
For a perfect steel tube under axial compression, the two
ends are each expected to develop a local elephant’s foot
buckle. In an experiment, this generally does not occur
due to small geometric and material imperfections
(Fig. 4). Therefore, for the ﬁnite element analysis to capture the experimental behaviour realistically, a geometric
imperfection was included in the ﬁnite element model. In
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Fig. 9. Load–axial shortening curves of the bare steel tube with diﬀerent
boundary conditions.
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Fig. 10. Failure modes of the bare steel tube with diﬀerent boundary conditions. (a) FE analysis, pinned ends. (b) FE analysis, clamped ends. (c)
Experiment.

the ﬁnite element model with two clamped ends, an axisymmetric outward imperfection in the form of a half-wave
sine curve along the meridian (i.e. a local outward bulge)
was added near one end of the tube and centred at the position of maximum radial displacement from a linear elastic
analysis. In the ﬁnite element model with pinned ends, the
same half-wave imperfection was made to start at the support. pThe
ﬃﬃﬃﬃﬃ half-wave length of the sine curve was
1:728 Rtð31:75 mmÞ, where R is the radius of the tube
middle surface and t is the tube thickness. This value is
equal to the critical half-wave length for the classical axisymmetric elastic buckling mode of axially-compressed cylinders [11]. The imperfection amplitude adopted was
0.02 mm. Such a small local axisymmetric imperfection
has little eﬀect on the load–axial shortening behaviour,
except that it provided the necessary disturbance to guide
the steel tube into the development of only a single local
buckle at one of the two ends. Values smaller than 0.02
mm were also tried and were not found to be successful
in guiding the tube into the desired pattern of deformation.
4. Finite element modelling of FRP-conﬁned steel tubes
The FRP jacket was modelled using beam elements oriented in the hoop direction, which means that the small
stiﬀness of the FRP jacket in the meridional direction
was ignored in the ﬁnite element model. Each beam element was assigned a narrow rectangular section, with its
section width being equal to the nominal thickness of the
FRP jacket and its section height being the distance from
the mid-height of the shell element above to that of the
shell element below the beam element. Element B33 in
ABAQUS [15] was used, which is a two-node cubic beam
element with six degrees of freedom (three translations

and three rotations) per node. FRP was treated as a linear
elastic material. The nodes of the beam elements (FRP)
formed a node-based surface, which was regarded as the
slave surface, and were tied to the shell surface (the steel
tube) which was regarded as the master surface. The tensile
rupture behaviour of the FRP was not included in the
model, but strains developed in the FRP jacket can be compared with the ultimate tensile strain of the FRP from tensile tests to see whether local rupture is predicted.
Similar to the bare steel tube, a geometric imperfection
was included in the ﬁnite element model for FRP-conﬁned
steel tubes to match experimental observations. Ideally, the
geometric imperfections should be precisely surveyed and
modelled, as has been done in research on much thinner
shells [16,17], but even when such an approach is followed
for geometric imperfections, the eﬀects of material imperfections such as residual stresses from cold bending [18]
are still not included. In the present study, a much simpler
approach was adopted. The failure modes of FRP-conﬁned
steel tubes (Fig. 5) are no longer axisymmetric and inward
buckling deformations away from the two ends are important. To guide the tube into such deformations, a non-axisymmetric geometric imperfection was included in the ﬁnite
element model for FRP-conﬁned steel tubes. The shape of
the imperfection was assumed to be of the following form
(Fig. 11):
py 
w ¼ w0 sin
cos nh
ð1Þ
L
where y is the axial coordinate from one end of the tube, h
is the circumferential angle (radian), w0 is the amplitude of
the imperfection, L is the half-wave length of the imperfection in the meridional direction, and n is the number of circumferential waves of the imperfection.
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Figs. 12–14 show the results of a series of ﬁnite element
simulations where the eﬀects of varying three parameters
are illustrated. It is found that, the ﬁnite element predictions are sensitive to the chosen imperfection parameters
only in the ﬁnal stage of deformation (the descending part
of the load–axial shortening curve); within the ranges
examined, the ﬁnite element results match the experimental
results closely for all three specimens when the three
parameters
are: w0 = 0.01 mm, n = 2, and L ¼
pﬃﬃﬃﬃﬃ
1:728 Rtð31:75 mmÞ. The ﬁnal imperfection is a very small
imperfection describing sectional ovalization, with a meridional half-wave length being that of the classical axisymmetric buckling mode. This imperfection, although
derived from numerical corroboration, can be realistically
expected to exist in such steel tubes. The choice of a geometric imperfection for the ﬁnite element model of an
FRP-conﬁned steel tube with a more rational basis is an
issue that requires further investigation.
Each FRP jacket included an overlapping zone and
within this overlapping zone, the FRP jacket was thicker.
Two alternative treatments of this overlapping zone were
explored: (a) the additional thickness of the overlapping
zone of 150 mm was directly included in the ﬁnite element
model; (b) the additional thickness of the overlapping zone
was smeared around tube. In both options, the additional
ply is taken to be completely eﬀective, which is an optimistic treatment as part of this ply is unlikely to be eﬀective
due to the need for stress transfer between plies. Option
(a) was used in all simulations presented in Figs. 12–14.
For option (b), the smeared equivalent thicknesses of the
single-, two- and three-ply FRP jackets are respectively,
0.22 mm, 0.37 mm and 0.53 mm. Fig. 15 shows the test
results in comparison with the ﬁnite element predictions
for the two diﬀerent modelling options for the overlap. It
is seen that the ﬁnite element results from the two options
are very close to each other except for the one-ply jacket
where a signiﬁcant diﬀerence is seen following the attainment of the peak load.
The ﬁnite element failure modes of the FRP-conﬁned
steel tubes from option (a) are shown in Fig. 16. These
deformed shapes are for an advanced state of deformation
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Fig. 12. Eﬀect of imperfection amplitude on load–axial shortening curves:
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Fig. 11. Imperfection assumed for the FRP-conﬁned steel tubes.

corresponding closely to the end of the test (Fig. 15). They
match those from the tests reasonably well, given the wellknown fact that the buckling mode of a real imperfect axially compressed cylindrical shell is notoriously diﬃcult to
predict precisely even when the geometric imperfection is
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accurately surveyed and included into the ﬁnite element
model. For the steel tube conﬁned with a single-ply FRP
jacket, the experimental failure mode was primarily outward buckling around the circumference near one of the
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Fig. 14. Eﬀect of meridional half wavelength of imperfection on load–
axial shortening curves: (a) Tube ST-F1, (b) Tube ST-F2 and (c) Tube STF3.

ends. The ﬁnite element model showed that at the ultimate
load, the hoop strains in the jacket at the crest of the elephant’s foot buckle are higher than those elsewhere and
reach mean values of around 0.028 and 0.025 for options
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Fig. 15. Load–axial shortening curves of FRP-conﬁned steel tubes:
explicit overlap versus smeared overlap: (a) Tube ST-F1, (b) Tube STF2 and (c) Tube ST-F3.

(a) and (b). These values are higher than the ultimate strain
obtained from tensile tests (0.0228), indicating that in the
experiment, local rupture may have been reached before
the attainment of the peak load. However, in the experiment, the maximum value of the hoop strain of the jacket
detected was only around 0.012 and this is because FRP

Fig. 16. Failure modes of FRP-conﬁned steel tubes: ﬁnite element analysis
versus experiment: (a) Tube ST-F1, (b) Tube ST-F2 and (c) Tube ST-F3.

rupture did not occur at the mid-height of the tube where
the strain gauges were located. It should be noted that
based on existing research on FRP jackets conﬁning con-
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crete cylinders [19,20], the ultimate hoop rupture strain
achievable in a circular jacket may be signiﬁcantly lower
than the coupon test result (0.0228) due to the detrimental
eﬀect of curvature, although the present tests did not provide enough information to either conﬁrm or refute this
observation.
For the steel tubes conﬁned with two-ply and three-ply
FRP jackets, respectively, the ﬁnite element results showed
the hoop strains in the FRP jacket at the ultimate load are
not uniformly distributed and high values of hoop strains
exceeding 0.0228 in the jacket are highly localised. Hoop
strains both near the ends and at the mid-height of the tube
are generally below 0.017 at the attainment of the ultimate
load, which is closer to the values recorded by strain gauges
at the mid-height for both tubes (both around 0.013).
These results conﬁrm that in these two specimens, inward
buckling deformations were much more important.
Since the tie constraint was adopted to model the interaction between the FRP jacket and the steel tube in the
present ﬁnite element model, the possibility of debonding
between the FRP jacket and the steel tube when the steel
tube buckles inward was not considered. Since debonding
did occur in the test of the steel tube conﬁned with a
three-ply FRP jacket, the use of tie constraint is believed
to be the main cause for the signiﬁcant diﬀerence between
the ﬁnite element and the test load–shortening curves in
the descending branch for the two-ply and three-ply jackets
(Fig. 15b and c).
It should be noted that when the overlap is directly modelled, the thicker overlapping zone represents a disturbance
to the axisymmetry of the tube geometry. In such a case,
the use of a non-axisymmetric imperfection is unnecessary
to guide the tube into non-axisymmetric buckling deformations. This option was not adopted in the present study as
the same non-axisymmetric imperfection given by Eq. (1)
was used in all ﬁnite element models for FRP-conﬁned steel
tubes to facilitate easy comparison.

cylindrical shell are 10,000 mm and 10 mm, respectively.
The height of this cylindrical shell is 1543 mm which is
twice the linear
pﬃﬃﬃﬃﬃelastic meridional bending half-wave length
ð2  2:44  RtÞ, where t and R are the thickness and the
radius of the middle surface of the cylindrical shell [11].
The axial compression and the internal pressure have a
ﬁxed ratio (r/p = R/t).The steel is assumed to be elasticperfectly plastic with an elastic modulus of 200 GPa and
a yield stress of 250 MPa.
Only axisymmetric collapse was considered, so a onedegree axisymmetric model was adopted in the analysis
to save computational time. The bottom end of the shell
is simply-supported (ie only meridional rotations are
allowed). The top end is allowed to move radially and axially but is restrained against meridional rotations. These
boundary conditions mean that local buckling can only
occur at the base, so the inclusion of an imperfection to
guide the shell into a single buckle at the base is not needed.
Three commercially available FRP systems were examined, including the GFRP system (System I) used in the
axial compression tests on steel tubes presented earlier in
the paper. The other two systems are CFRP systems and
the properties given by the suppler were used in the ﬁnite
element analyses. System II is a normal modulus CFRP
system with an elastic modulus of 230 GPa, a tensile
strength of 3450 MPa and a nominal thickness of
0.17 mm. The corresponding values for system III, which
is a high modulus CFRP system, are 640 GPa, 2560 MPa
and 0.19 mm. In each case, the shell is wrapped with a
10-ply jacket. The four axial stress-shortening curves from
ﬁnite element analyses are shown in Fig. 17. It can be seen
that the ultimate load increases with increases in the elastic
modulus of the FRP as can be expected. The failure mode
(Fig. 18) remains similar in shape but the length of the
buckle reduces with increases in the elastic modulus of
the FRP. It can be concluded that FRP conﬁnement provides an eﬀective method for the strengthening of steel
cylindrical shells against local collapse failure.

5. Strengthening of thin cylindrical shells against local
collapse
30
CFRP rupture
No FRP jacket
With system I
With system II
With system III

25

Axial stress (MPa)

It is well known that large thin steel cylindrical shells
such as liquid storage tanks and steel silos for storage of
bulk solids may fail in the elephant’s foot buckling mode
when subjected to the combined action of axial compression and internal pressure (Fig. 1) [10,11]. Many such failures have been observed during earthquakes. The idea of
FRP jacketing is extended to the strengthening of thin circular cylindrical shells in this section.
In order to demonstrate the strengthening eﬀect of FRP,
a bare thin cylindrical shell and three FRP-conﬁned thin
cylindrical shells under the combined action of axial compression and internal pressure were analysed using ﬁnite
element models similar to those developed for steel tubes
presented above. The main diﬀerence is that the radius is
now much larger and an internal pressure exists in addition
to axial compression. The radius and thickness of this
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Fig. 17. Axial stress-shortening curves of pressurized thin cylindrical
shells under axial compression.
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The use of FRP jackets to strengthen thin steel cylindrical shells against local elephant’s foot buckling failure
at the base has also been explored through ﬁnite element
analyses. The limited numerical results for a thin cylindrical shell with a radius-to-thickness ratio of 1000 and subjected to axial compression in combination with internal
pressure indicate that the method leads to signiﬁcant
increases of the ultimate load. If this method is used in
seismic retroﬁt, a gap between the steel shell and the
FRP jacket should be considered [7] so that the FRP
jacket leads to only limited increases in the ultimate load
but still large increases in the energy absorption capacity.
The FRP jacketing of steel cylindrical shells can also be
used in the construction of new tanks and silos to
enhance their performance.
Acknowledgements

Fig. 18. Failure modes of pressurized thin cylindrical shells under axial
compression. (a) No FRP jacket, (b) With system I and (c) With system II
(d) With system III.

6. Conclusions
In this paper, the use of FRP conﬁnement to enhance
the ductility and hence the seismic resistance of circular
steel tubes has been explored. A series of axial compression tests has been presented to demonstrate the eﬀectiveness of FRP conﬁnement of steel tubes whose ductility is
otherwise limited by the development of the elephant’s
foot buckling mode. A ﬁnite element model for predicting
the behaviour of these FRP-conﬁned tubes has also been
presented. Both the load–axial shortening curves and the
failure modes from the ﬁnite element model are in close
agreement with those from the tests, although the degree
of accuracy depends signiﬁcantly on the geometric imperfection included in the ﬁnite element model. The choice of
geometric imperfections in the ﬁnite element model for
FRP-conﬁned steel tubes is an issue that requires further
investigation in the future. Both test and numerical results
have shown conclusively that with the provision of a thin
FRP jacket, the ductility of the steel tube can be greatly
enhanced. These results have also shown that when the
jacket thickness reaches a threshold value for which
inward buckling deformations dominate the behaviour;
further increases in the jacket thickness do not lead to signiﬁcant additional beneﬁts as the jacket provides little
resistance to inward buckling deformations. It is signiﬁcant to note that FRP conﬁnement of steel tubes leads
to large increases in ductility but limited increases in the
ultimate load, which is desirable in seismic retroﬁt so that
the retroﬁtted tube will not attract forces which are so
high that adjacent members may be put in danger.
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