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New simplified equation is proposed to calculate the ultimate strength of damaged tubular
structures subjected to combined axial compression and bending. The new equation allows
the designers to take into account any type of damage such as perforation, dent or
corrosion. Morever, the interaction between different damages may be considered. The
ultimate strength of several tubular members, with different damages and slenderness
ratios, subjected to combined axial compression and bending moment are determined based
on the new equation and compared with those calculated using ABAQUS program. Results
of analysis demonstrate considerable accuracy of the simplified equation and good
agreements with those calculated using FEM.
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1. Introduction

Steel structures employed in offshore
activity are usually constructed from tubular
members. These structures are subjected to
various types of loads. Besides the normal
functional loads and environmental loads,
loads due to accidents may occasionally act.
These loads will cause several damages such
as corrosion, cracks and/or dent. These
damages range from total collapse of the
structure to small damages which may not
have serious effect at time of accident. Such
small damages may later affect the ability of
the structures to withstand extreme loads,
thus having an influence on the safety of the
structure in its functional time.

The assessment of structural integrity is
carried out using two approaches. Firstly,
maintenance of structural members through
carrying out periodical in-service inspection
and making the necessary maintenance for
the intact and damaged structures. Secondly,
the evaluation of the deteroration of the
ultimate strength of damaged members which
will be investigated in this research work.
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Predicting ultimate strength of tubular
members is not so easy because buckling and
plasticity should be considered. Studies on
the influence of damages on the ultimate
strength have been performed in many
literatures. In this regard, Rashed et al. [1-2]
and Yao et al. [3] suggested theoretical
equations of dented tubular members sub-
jected to axial compression and bending.
Ueda and Rashed [4] derived an ultimate
strength interaction relationship of a dented
cross section subjected to compression and
bending in two perpendicular directions.
Okada et al. [5] proposed a simplified equation
for predicting deterioration of the ultimate
strength of perforated tubular structures. In
this approach the ultimate strength of perfo-
rated tubes is based on Carlsen’ method.
Daun and Chen [6] used moment-thrust
curvature relationships for predicting ultimate
strength and considering effect of local buck-
ling on the strength of dented members. Since
structural components are prone to corrosion
damage due to environmental conditions,
many approaches dealt with the assessment of
the ultimate strength taking into account the

101



Y. Abdel-Nasser et al./ Damaged tubular members

degradation of structural members due to
general corrosion [7-8]. However, these studies
dealt with the damaged member as an
individual damage deteriorating the ultimate
strength. It is found that the interaction
between different damages is necessary to
predict more accurately the ultrimate strength
since this effect will increase deterioration of
the capacity of damaged members [9-10].

In this work, a new equation is proposed to
calculate the ultimate strength of damaged
members subjected to combined loads. It
dealts with the formulation of the plastic
condition of the damaged part and remainder
of the tubular cross section seperately when
the ultimate strength is calculated. The new
equation allows the designers to take into
account any type of damage such as
perforation, dent or corrosion and the interac-
tion among different damages. The ultimate
strength of several tubular members, with
different damages and slendreness ratios,
subjected to combined axial compression and
bending are evaluated using ABAQUS program
and the new proposed equation. The perform-
ance of the new formulation is checked with
those obtained using FEM and shows good
agreement.

2. Ultimate strength interaction
relationship of damaged tubular
members

The total acting load, P on the tubular
section is composed of two components. P; is
the acting load after yielding of the damaged
part and P; is the load after yielding of the rest
of the cross section. These loads are calculated
as follows,
1-Yielding of damaged part: When a tubular
member subjected to compression and
bending, the fibers in the damaged zone may
be subjected to compressive stresses. In the
elastic range the deformation of damaged zone
is small and no interaction between the rest of
the cross section of the tube. Then, the
damaged zone may be separated from the
undamaged part. Yielding starts at the
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Fig. 1. Acting loads on damaged member.

damaged area where maximum stresses are
developed due to compression and bending as
shown in fig. 1. Yielding continues until
plastic hinges are formed. At this stage the
acting compressive load on the tube is,

P1 =O‘1Ai . (1)

Where o is the initial stress at the damaged
zone.

2- Ultimate strength stage: After plastifiaction
has occurred at the damged region,
eccecntricity due to an additional acting load
P, starts developing overall bending moment
acting on the tube. The lateral deflection is
substaionally increased and yielding at the
adjacent region to the damaged part starts
and tube stifness decreases rapidly. When the
acting load P, reaches its maximum value and
the bending moment is increased, the ultimate
strength is attained. The developed moment M
due to addtional load P, is expressed as
follows [11].

2
M =P,w=P, ), wsin(irc/L)/
i=1
{1-(1/&)( Pu/ Pe)}. (2)
Where

P is the P. - P,

P, is the ultimate compressive load,

Pe is the Euler buckling load=E#2 I/ L2,
Whoi is the (eptwo)A;,

ep is the D sin o/ (7 -ady),

Ai is the coefficent given in ref. [11], and

o an ¢t are the defined in table 1.
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The maximum moment ocurrs when
coefficent wui of eq. (2) is maximum [9]. Hence,
M may be expressed as follows.

M=P, 6+ P & 3)
Where

52= (ep + LUO) ¢, 51 = on¢,

¢ =1/(1-pu/pe).

Based on the above assumption and when
the fully plastic stress distribution on the
cross section of the tubular member is as
shown in fig. 2, the ultimate strength interac-
tion equation may be expressed as follows;

{Mu_‘l' Py (LUo+ €p )+ P LUO}¢ /Mp' + §1pu/pp =]-> (4)

where,

...................

Corrosion

Mp'= Mp{32(2 61/ 00) sin a + sin (%2 7 [Pr-Pu]/Pp

+sin a [Y2 & & -1]). (S5)
From egs. (4) and (5), the ultimate moment My
is expressed as follows

M, = {l-glpu/po} Mp, ¢ - P2 (UJo+ ep) - Pl Wo. (6)

Where,
Pr =0, Dt (7~a2) +0; Dt als.

My = o, D°t, Pp = oo Dt

Finally, for damaged tubes subjected to
only compression, the ultimate compressive
load could be obtained by solving eq. (6). In
order to apply eq. (6), the following parameters
in table 1 are considered.
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Fig. 2. Stress distribution over the cross section of damaged tubular member.
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Table 1
Parameters of the interaction equation

Parameter Perforation Dent Corrosion Dent with corrosion
i O O t
' ° Oo JHu [t +1 -2/t o o/ oo HMu/t.)? +1 2p/te
P oo aDt oi (7a) Dt 6o Dt (m-ate/t) ci (7a) Dt
a sin-! (a/D) cos'}(1-d/ D) a cos'(1-d/ D)
&1 1.0 0.0 1.0 0.0
& 1.0 1.0 1.0 te/t
g3 0.0 1.0 0.0 1.0
&a 0.0 1.0 1.0 1.0
where,
u =D (sina/a- cos a)/2
d = depth of the dent
a = diameter of perforation
t = shell thickness
tc = shell thickness after corrosion
a = damaged angle on the tubular cross section.
Table 2
Properties of different tubular member models
D/t 0o E A L
(N/mm?2) | (N/mm?) Mm
a- Perforated tube
0.52 8000
Ks=0.10 50 390 207000 1.0 16000
Ks=0.20 1.6 24000
2.0 30000
b- Dented tube
d/D=0.05 0.75 2500
d/D=0.1 50 360 207000 1.0 3400
1.5 5000
2.0 6600
c- Corroded tube
y =0.1 1.0 3400
y=0.5 50 360 207000 1.5 5000
2.0 6600
d- Dented-corroded tube
d/D =0.05 and y =0.1 50 360 207000 1.0 3400
d/D=0.1and y =0.2 1.5 5000
2.0 6600

Where,
Ks = a/ 7D
y =alw

a and D are the hole and tube diameters, respectively.

3. Applications
3.1. Numerical models

Several damaged tubes with different
geometrical properties are analyzed using the
non-linear finite element program ABAQUS.
Elastic-perfect plastic material properties is
employed in the analysis. In addition, S4R5
element is used to model the different cases
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and the modified risk technique is employed in
the solution. Amplitude of initial deflection of
value equal L/1000 is assumed. The tubes are
assumed to be simply supported at both ends
and subjected to combined compression and
bending. The geometrical and material
properties of the damaged tubes are given in
table 2. Results of FEM analyses are compared
with results based on using the new eq. (6).
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3.2. Discussion of results of analyses

Series of analyses are performed to exam-
ine the effects of different parameters on the
interaction curve of the ultimate strength of
damaged tubular members.

3.2.1.Ultimate strength of perforated tube

Figs. 3-a and 3-b illustrate ultimate
strength interaction curves for perforated
tubes subjected to combined compression and
bending loads. It is observed from these
figures that ultimate strength remarkably
decreases as the perforation size and the
slenderness ratio increases, as expected. Also,
it is shown that the pesent equation simulates
the behavior of the perforated tubes similar to
that based on FEM.

3.2.2. Ultimate strength of dented tubes

Figs. 4-a and 4-b give the ultimate
strength interaction curves for dented tubes,
two different depths of d/D, subjected to
combined compression and bending loads.
The most important effect on the deterioration
of the ultimate strength is the size of the dent
and the tube slenderness ratio. Both compres-
sive and bending ultimate strengths remarka-
bly decrease as the size of dent increases and
the deterioration in the ultimate strengths is
increased as the slenderness ratio increases.
In addition, it is seen that the results based on
the present equation have a good agreement
for most cases with those obtained using FEM.

3.2.3. Ultimate strength of corroded tubes

Figs. 5-a and 5-b illustrate the ultimate
strength of tubular members having corroded
part and subjected to combined compression
and bending. The corrosion depth is assumed
to be half the thickness of the pipe and
extends a distance equal the pipe diameter in
the lengthwise direction. The deterioration of
the ultimate strength due to corrosion is
investigated through changing the circumfer-
ential length of corroded part an angle 2 « in
the circumferential direction as shown in fig.
2. Two different magnitudes for both slender-
ness ratio 4 and y, such that 4 = 1.0 and 2.0
and y = a/7 = 0.1 and 0.5, are adopted to

investigate the variation in the wultimate
strength. Both compressive and bending
ultimate strengths remarkably decrease as
ratio y and slenderness ratio increase as
shown in fig. 5. Fig. 6 shows relationships
between ultimate compressive strength of
tubes with the slenderness ratios for three
different values of y angle of the circumferen-
tial extension of the corroded part. It is seen
from this figure the tendency of the deteriora-
tion of the ultimate compressive strength due
to corrosion increases as y increases and
slenderness ratio A decreases. As the slender-
ness ratio increases above 1.5, the deteriora-
tion of the ultimate compressive strength due
to corrosion becomes insignificant compared
with buckling of pipe effect. Moreover, one
can notice from figs. 5 and 6 that the present
equation simulates behavior of corroded tubes
similar to those obtained using FEM.

3.2.4. Ultimate strength of dented and
corroded tubes

This section investigates ultimate strength
interaction curves of tubular members with
combined denting and corrosion. The models
of combined denting and corrosion have dent
values of d/D=0.05 and 0.1 with the same
corroded part condition described previously,
such that y = o/ = 0.1 and 0.2, and
slenderness ratios 4 equal 1.0 and 2.0.

Figs. 7-a and 7-b demonstrate effect of
combined denting and corrosion on the
deterioration of the ultimate strength. It is
shown from fig. 7 that both the compressive
and the bending ultimate strengths decrease
when d/D and y increase. It is found that the
interaction between different damages is
necessary to predict the deterioration of the
ultimate strength. Also, the interaction of
damages 1is calrified in fig. 8 when investi-
gating variations of ultimate compressive
strength deterioration with tube slenderness
ratios. In addition, fig. 9 shows a comparison
between the ultimate strength interaction
curves for dented and dented corroded tubes
based on the new equation and those obtained
by FEM cases. Good agreement between the
predicted results from the proposed equation
can be noticed from these figures.
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Fig. 3. Ultimate strength interaction curves for perforated tubes.
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Fig. 4. Ultimate strength interaction curves for dented tubes.
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Fig. 5. Ultimate strength interaction curves for corroded tubes.
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Fig. 6. Relationship between ultimate compressive strength of tubes with slenderness ratios for different values of y.
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Fig. 7. Ultimate strength interaction curves for dented-corroded tubes.
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Fig. 8. Relationship between ultimate compressive
strength of tubes with slenderness ratios
for different d/D and vy.

4. Conclusions

From the present study, the following
conclusions can be drawn:
1. A new equation is proposed to calculate
the ultimate strength of tubes with different
damages such as perforation, dent and/or
corrosion.
2. Good agreement between the results
calculated by the proposed equation and those
obtained using FEM is confirmed for the
considered cases.
3. The proposed equation offers the designers
a good means to evaluate the effect of the
interaction of different damages on the ulti-
mate strength of tubular members subjected
to combined axial compression and bending
moment with acceptable accuracy.
4. The ultimate compressive strength of
damaged tubes may be evaluated with accept-
able accuracy. However, small differences are
observed in the results of cases of damaged
tubes having lower slenderness ratio.
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