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a b s t r a c t

The combined effect of ovality and thinning/thickening on collapse load of pipe bends under in-plane
opening bending moment was investigated using finite element limit analysis considering large geo-
metric change effect. The material is assumed to be elastic-perfectly plastic. Twice-elastic-slope method
is used to obtain collapse moment from momenterotation curves drawn for each bend. Variation of
thickness due to thinning in the cross section of pipe bend produces negligible effect on collapse load.
The effect of ovality is significant except for pipe ratio 20 with l ¼ 0.5. A new closed-form solution is
proposed to determine collapse moment of pipe bends with ovality and it is validated with existing
experimental data.

� 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Pipe bends are generally formed by both hot and cold bending
methods. Some of the hot bending methods are furnace bending,
incremental bending, and induction bending while rotary draw
bending, ram bending and roll bending are cold bending methods
[1]. As a result of the bending process, existence of shape imper-
fections namely ovality, thinning/thickening, wrinkling etc. are
unavoidable. PFI ES-24 [1,2] proposed that ovality shall not exceed
the ovality required by governing code. This code further extends
that if there is no governing code, ovality limit shall not exceed 8%
unless by mutual agreement between the purchaser and fabricator.
On thinning, code gives guidelines for different bendingmethods to
decide the minimum thickness prior to pipe bending for various
bend radii. Thus, the thinning ranges from 6 to 30 percent for any
bending method is followed in the present analyses.

The influence of these shape imperfections has been studied by
many researchers [3e7]. Spence and Boyle [8] studied pipe bends
analytically considering the cross section to be semi-elliptic under
internal pressure and proposed an equation to obtain circumfer-
ential and longitudinal stresses. Veerappan and Shanmugam [3]
performed finite element stress analysis on pipe bends under in-
ternal pressure considering the combined effect of ovality and
thinning and suggested that flexibility in the accepting limit of the

shape imperfections is possible. Dan [9] carried out nonlinear cyclic
analysis on pipe bends using finite element method and compared
the induced stresses of pipe bends with 8% ovality and with no
initial ovality. Under internal pressure, the presence of ovality has
significant effect on the stress distribution while the ovality has
little effect on circumferential stress distribution under in-plane
bending moment.

Collapse behavior of pipe bends were studied by various re-
searchers assuming circular cross section when subjected to
different loads namely in-plane and out-of-plane moment with or
without internal fluid pressure [10e13]. Determination of collapse
loads of pipe bends considering shape imperfections is very limited.
The effect of shape imperfections on collapse loads of pipe bends is
very important to predict the failure of pipe bends under the action
of in-plane and out-of-plane bending moments. Kim et al. [14]
provided a method to estimate plastic loads for elbows with non-
uniform thicknesses when subjected to in-plane bending and un-
der internal pressure based on finite element limit analysis. From
this study, they recommended to use straight pipe thickness to
estimate plastic loads for elbows with non-uniform thicknesses.
Christo Michael et al. [6] studied the combined effect of ovality and
thinning on plastic loads of pipe bends using finite element analysis
under in-plane closing bending and found that the effect of ovality
is significant while thinning produces negligible effect. Christo
Michael et al. [7] compared the limit (based on small displacement
analysis) and collapse loads (based on large displacement analysis)
of pipe bends with ovality and thinning under combined internal
pressure and in-plane closing moment and concluded that
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determination of collapse load is suitable rather than limit load
when ovality is present in pipe bends.

The objective of the present study is to determine the effect of
ovality and thinning on plastic collapse loads for pipe bends sub-
jected to in-plane opening moment. The finite element limit anal-
ysis assumes elastic-perfectly plastic material considering large
displacement effect.

2. Shape imperfections in pipe bends

The pipe bends exist with various shape imperfections on ac-
count of bending process. The variation of cross section from cir-
cular section is called ovality and that in thickness in the cross
section is known as thinning/thickening. Thickening occurs at
intrados while thinning at extrados of pipe bends. Fig. 1 shows cold
bent pipes with actual cross section. The variation in the cross
section is not so uniform and therefore assumptions are made in
the geometry of pipe bends to include ovality and thinning in the
finite element analysis of pipe bends.

The assumptions made in the geometry are

� Cross section is assumed to be elliptic.
� When thinning is considered, the thickness varies linearly from
intrados to extrados and the increase in thickness at intrados is
equal to this decrease in thickness at extrados.

� The thickness at crown of the bend is the average of maximum
and minimum thickness (¼t).

� The required ovality and thinning is supplied at the bend sec-
tion of the bend and it varies linearly in the axial direction as it
moves away from the bend section to end sections where the
cross section takes circular shape.

The finite element limit analysis assumes elastic-perfectly
plastic material considering large geometric change effect. Fig. 2
shows the geometry of the pipe bend with straight pipe attach-
ment. Referring to the figure, ovality, thinning and thickening and
bend characteristics are defined as follows:

Co ¼ ðDmax � DminÞ
Do

� 100 (1)

where Do ¼ ðDmax þ DminÞ=2

Nomenclature

Co percent ovality
Ct percent thinning
Cth percent thickening
Do outside diameter of pipe, mm
Dmax maximum outside diameter of pipe, mm
Dmin minimum outside diameter of pipe, mm
E Young’s modulus, MPa
L length of straight pipe, mm
Mo collapse in-plane moment of a pipe
Mo

s limit in-plane moment of a straight pipe, kN m
r mean radius of pipe, mm
R bend radius to neutral axis (mm)
t nominal thickness of pipe bend, mm
tmax maximum thickness of pipe, mm
tmin minimum thickness of pipe, mm
y Poisson’s ratio
s0 limit/yield stress of an elastic-perfectly plastic

material
l bend characteristic
r/t pipe ratio
R/r bend ratio

Fig. 1. Actual cold bent pipes with deviation in cross section and wall thickness (Courtesy, GB Engineering, Tiruchirappalli.).

Fig. 2. Pipe bend geometry with attached straight pipe.
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