Avtoetopxkog Zxedraopog Kataokevav Blopnyavkod E§ormhiopot
Tavemompo @eooahiag, A.Z. Kapapavog, Biopnyavia Peopopkav Autacpatov AE

IHAPAPTHMA T’

MH-TPAMMIKH ANAAYXIH KAI AXTOXIA XIAHPON KAMIIYAQN
XOQAHNQON YIIO KAMYH KAI IIIEXH

210 mapdptnue avtd moapatifetor M kdTwb epyacio M omoia vmofAnOnke Yo
dnposievon oto meprodwkd Journal of Pressure Vessel Technology, tng Apeptkovikng
‘Evoong  Mnyavordywv Mnyavikdv, ASME, wxar oavoaeépetar omnv  avoyn
EAAGTOTAAOTIKOV COANVOTOV TUNUATOV (elbows).

[1] Karamanos, S. A., Giakoumatos, E. and Gresnigt, A. M., “Nonlinear Response
and Failure of Steel Elbows under In-plane Bending and Pressure.”, Journal of
Pressure Vessel Technology, ASME, submitted for publication, November 2002.

H epyacia £ywe oe cuvepyaoio pe to Texvikd Iavemomjuio tov Delft, Ollavoia,
Tufpa oktuchv Mnyavikov.

H epyacia e€etalel v andkpion kapmdiov colvov vad Kapuyn 6to eninedd Tovg
Kol vd Tieon, ypnowwomoldvIeg pio apBunTiky HéBodo memepacpévav ototyeiny,
Kot vrootpiopevn amod mepapoTikd dedopéva. H apbuntc diepedvnon Paciletan
og £va EO1KO GTOLXEID «CWARVAY, TO 0moi0 PUTOPEl Vo TEPLYPAYEL TNV TUPALOPPWOT
TOV COAVO LE EVPWOTO TPOTO, AAUPAVOVTUS VITOYN YEMUETPIKES UN-YPOUHHIKOTNTES
KOl  aveldoTiKn] ouvumeplpopd. EmmAéov  ypnowpomoteital  €va  UN-YPOUUIKO
OVEMIOTIKO TEMEPACHEVO OTOWEID  KeEADQOUG amd v yevikd  mPOYPOpUQ
nengpacuévov otoyeimv. Iapovoidfoviar aptOpnTikd omoTEAECHATO Y10l CYETIKMG
rentdToryovg coAMveg ko eEETAlETAL ) ETPPOT| TOV YELTOVIKAOV EVOVYPARUOV HEAGV.
To optOuNTIKG aTOTEAEGHATA CLYKPIVOVTOL EMTUYADG HE TEPAUNTIKE amoTEAECHOTA,
kol €tol getalovtor opopéva 81kd Bépata TG CLUTEPIPOPAS TV cwinvov. H
EMTUYNG OVYKPLON TOV OPOUNTIKOV QTOTEAECUATOV UE TO TEPOUATE OPOPA TOV
dpOO 100PPOTHAG POTHG-KOUTVAOTNTAG, TNV TUPAUOPO®OOT NG Kpioyng Stoung
Kabdg kot TNy dnpovpyia tomkng actoyiog (MPwong). Tékog, ypnoyonoidviag Ta
aplounmkd  epyoreio, sfetdletor M aotoxic TOV COARVOV VIO KAUyM AOY®
«ofadomoinoncy g datoung 1 Adym Tomikd AvyIopo, KAvovtug GUEST) avapopd oTig
TOPOHLOPPDOELS TOV dOKLH®V TOV TEWPALATOV.

OAZII - Tehwa) Texvu) ExOeor) - Noéufprog 2002 [apapmpa I



NONLINEAR RESPONSE AND FAILURE OF STEEL ELBOWS UNDER
IN-PLANE BENDING AND PRESSURE

S. A. Karamanosl, E. Giakoumatos
Department of Mechanical and Industrial Engineering
University of Thessaly, Volos 38334, Greece

A. M. Gresnigt
Faculty of Civil Engineering and Geosciences
Delft University of Technology, Delft 2600 GA, The Netherlands

ABSTRACT

The paper investigates the response of elbows under in-plane bending and pressure, through a finite
element formulation, supported by experimental results from real-scale tests. The finite element technique is
mainly based on a nonlinear three-node “tube element”, capable of describing elbow deformation in a rigorous
manner, and considers geometric and material nonlinearities. Furthermore, a nonlinear shell element from a
general-purpose finite element program is employed in some special cases. Numerical results are compared
with experimental data from steel elbow specimens. The comparison allows the investigation of some
important issues regarding deformation and moment capacity of elbows. Results from relative-thin elbows
show the effects of pressure and the influence of straight pipe segments. Finally, using the numerical tools,

failure of elbows under bending moments is examined (cross-sectional flattening or local buckling), and

reference to experimental observations is made.

1 INTRODUCTION

Curved pipe segments (elbows) are widely used in industrial piping and pipelines. Because of their ability
to sustain significant deformations, elbows can accommodate thermal expansions and absorb other externally-
induced loads (e.g. seismic ground motions). Following the pioneering work of Von Karman [1], several
researchers worked on elbow flexibility and stress intensity, and reported analytical solutions, supported by
experimental evidence, for in-plane and out-of-plane bending under internal pressure [2], (31, 4], [5]. The
above works have constituted the basis of current elbow stress design rules (e.g. [6]).

The development of computational methods (e.g. finite elements), enabled the numerical investigation of

elbow response. Marcal [7], combining curved-beam theory and toroid shell theory, proposed a finite element
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for pipe stress analysis. Sobel [8] studied the linear bending response of elastic elbows comparing previous
analytical results using two computer programs (ELBOW and MARC), and presented results for flexibility and
stress intensity factors. Based on thin-shell kinematics, Ohtsubo and Watanabe [9] developed “ring elements”
for the stress analysis of pipe bends. In more recent publications, several special-purpose “pipe” or “elbow”
elements were developed, which combine cross-sectional deformation with longitudinal beam deformation
[10], [11], [12], [13]. Some of those elements are incorporated in general-purpose finite element commercial
software packages (e.g. MARC, ABAQUS, ADINA).

In a series of tests on 16-inch 90° elbows, Sobel and Newman [14], [15], and Dhalla [16] investigated the
ultimate capacity of elbows (D/t=39 and R/r=3) under closing moments and reported variations of stress and
strain around the elbow cross-section and along the pipe. The experimental results were compared with
numerical results from shell elements and simplified elbow elements. Gresnigt et al. [17] reported test results
on 30° and 60° elbows (R/r=6) under in-plane bending and pressure, and reported moment-curvature curves,
variations of ovalization along the length, and pressure effects on elbow flexibility. Those tests are examined
in detail in the present paper, and compared with numerical results. Hilsenkopf et al. [18] reported
experimental results on thin-walled (D/t=89.5) stainless steel elbows and thick-walled (D/t=13.4) ferritic
elbows under in-plane and out-of-plane bending, in connection with their functional capability. Effects of
pressure, temperature, cyclic loading and secondary stresses were also investigated. Suzuki and Nasu [19]
conducted two closing moment tests on 12-inch (D/t=46.3) and 24-inch (D/t=64.9) elbows. The response was
compared with numerical predictions from four-node shell elements. In a recent paper, Tan et al. [20]
performed one closing and one opening moment test on 90° thick stainless steel elbows (D/t=10.5). The results
were compared with shell and elbow element results.

In the above works, cross-sectional deformation (ovalization) has been recognized as a very important
issue for elbow bending behavior. In particular, the ultimate bending capacity of elbows is associated with
strains far beyond the elastic limit, as well as with significant distortion of pipe cross-section. To model elbow
response at the ultimate condition, a nonlinear analysis accounting for both material and geometric
nonlinearities is required. Gresnigt and Van Foeken [21], [22] presented an analytical formulation for the
elastic-plastic cross-sectional deformation of elbows, introducing a correction factor to take into account the
influence of the adjacent straight pipe segments. Their results were in fairly good agreement with experiments.

Using element ELBOW31B of ABAQUS, Shaleby and Younan [23], [24] analyzed steel elbow segments
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(R/r=3) for a wide range of diameter-to-thickness ratios (15.5<D/t<97), under in-plane bending (opening and
closing moments) and internal pressure, assuming constant curvature along the elbow. Chattopadhyay et al.
[25] have employed general-purpose program NISA to analyze thick steel 90° elbows (D/t<25), through
twenty-node fully-integrated solid elements and, using a curve-fitting procedure, they proposed simplified
formulae for the collapse (limit) moment capacity in terms of pressure and the bend factor h=tR/r*.

The present paper is aimed at investigating some special issues of elbow response under the simultaneous
action of in-plane bending and pressure. Emphasis is given on the ultimate capacity and failure of relatively
thin pipes. A nonlinear finite element formulation, which takes into account geometrical and material
nonlinearities in a rigorous manner, is employed. Results from real-scale elbow tests [17] are compared with
the predictions from the numerical formulation, in terms of elbow flexibility and ultimate capacity. Finally,
based on experimental observations and numerical predictions the failure (collapse) of thin-walled elbows due

to excessive cross-sectional ovalization or local buckling is discussed.

2 NONLINEAR FINITE ELEMENT TECHNIQUE

A nonlinear finite element formulation, developed elsewhere [26], [27], is employed accounting for
material and geometric nonlinearities. The constitutive model accounts for inelastic effects through a large-
strain J,-plasticity model, with isotropic hardening, considering the condition of zero normal stress in the radial
tube direction. To trace nonlinear unstable post-buckling equilibrium paths, a path-follower (arc-length)
algorithm is implemented.

The main feature of the formulation is the “tube element”, a special-purpose element for the analysis of
pipes and pipelines, which combines longitudinal (beam-type) deformation with cross-sectional deformation.
The formulation is based on a Lagrangian description with convected coordinates in the hoop, longitudinal and
radial direction (denoted as 8, , p respectively). The isoparametric beam element concept is used to describe
longitudinal deformation, with three nodes along the tube element axis (Figure 1a). Bending is applied about a
fixed Cartesian axis x; so that x,-x; is the plane of bending, and each node possesses three DOFs (two

translational along x, and x; and one rotational about x;).
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To describe cross-sectional deformation, thickness is assumed to be constant and a reference line is chosen
within the cross-section. The kinematic relations follow ring theory [28], and are appropriately enhanced to

account for out-of-plane deformation. The position of the reference line with respect to node (k) is
r®(0) = x,(0) e¥+y,(6) e +2,.(6) &° (1)

&) e(k)

K . . . .
where the orthonormal vectors €,”, €, ,e" define cross-section orientation, and

x,(0) =[r + w(8)]cos® — v(B) sin®
Y, (0) =[x + w(6)]sin6 + v(8) cos® )
z.(9) = u(0)

are the components of r®(0) with respect to the cross-section vector triplet, and w(6), v(6) and u(6) are
displacements of the reference line in the radial, tangential and out-of-plane (axial) direction respectively
(Figure 1). Material fibers in the radial direction can rotate in the out-of-plane direction by y(6) and the

position vector of an arbitrary point in the deformed configuration is
3
xOL)= [ (X9 +1% ©)+pn® @)+pr(@)el NV ()| 3)
k=1

where x* is the position vector of node (k), N®(¢) is the corresponding quadratic interpolation polynomial,
and n®(0) is the “in-plane” outward normal of the reference line. Functions w(6), v(6), u(8) and y(0) are

discretized as follows, considering symmetry with respect to the x,-x3 plane (0 = + n/2):

w(8) =a,+a,;sind + Z a_cosnf+ Z a, sinnf
n=2406,... n=3,5,7,....

v(0) =—a,sind + Z b sinnG + Z b, cosnb

n=2,4.6,... n=3,57,....

u(d) = z c,cosno+ Z c,sinnb “4)

n=2,4.6,... n=3,5,7,....

¥(0) = y,+ v,sind + Z y,cosnb + z Y,81nno

n=2,4,,... n=35,7,....
where a,, b, are the “ovalization” parameters and c,, v, are the “warping” parameters.
The element formulation is capable of considering expansions of w(8), v(6), u(0) and y(6) up to any degree.
For the purposes of the present work, expansions up to the 16" degree [n<16 in equations (8)] are employed.
Regarding the number of integration (Gauss) points in the hoop direction, a short parametric study [29]

indicated that the 16™ degree expansion requires 19 equally-spaced integration points around the half-
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circumference including the two points on the symmetry plane. Five and two Gauss points are used in the
radial (through the thickness) direction and the longitudinal direction respectively.

The above “tube element” formulation is implemented in a special-purpose (in-house) finite element
program, which has been verified conducting comparisons with results from analytical solutions, isoparametric
shell elements, and experimental data [25], [26], [29], [30].

In addition to the above “tube element” technique, the general-purpose commercial program ABAQUS [13]
is also employed. The program has excellent graphical capabilities for presenting the results, and an extensive
library for shell and elbow elements. In particular, shell element S8R5 is employed for more detailed
simulation and analysis of some special cases. Moreover, elbow element ELBOW32 is used for comparison
purposes. This elbow element has several similarities with the above-described tube element, but considers
Fourier expansion up to the 6" degree only. Nonlinear geometry is considered and inelastic effects are
accounted for through a J, large strain plasticity model with isotropic hardening. A path-follower (Riks)
algorithm is employed to trace unstable equilibrium paths. Comparisons between the present “tube element”
formulation and the ABAQUS shell or elbow elements are reported in the present paper for some specific

cases.

3 TNO ELBOW EXPERIMENTS

A series of real-scale steel elbow tests, conducted at TNO [17], were aimed at examining the response of
short-bend-radius (R/r=6) elbows under in-plane bending (opening and closing end moments) and pressure.
The test specimens consisted of six moderately thin walled elbows (& 160 — 2.9 mm, D/t=55) and four thin
walled elbows (& 261 — 2.9 mm, D/t=90). Each specimen consisted of two straight parts, and a curved part,
corresponding to an angle of 30° or 60° (Figure 2). Specimen parameters are presented in Table 1. The yield
stress of the material (o) is equal to 380 MPa, and a negligibly low hardening modulus E' has been measured.

The experimental set-up is shown in Figure 3. Bending action was produced by means of the two hydraulic
cylinders on the left and right respectively, which produce a four-point bending. The change in cross-sectional
rotation was measured through the displacement transducers mounted in the steel frames, welded to the pipe
bend. The change in the vertical diameter was measured with the dial gauges in the stirrup-type measuring

devices.
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First, each specimen was tested in the elastic range under in-plane bending in the presence of several
internal pressure levels, to examine the effects of pressure on elbow flexibility. Subsequently, the elbows were
bent until collapse. Eight specimens were tested under in-plane bending only (without internal pressure), and
two specimens (Nos. 74 and 75) were tested under in-plane bending in the presence of internal pressure equal
to about 60% of the fully-plastic pressure (py=20,t/Dy,, where D, is the mean tube diameter). For each elbow
configuration, both closing and opening bending moments were considered (Table 1). Tests results are
reported in Section 4, together with finite element predictions.

Figure 3 shows specimen No. 75 at the end of the test. Note that deformations occurred mainly in the
elbow area, whereas the straight parts were significantly less deformed. Figure 4, shows the final collapsed

shapes of thin-walled specimens 82, 83 and 84 at the middle section.

Specimen No. D (mm) t(mm) | R(mm) | Angle a | Pressure (MPa) | Bending type
70 160 29 480 30° 0 closing
71 160 29 480 30° 0 opening
72 160 2.9 480 60° 0 closing
73 160 2.9 480 60° 0 opening
74 160 2.9 480 30° 8.77 closing
75 160 2.9 480 30° 8.77 opening
81 - 261 2.9 772 30° 0 closing
82 261 29 772 30° 0 opening
83 261 2.9 772 60° 0 closing
84 261 2.9 772 60° 0 opening

Table 1: Elbow specimens tested at TNO [17]

4 NUMERICAL RESULTS AND COMPARISON WITH TEST DATA
Using the aforementioned numerical tools, a cross-sectional (ovalization) analysis is conducted first to
examine the effects of pressure on cross-sectional capacity and ovalization. Subsequently, the TNO

experiments [17] are simulated and, finally, failure of thin-walled elbows is investigated and discussed.

4.1 Cross-sectional elbow response
Figure 5 shows the cross-sectional response of a thin walled curved pipe for three levels of internal

pressure under closing and opening bending. The bending moment is assumed constant along the pipe, and the
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pipe is infinitely long, free of boundary conditions. Thus, all cross-sections exhibit the same deformation
without warping and a two-dimensional analysis is conducted with only one element in the longitudinal
direction, restraining all warping degrees of freedom (c,=y,=0). The cross-sectional and material properties of

the pipe are those of specimens 81 — 84 (D=261 mm, t=2.9 mm, R/r=6, E=210 GPa, ¢,=380 MPa and a zero

“post-yield modulus up to 2% strain). The values of moment M, curvature k and pressure p are normalized by

the fully plastic moment Mp=c5yD,2n t, the curvature-like parameter k, =t/Dr2n and the fully plastic pressure p,

respectively (m=M/M_, x=k/k,).

The ovalization of elbow cross-section is expressed in terms of the ovalization parameter:

D'h -D
oy=—>—>=%= 5
D 5

m
where D'y, and DY, are the deformed lengths of the horizontal diameter (normal to the plane of bending) and of
the vertical diameter (on the plane of bending). The ovalization parameter is shown in Figure 6, in terms of the
applied curvature. When closing moments are applied, “positive” ovalization occurs, with shortening of the
vertical diameter. This reduces the moment capacity of the cross-section, and the ultimate moment is
significantly low, especially for zero pressure (less than 20% of M,). The presence of pressure decreases
ovalization and causes an increase of the ultimate moment.

On the other hand, opening moments result in “negative” ovalization (extension of the diameter on the
plane of bending). This mechanism increases the moment capacity of the pipe cross-section and enables the
pipe to sustain significantly larger moments than the corresponding moments under closing bending. This
significant difference between closing and opening moment capacity has also been noted in previous

publications [21], [22], [23], [24], [25].

4.2 Comparison with TNO elbow test data

Figures 7, 8 show the moment-rotation curves obtained from the experiments, compared with the “tube”
element results, for specimens 81, 82, 83 and 84. Bending moment is plotted in terms of the relative rotation
@ce between cross-sections C and E, the ends of the curved pipe segment (Figure 2). Due to symmetry with
respect to the middle section, pcp=2¢c. It is important to note that the rotation of a cross-section is defined

differently in experiments and in analysis. Experimentally, it is measured through the rotation of the steel
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frames attached to the elbow at the mid-height of the cross-section (Figures 3, 4). In tube element analysis, the
rotation of a cross-section is determined from the value of the rotational DOF of the corresponding node of the
tube element. To investigate further this issue, these four specimens are also analyzed with shell element S8R5
of ABAQUS, and the rotation of cross-section C is calculated from the relative displacements of two shell
nodes on this cross-section. When the top and bottom nodes of the cross-section are employed to calculate the
rotation (namely points CT and CB in Figure 9), then the corresponding initial stiffness is very close to the
stiffness obtained from tube element analysis. However, when two nodes very close to the cross-section mid-
height are employed to calculate the rotation (namely points CM1 and CM2 in Figure 9), the calculated
stiffness becomes similar to the experimental value. Cross-sectional warping constitutes the main reason for
this difference, and it is due to the influence of the adjacent straight pipe segments. Note that specimens 81 and
82 have a small curved part (L.=1.6D), so that the pipe cross-section exhibits significant warping at C. This
effect is alleviated in specimens 83 and 84, because the curved pipe portion is significantly longer (L=3.1D).
In other words, section C of specimens 83 and 84, exhibits less warping deformation and this accounts for the
fairly good comparison between experimental and numerical values of initial stiffness, shown in Figures 7, 8.
The above results also indicate that rotation measurements at the mid-height points (used in experiments) may
not be representative for the average cross-sectional rotation.

Figures 10, 11 and 12 show the comparison of the experimental moment-rotation (M-¢cg) curves with the
corresponding numerical results for specimens 70, 71, 72, 73, 74 and 75. Note that results from ELBOW32
element are practically identical to tube element results when a 6™ degree Fourier expansion is employed. The
results in those Figures verify that the ultimate capacity under opening moments is significantly higher than the
ultimate capacity under ciosing moments. In addition, under closing moments, pressurized elbows (specimen
74) are capable of sustaining larger bending moments than non-pressurized pipes (specimens 70, 72), due to
the “stiffening” effect of pressure, which decreases cross-sectional ovalization.

In Figure 10, tube element analysis appears to underestimate the initial stiffness of specimens 70, 71, and
this is attributed to the small value of the elbow angle (30°), as discussed in detail in a previous paragraph for
specimens 81 and 82. On the other hand, the initial stiffness predicted by the tube element is improved in
specimens 72, 73 (Figure 11), because of the larger value of elbow angle (60°). Furthermore, Figure 12 shows

a very good comparison between tube element analysis and test data for pressurized specimens 74, 75.
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Another interesting observation concerns the ultimate moment of the elbows under closing moments. In
Figures 7, 8 numerical results show that there exists a considerable difference on the maximum moment of
specimens 81 and 83 (22,200 N-m versus 16,400 N-m). Similar values are obtained experimentally.
Furthermore, those moments are significantly higher than the ultimate moment obtained from cross-sectional
analysis, as shown in Figure 5 (12,900 N-m). The above differences are due to the length of the curved pipe
segments L.. In specimen 81, the curved portion of the pipe is short (L.=1.6D). Thus, a higher moment
capacity is obtained in specimen 81 than in specimen 83 (L.=3.1D), due to the strong influence of the adjacent
straight pipe segment. Furthermore, the two-dimensional analysis (Figure 5) corresponds to an infinite length
of the curved portion (L.=c) and this accounts for the smallest ultimate moment.

Figure 13 shows the influence of pressure on the initial flexibility of thin-walled specimens 83 and 84.
Experimental and numerical results from tube element analysis verify the well-known stiffening effect of
internal pressure on elbow flexibility, and a very good comparison between experiments and analysis is
obtained. Finally, in Figure 14, cross-sectional flattening at the middle cross-section is plotted in terms of
rotation @cg, for specimens 83 and 84. Flattening is measured in terms of AD, which is the shortening
(specimen 83) or lengthening (specimen 84) of the diameter on the plane of bending. In both specimens very

good agreement between numerical results and test data is obtained.

4.3 Failure of thin-walled elbows

After the onset of plastic deformation, the elbow is capable of sustaining further deformation, without loss
of strength. However, at some stage, the pipe fails, in the sense that significant local deformations occur
because of excessive cross-sectional ovalization or local buckling. In the following, failure of thin-walled
elbows is examined.

Experimental observations and numerical results indicate that, under closing moments, the response of an
elbow results in “limit moment” instability and the elbow fails due to excessive cross-sectional flattening in the
form of a four-equally-spaced-plastic-hinge mechanism, as shown Figure 15a for specimen 83. This
configuration is consistent with the corresponding shape of the specimen, shown in Figure 4a, as well as with

analytical results presented in [21], [22] for short-radius pipe elbows.
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An entirely different response is observed under opening moments (specimens 82 and 84). The response is
significantly stiffer than in the case of closing moments (specimen 83). Moreover, those elbows exhibit local
buckling at the “outer” side of the pipe cross-section. This is observed in experiments (Figure 4b, 4c), and
verified by the numerical results (Figure 15b - specimen 84).

It is possible to use a simple (heuristic) argument to verify the location of buckles around the pipe cross-
section, considering the pre-buckling distorted (ovalized) cross-sectional configuration. This simple argument
was first proposed and verified numerically in [34] for the case of elastic thin cylinders initial straight with
non-deformed cross-section subjected to bending. Subsequently, Axelrad [35] employed this argument for
analysing bifurcation of elastic tubes under bending, taking into account cross-sectional ovalization. A finite
element verification of Axerlad’s hypothesis was recently presented in [30]. Herein, we extend this argument
for inelastic tube bending. The argument is based on the buckling stress formula for cylindrical shells under

uniform compressive stress o, in the longitudinal direction:

0,,=nC E[ij (6)
r

where C is a factor accounting for initial imperfections [32], and 1 (0<n<1) is a plasticity reduction factor,
which depends on the stress level [33]. If C=0.605 and n=1, then equation (6) reduces to the classical formula
for elastic buckling of thin cylindrical metal shells [28]. In the case of tubes subjected to bending, longitudinal
stresses are no longer uniform around the cross-section and the cross-section is not circular because of
ovalization. Therefore, equation (6) cannot be applied directly. However, it can still be employed in a local

sense; it is assumed that the cross-section buckles at the location where the local compressive longitudinal

stress reaches a value equal to

o, = nCE(%J 7

where 1/t is the local hoop curvature of tube wall at a specific location around the circumference, calculated as

follows [28]:

—=—+—(V-w) (8)
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The location around the cross-section at which longitudinal stress reaches first a value equal to the buckling
resistance ¢, [equation (7)] is considered to be the “critical location” of the cross-section at which buckling
occurs.

In elbows under opening moments, “negative” ovalization occurs, so that at points located on the “outer”
side of the cross-section the pipe wall is nearly flat, corresponding to a very small value of local curvature 1/r
(Figures 15b and 16a). Therefore, according to equation (7), a small value of buckling resistance is expected at
those points. Furthermore, the variation of longitudinal stresses at the middle cross-section of specimen 84 at
the buckling stage, as obtained from FE analysis (Figure 16b), indicates that significant inelastic compressive
stresses occur in the area where —60°<6<0°, which is actually the area that buckling occurs. The above

considerations explain the location and the shape of the buckles obtained experimentally and numerically.

5 CONCLUSIONS

Using nonlinear finite element tools, supported by experimental evidence, the response of relatively thin
steel elbows under in-plane bending and pressure is examined (D/t=55, D/t=90). A special-purpose finite
element formulation, which employs a nonlinear “tube element”, is mainly employed. Furthermore, in some
specific cases, results from a general-purpose finite element program are also obtained.

Cross-sectional finite element analysis of thin-walled curved pipes indicates that internal pressure has an
important effect on both ultimate moment and cross-sectional ovalization, and a significant difference between
closing and opening moment response is observed, also noted in previous works.

Results from the nonlinear finite element analysis are compared with experimental data from 30° and 60°
steel elbows. Good comparison is obtained in terms of elbow flexibility, including pressure effects.
Furthermore, the experimental moment-rotation curves are successfully compared with the corresponding
curves from the finite element results. Both experimental data and analytical results verify the significantly
different response for closing moments and for opening moments, as well as the reduction of cross-sectional
deformation due to internal pressure. It is also concluded that the adjacent straight parts of the pipe have a
considerable influence on the response and the ultimate moment of the elbow.

Based on experimental observations and numerical results, the present paper also investigates failure of

thin-walled elbows under in-plane bending. A different failure mode is detected for closing bending and for
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opening bending conditions. Elbows under closing bending moments fail because of significant cross-sectional

deformation (ovalization), whereas elbows under opening bending moments exhibit local buckles at the

“outer” side of the pipe cross-section. Finally, a heuristic argument is employed to explain the location of the

buckles and the shape of the post-buckled cross-section under opening bending moments.
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Fig. 1. Tube element; (a) general configuration, (b) in-plane deformation and (c) out-of-plane deformation.
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Fig. 2. TNO experiments [17]; specimen geometry.

Fig. 3. Experimental set-up and final configuration of specimen 75; opening bending moments.
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Fig. 4. (a) Flattened configuration of specimen 83 (closing moments) and (b), (¢) buckled configuration of
specimens 82, 84 (opening moments) - around middle cross-section of the specimen.
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tube element analysis.
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tube element analysis.
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Fig. 10. Moment-rotation paths for non-pressurized specimens 70 and 71; comparison between test data and
numerical results.
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Fig. 11. Moment-rotation paths for non-pressurized specimens 72 and 73; comparison between test data and
numerical results.
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Fig. 12. Moment-rotation paths for pressurized specimens 74 and 75; comparison between test data and
numerical results.
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Fig. 13. Internal pressure effects on the initial flexibility of specimens 83 and 84; test data versus numerical
results (pressure values in MPa).
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Fig. 15. (a) Ovalized shape of specimen 83 and (b) buckled shape of specimen 84 (analysis with shell element
S8RS5). For symmetry reasons, one-quarter of the specimens is analysed.
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Fig. 16. (a) Deformed cross-sectional shape and (b) longitudinal stresses around the pipe middle-section of
specimen 84, at buckling stage (c,=380 MPa).
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