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FATIGUE OF PIPELINES UNDER INELASTIC BENDING
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Abstract This master thesis is situated in the research domain dealing with the ductile failure of pipelines
under extreme loading conditions. It is part of an umbrella research aiming to develop innovative
experimental and computational methodologies to simulate fracture of steel structural elements under ultra-
low cycle fatigue. The focus of this study is on steel pipeline applications. The objective of this thesis is to
design a large-scale four-point bend test setup to cyclically bend pipes. The feasibility of instrumentation
will be evaluated using small scale test specimens. In this paper some ideas, constraints and opportunities
for the design are considered, based on a literature review of several test setups for other applications. The
design parameters have been calculated to compose the design windows and an initial overview of the
possible instrumentation is given.
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1 INTRODUCTION

The oil and gas industry is developing very quickly. The demand for high operating pressure, long distance
and large diameter pipelines leads to the use of high strength steels exposed to extreme loading conditions.
Especially in areas susceptible to earthquakes, in reel pipe laying and in offshore structures. Under these
conditions, repeated and extended deformations into the plastic range must be survived. The pipeline
design has to take into account the ductile failure mode of steel under ultra low cycle fatigue conditions.

The purpose of this thesis is the design and instrumentation of a large-scale four-point bend test setup to
simulate ultra-low cycle fatigue (ULCF) of pipes. Pipes will be exposed to inelastic bending and internal
pressure. On the long term, experimental results will serve to calibrate and optimize simulation models and
to develop design guidelines for strain based ULCF design.

Conventional stress-based design limits the allowable stress by applying a design factor on the specified
minimum vyield strength (SMYS). However, stress-based design will be insufficient in cases where
displacement-controlled loads are the dominant design conditions [1]. Because of ecological, economical
and safety reasons, there is a need for adequate strain-based design tools.

Strain-based design is applied in two areas: structures subjected to static loads, and structures subjected to
loads varying with time. These loading conditions may lead to monotonic ductile fractures or to ULCF
(number of cycles to failure N; in the order of 102). The micro-mechanisms that determine failure in ULCF
(void nucleation, growth and coalescence) are different from those in low cycle fatigue (N; ~103) (See Figure
1 and Figure 2 [2, 3]). These micro-mechanisms in ULCF are not yet fully understood and characterised.
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Figure 1. Definition of failure mechanism as a Figure 2. Micromechanical process of ductile
function of number of cycles [2] fracture in steel [3]

In literature a lot of test results are reported, obtained from the monotonic bending of pipelines [4-8], the
monotonic buckling behaviour of pipelines [7, 9, 10], and the wrinkling of tubes by axial cycling [11, 12].
There is also a lot of research effort to asses possible fracture due to an initial flaw in limited yielding (J-
integral, Crack Opening Displacement) [7, 9]. However, research on pipes subjected to inelastic bending



together with ULCF is rare [13-16]. No test setups of this size for inelastic reverse four-point bending were
found in literature.

Pioneering research on inelastic cyclic bending of tubes was carried out by Shaw, Kyriakides and Corona
[4, 5, 12, 15-19] on small tubes (@ 31.7mm). They cycled the tubes in a range of curvatures less than the
critical one in monotonic bending.

2 DESIGN CONCEPT

2.1 Literature review of pipe bending setups
The cyclic bending machine for tubes designed by Kyriakides is shown in Figure 3 [14].
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Figure 3. Cyclic plastic bending machine of Figure 4. Cyclic elastic-plastic bending test setup at
Kyriakides, Shaw and Corona [14] Laboratory of Kaunas University of Technology [20]

This is a very suitable design to test tubes in ULCF conditions. Unfortunately, for large pipes this concept
would be almost impossible nor safe enough (chain can accumulate high elastic energy which can be
suddenly released in case of failure [1]). Another interesting design to cyclically bend small circular cross-
section elements is shown in Figure 4 [20]. Both test setups introduce forces by supporting rollers. Because
of the size of the desired setup, this would initiate local stress concentration and accelerate local buckling.

For large scale tests, inspiration was found in several monotonic bending test setups reported in literature
(see Figure 5 to Figure 8 [1, 10, 21, 22]). These designs can only bend in one direction and were typically
developed for the evaluation of buckling or monotonic ductile fracture, which is not the purpose of this
research. Nevertheless, instrumentation, methodologies, load and displacement values and results can be
compared. In Figure 9 [23] a four point bending test setup is shown that has been used to investigate
bending fatigue in the elastic range.

A critical part of the setup is the load introduction on the pipe specimen. The clamping must allow
ovalization, longitudinal displacement, rotation and must ensure even load introduction, thus avoiding local
stress concentrations. If the bending is only in one direction, this can easily be done with metal straps (see
Figure 5 [22]). Several concepts applicable for cyclic bending have been considered.
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Table 1. Properties of bending setups

Figure | Figure | Figure | Figure Figure | Figure | Current
3 4 5 6 Figure 7 Figure 8 9 10 design
Cylinder(s) capacity
(kN) 50 2*800 | > 450 1000 2*8000 ca 1000
Stroke (mm) 1500 | >100 250 15000 250 - 400
Pipe diameter (mm) | 32 - 35 12 305 66,1 200/ 400 508 - 1420 25,4 125 | 219 -508
D/t 15-45 | solid 132 12,6 /14,5 64,5 17,25 - 80
Inner span (mm) 66 1600 400 1480 5000 - 12000 | 1000 955 1500
Outer span (mm) 1250 140 6000 | 2500 |4000 /5820 32000 3000 | 2615 6000
Cyclic/Monotonic cy cy mo mo mo mo cy cy cy
Elastic/Plastic pl el pl pl pl pl el pl pl

2.2 Design concept

The aim of this study is to develop a design for testing of pipes in ULCF conditions. A test setup design was
proposed (see Figure 10). However, there can be a problem with horizontal forces working on the load cell
and cylinder. The rotating support induces a secondary bending load which causes a maximum moment in
the middle pipe section [1]. This can be taken into account, or a solution could be found in a double hinge
or a moving hinge (see Figure 6 and Figure 8 [1, 10]). The latter is the best option because a double hinge
gives problems with testing in both directions. To protect the hydraulic cylinder against momentum and
horizontal forces, a vertical guidance could be installed alongside the cylinder. Disadvantages are the
voluminous design and unwanted friction force influencing the load cell. For these reasons, it is chosen to
install LVDT’s on the cylinder to signal horizontal displacement and stop the test if necessary.

40

1745
3810

2850

pipe specime

1065

HEA300

L 2615 l

Figure 10. ULCF four-point bending test concept

Tests can be performed in displacement or in load control. When the pipe reaches its maximum static
moment capacity, an increase in moment (load controlled) would result in rapid failure. However, in the
proposed test setup the maximum static moment capacity will not be reached (see Figure 14). Because of
safety reasons and because higher curvatures can be reached, the tests will be displacement controlled.

To reduce the susceptibility to local buckling, internal pressure can be applied. This induces a load
controlled tensile hoop stress which postpones the onset of buckling [10, 24].



3 DESIGN CALCULATIONS

In preparation of the detailed design, some design parameters need to be calculated. Two key parameters
are the force F and the stroke u of the cylinder.

3.1 Force and moment

Calculation of the elastic and plastic bending moments (respectively M and M) is based on the formulae
for the elastic [25] and plastic section modulus [26], W and W, respectively.

The elastic moment is calculated as follows.
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In these equations D, and Dy, are respectively the outer and inner pipe diameter (in mm).

Strain hardening is taken into account through calculation with the flow stress FS (MPa), defined as the
average of the yield strength and the tensile strength values [27].

The fully plastic moment My, is calculated as follows.
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A more advanced calculation method is needed to take partial plastification of the cross section into
account. Calculation of the elastic-plastic bending moment in function of the plastic section 8 (See Figure
11 [28]) is described in [28] for a solid rectangular cross section. These formulas have been adjusted to
calculate the bending moment of a tubular cross section. The bending moment is then calculated as given
in Eq. (7).
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(start yielding: 8 = 0,5; 45°: B = 0,46; fully plastic: 8 = 0) [28]

The calculation of the elastic moment, the fully plastic moment and the elastic-plastic moment for a
plastically deformed section of 45° (8=0,46) were performed in Maple as follows.

F, = FS.Area, (5)
F, - CeNoids g area, 6)
ﬂ'DOUt

M, = 2(F,.Centroid , + F,.Centroid ) (7)
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In these equations F, is the axial force in area,, F, the axial force in areag, 8D the distance from the neutral
axis at which yielding starts, centroid, the center of mass of area,, centroidg, the center of mass of areag
combined with the point of application of F, (see Figure 11 and Figure 12). M and Fgpieq are respectively
the total applied moment and force, a is the distance from inner to outer clamping.

3.2 Curvature and displacement
The moment-curvature relation during elastic-plastic bending can be found in [29] (see Figure 13 and

Figure 14 [7]).
m=2 (p.arcsin1+ /1—i2 ()
4 » ®

With m = M/Mg and ¢ = k/ke in which k is the curvature.
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Figure 13. Moment-curvature relation during Figure 14 Examples of bending moment versus
elastic-plastic bending curvature relation [7]

This function is applicable for an elastic-perfectly plastic material. In reality, due to strain hardening, the
load will slightly increase at rapidly increasing deflection when the beam is loaded beyond its theoretical
collapse load [28]. In this theoretical approach the curvature goes to infinity as the ratio m approaches
1,273; the shape factor of a tube.

For design purposes the elastic curvature is calculated based on the flow stress. This gives an over-
estimation of the expected elastic displacement.

Ko = 2P (10)
E.D,,
Ky = @Ky (11)

For simplicity, the calculated elastic-plastic curvature k is assumed constant for the inner span, which gives
an over-estimation of the displacement. The displacement of the outer span is calculated with the elastic
theory.

3.3 Comparison with critical buckling strains reported in literature

In literature different methods are used to estimate the critical buckling strain. In an ULCF test the critical
strain should not be reached, but it can be used as reference. In this section, the inner span (i.e. the region
between the load introduction points) is curved with the calculated plastic curvature, the outer span is
calculated with the elastic curvature. In [30] several design formulae are found to calculate the critical
strain and corresponding moment. The most conservative critical moment is described in BS8010 (1993),
Eq. (12).

M.,=M {1— 0,0024%] (12)

nom

M, = (Dout _tnom)zt O (13)

p nom-y



For the critical strain, the most conservative (BS8010 Eg. (14)), the most recent (ABS (2001) Eqg. (16)) and
an intermediate formula (Gresnigt Eq. (16) [10]) are applied to plot the critical stroke in the design window
(see Figure 15).
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The fatigue life in ULCF can be roughly estimated with Eq. (17) [31]. This formula is fitted to experiments for
R =0, but it has been reported that in ULCF the effect of the mean stress is negligible. Due to missing data
for an API 5L grade X80 pipeline, the material constants for annealed 1018 Carbon steel, A=1,05 and

k=0,5, have been applied. These material constants are probably not adequate for an X80 pipeline,
nevertheless it gives an idea of the order of magnitude.
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With & the fracture strain and g4 the plastic distortion. For an API 5L grade X80 pipeline it is assumed that &
= 0,18 and the applied &4 ranges from 0,02 to 0,08 giving a theoretical life N in the order of respectively 70
to 4 cycles.

3.3 Design windows

The necessary force and displacement are calculated for several diameters (8 — 20”) and thicknesses (5,6
— 12,7 mm) which results in the design window shown in Figure 15. Based hereon a hydraulic cylinder can
be chosen.

To avoid buckling, the critical load displayed (cross) should never be reached during the test. For low D/t-
ratios, the critical values for the force are clearly between a 45° plastic and a fully plastic section. For higher
values of D/t, the critical value will be reached before a section of 45° is yielding or the applied formulae are
outside their application range (i.e. the critical value for buckling is reached before the onset of yielding).

The critical stroke to avoid buckling becomes excessively high for low D/t-ratios. It means that for this D/t-
ratio buckling is not likely to happen, but rather localised ovalization or fracture. For higher D/t-ratios, the
calculated values for a 45° plastic zone and the critical values come closer, so buckling is more likely to
happen.
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Figure 15. Design windows: force and stroke (for 3=45°) as a function of the thickness and the outer
diameter of the pipe

4 INSTRUMENTATION

The full scale tests require proper instrumentation in order to measure local quantities for a detailed
comparison with FE models (local strains, plasticity and fracture initiation). Comparison will be also
performed on global quantities (e.g. load vs. stroke curves) in order to validate the geometrical and stiffness
correctness of the FE models (elastic behaviour, widespread plasticity after first yielding, elastic-plastic
response after cycling).



A short overview of the possible instrumentation which will be considered is shown in Table 2.

Table 2. Overview of possible instrumentation

Measured NAME RESULT ANNOTATIONS REAL | EF.
quantity TIME
GLOBAL
Load Load cell Vertical force Moment sensitivity errors Yes
Stroke LVDT Displacement Displacement control Yes
PONTOS: Optical 3D | Position,
Curvature displacement movement and No
measuring system deformation
Curvature meter Curvature Backup for PONTOS Yes [3?22]
Caplg extension Displacement Backup for PONTOS Yes
position transducers
Inclinometers Angle Can be derived from stroke Yes
LOCAL
Strain Digital image Deformation Area of interest? No
correlation distribution (3D) | =» FE?
. How to determine fracture
Surface profile Lo
(3D) initiation?
= macroscopic reading
. o
Strain distribution Possible on full pipe*
= small scale test
Strain gages Strain At critical locations Yes
After plastic instability the
measurements could become [33]
worthless & misleading
fPIaSt'C'tY e.”.]d. Macroscopic reading | Localize fracture | Smooth surface Yes
racture initiation
- . 5
B_rlttle_coatmg to _ Sha_tters at+ 1% Must be cured at 49°C for 24h
visualize deformation | strain Yes [5]
on test setup
band clusters
Ovalization Ovalization meter AD Yes | [15]
Temperature does increase
due to plastic deformation.
Temperature Thermocouple Temperature Material properties do not Yes [3]
significantly change with
temperature
BEEORE Mate.rlallpropemes, True stress-strain curve, initial imperfections,
Ovalization etc.
AFTER Post fracture analysis | Fracture analysis [23]

Further research must be performed to select the most appropriate instrumentation. The instrumentation
will be evaluated in advance on a small scale test setup.

5 CONCLUSIONS

In the first part of this master thesis, a broad and deep literature review was performed on the design,
material behaviour, instrumentation and test procedures. Some initial ideas, constraints and opportunities
for the design have been determined. More research work has to be performed to come to a final design of
the test setup. In this master thesis, the final design should be completed and some small scale tests will be
executed to evaluate the instrumentation.
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NOMENCLATURE

distance inner to outer clamping mm

inner span mm
elastic section modulus mms3
plastic section modulus mms3
outer diameter mm
inner diameter mm
flow strength MPa
elastic moment Nmm
plastic moment Nmm
indicates plastic area -
moment for a plastic section §  Nmm
force N
M/Mg -
K/Keg| -
curvature mm™
yield strength MPa
critical buckling strain mm
number of life cycles -
fracture strain mm
plastic distortion mm

damage parameter

material constant
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