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Abstract

The current work uses validated finite element models to evaluate the performance of high
pressure-high temperature (HP/HT) offshore pipelines to combined seismic and operational
loads. Safety of the pipeline is investigated under different load-paths and with different pipe-
soil interaction models. In a parametric study, structural responses of the pipeline SDR (diam-
eter to wall-thickness ratio) at different in-service temperatures are assessed. Results are com-
pared to codified recommendations. It is shown that in offshore pipelines with larger SDR,
typically used in shallow waters, the combined loading imposes a higher risk.
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1 INTRODUCTION

Pipeline resilience to natural and man-made hazards plays a significant role in the design
process of these essential infrastructures and has a great impact on both society and the envi-
ronment [1]. Both offshore and onshore pipelines are prone to failure due to natural and opera-
tional loads. Offshore pipelines and risers are employed for transport of hydrocarbons in deeper
waters and harsher conditions (for instance, the deepest gas pipeline laid by Shell in the Stones
field in the US Gulf of Mexico [2]). In such environments, thicker pipelines with the OD/¢ ratio
as low as 10 are required due to the substantial hydrostatic pressure [3-6]. Moreover, the pipe-
line may need to be installed on seabed with escarpments that increases the risk of thermal
buckling [7-9], free-spanning [ 10] and vortex-induced vibrations [11]. The interaction between
thermal loading and local collapse poses strict design conditions for this type of infrastructures,
and has been studied experimentally [7,8] and numerically [12] in rigid pipelines and pipe-in-
pipe systems [13,14].

In this scenario, seismic loading must be considered when assessing the resilience of pipe-
lines. Strong evidence of the wave propagation damages inflicted to buried natural gas (NG)
pipelines [15-22] suggest that earthquakes can cause long service disruptions, leading to un-
predictably high direct and indirect socioeconomic losses in unprepared communities. Many
authors proposed models to evaluate the structural performance and repair costs of pipelines
subject to ground seismic wave propagation or permanent ground movements [23-28]. Ameri-
can Lifelines Alliance (ALA, [29]) proposed seismic fragility formulations for structural com-
ponents of WDS, such as pipelines, tanks, and other water supply facilities.

While several studies focus on the seismic response of onshore pipelines [23—-32], the be-
haviour of submerged pipelines under earthquake action is marginally addressed [33,34]. The
internationally renowned standard for design of submarine pipelines systems, DNV [35], rec-
ommends limit state design of global and local buckling of pipelines under combined bending,
axial force, and pressure. However, in seismic design, DNV [35] permits the designer to con-
sider earthquake as an accidental load and suggests conducting a safety check based on the
probability of occurrence. The recommended practice for structural analysis of piping systems
DNV [36], allows quasi-static or dynamic analysis of pipelines under earthquake actions. In
case of quasi-static analysis, a load magnifier known as dynamic load factor (DLF) as large as
1.5-2.0 is mandated [36]. However, dynamic analyses methods such as modal analysis, har-
monic analysis, response spectrum analysis and time-history analysis are preferred, and are
known to provide more accurate prediction of the seismic-induced stresses in the pipeline. Thus,
in the current work a modal analysis is conducted to acquire the modal properties of the pipeline
and is followed by a response spectrum analysis to obtain the thermos-seismic interactions, as
will be explained in the upcoming sections.

Current authors previously investigated the potential failure of a typical HP/HT pipeline
based on fragility analysis and subject to combined seismic and thermal loading [33]. The pre-
sented study aims to consider the combined effects of internal pressure, thermal and earthquake
loads, to provide some information on design and acceptance criteria for the possible structural
failure of subsea pipelines with outside diameter-to-wall thickness ratio (OD/f) between 10
(used in ultra-deep waters) and 50 (used in onshore and/or shallow waters) and to assess their
resilience. The following are studied herein and in the following order: (1) prediction of local
buckling in the pipelines due to bending; finite element analysis (FEA) and code compliancy,
(2) thermal buckling study using FEA and proposing novel empirical design equations, (3)
thermo-seismic coupling study including a parametric investigation, and (4) a resilience assess-
ment.
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2 LOCAL BUCKLING

2.1 Finite Element Analysis (FEA)

As described by Karampour et al. [8] in a globally buckled pipeline, the local collapse due
to combined pressure and thermal buckle is dominated by the bending, and the effects of axial
forces are negligible. Accordingly, finite element analyses (FEA) using commercial package
ABAQUS [37] were performed in order to investigate the pure bending response of the pipe-
lines with different OD/t represented in Table 1. For simplicity, the outside diameter (OD) is
changed while wall thickness # = 12.7 mm is maintained constant. The pipelines are modelled
with 4-node doubly curved shell elements (S4R) and 13 thickness integration points using
Simpson integration rule [37]. Bilinear stress-strain constitutive material was defined, in order
to investigate the effects on the ultimate moment capacity and strains of the pipelines, following
experimental results by Binazir et al. [13]. The modelling is explained in detail in a previous
work, Mina et al. [33] and is not repeated here again for sake of brevity. Results are shown in
Figure 1, where moment M is normalised to the plastic moment Mp of the pipe, and curvature
x is normalised to the critical curvature y.. Overall, in all pipelines modelled herein nonlinear
bending response is observed at normalised moments M/Mp > 0.8, like the experimental obser-
vations [38].
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Figure 1: The moment-curvature response of the pipeline with different OD/f under pure bending and the im-
posed imperfection shape, and buckled shape at the maximum moment (left) and ultimate curvature (right) of the
pipeline with OD/=10.

2556



D. Mina, H. Karampour and D. Forcellini

2.2 Local buckling in standards

According to DNV [35], for a pipeline subjected to longitudinal compressive strain induced
by bending moment and axial force and internal overpressure (internal pressure in excess of the
external hydrostatic pressure), the following design condition should be satisfied at all cross-
sections:
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where esq is the design compressive strain, & is the characteristic bending strain resistance, p;
and p. are the internal and external pressures and pj is the burst pressure. The strain hardening
parameter oy is equal to 0.93 for C-Mn steel pipe and the girth weld factor ag, is equal to 1. The
resistance strain factor y, for 3 different classes, low, medium, and high, are equal to 2.0, 2.5
and 3.3, respectively [35]. Table 1 represents the normalised moment and curvature, and the
compressive strains for the considered OD/¢, at maximum bending moment and at ultimate cur-
vature, respectively. The strain at maximum bending moment is the critical strain (limit value
for local buckling). The internal pressure is assumed to be 12 MPa higher than the external
pressure in all pipelines. The ultimate moment capacity is reached at 1.022Mp, 0.998Mp,
0.984Mp, 0.966Mp and 0.946Mp tor OD/t of 10, 20, 30, 40 and 50, respectively. FEA results
show that the ultimate strains at Stage I (critical strains) are closer to the low safety class [35]
with the increase in OD/t (see Table 1). This is mainly because of higher risk of failure due to
local collapse in thinner pipes (OD/t > 30). A different trend is followed by the pipe with OD/¢
= 10, characterised by a critical strain which only differs from low class design strain &sq by
10.2%. The pipeline with OD/t = 20 shows the closest critical strain comparable to the high
safety class.

Table 1: Comparison between compressive strains (gc) at maximum moment and at ultimate curvature and the
design compressive strains (¢Sd) of the studied pipelines with an internal pressure of 12 MPa according to DNV

[35]
& from FEA esa (Eq. (2)) for different safety classes
P (mm/mm) (mm/mm)
OD/t (MII;a) At max. At ultimate
moment curvature low medium high

(Stage I) (Stage 1I)
10 115 6.904x10%  1.056x10"  6.263x10%  5.010x10%  3.796x10?
20 55 2.595x102  6.614x102  3.943x102  3.155x102  2.390%107
30 36 2.359x102  3.516x102  2.977x102  2.382x102  1.804x1072
40 27 2.065x10%  2.342x10%  2.349x10%  1.879x102%  1.424x10?
50 21 1.859x102  1.974x102  1.856x102  1.485x102 1.125x107
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3 THERMAL BUCKLING

The lateral buckling of the studied pipelines with geometrical properties represented in Table
1, is analysed herein as shown in Figure 2. The studied pipelines are modelled using 2-node
linear pipe elements (PIPE31) [37], and laid on a sleeper connected to a discrete rigid surface.

Figure 2: The pipeline/sleeper intersection in the FEA.

The soil-pipeline and the pipeline-sleeper interaction is modelled using Mohr’s friction. The
pipeline has a length of 2000 m, the sleeper height is equal to 0.5 m, and the seabed and sleeper
friction coefficients are 0.5 and 0.3, respectively. Validation of the FEA is given in Mina et al.
[33] and is not repeated herein for the sake of brevity. Firstly, the pipeline is subjected to a
weight of 1,500 N/m to obtain the initial deformed shape (Figure 2). The analytical formulation
is given in Karampour et al. [8]. Then, internal pressure is increased up to 12 MPa. Finally, the
temperature of the pipeline is increased until a global instability known as lateral buckling is
observed [12]. Figure 3 shows the thermal buckling response of the pipeline from a quasi-static
analysis. The temperature is increased up to a critical value, after which the buckle amplitude
monotonically upsurges with the corresponding increase in the temperature. The lateral buckle
profile at different temperatures is shown in Figure 3 and clearly shows the sudden jump in the
crown displacement at the critical temperature. The lateral profiles observed herein (in all OD/f)
are known as Hobbs’ third mode [41], which is identified by a distinctive local buckle and two
adjacent smaller lobes. As the temperature goes beyond the critical point, the mid-lobe grows
at a larger rate compared to the adjacent buckled lobes.
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Figure 3: Thermal buckling responses of the pipelines showing temperature vs. crown buckle deformation (left)
and buckle profile of the pipeline with OD/t=50 (right)
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Maximum compressive strains at the crown segment of all the studied pipelines are presented
in Table 2. Even at temperatures larger than the critical temperature (underlined in Table 2), the
compressive strains are smaller than those outlined in Table 1 for low safety class design and
are lower than the strains corresponding to the ultimate moment capacity.

Table 2: Maximum values of compressive strain in the buckle crown (e., expressed in mm/mm) for the consid-
ered temperature range. Critical temperatures are underlined.

10 20 30 40 50

OD/t & & & & &
(mm/mm) (mm/mm) (mm/mm) (mm/mm) (mm/mm)
17 1.767x10°%  1.360x10°%  1.322x10°%  1.045x10°  9.140x10*
19 1.802x10°%  1.409x10°%  1.364x10°%  1.080x10°  9.353x10*
21 1.840x10°%  1.463x10°%  1.404x10°%  1.090x10°  9.317x10*
23 1.877x10%  1.517x10°%  1.441x103  1.047x10°  9.917x10*
25 1.913x10°  1.588x10°  1.437x10°  1.220x10°  1.354x107
27 1.952x103%  1.714x10°%  1.385x10°%  1.687x10°  1.852x10?
29 1.987x10%  1.955x10°%  1.758x10°%  2.094x10°  2.200x10*
31 2.026x10°%  2.066x10°  2.089x10°  2.178x10°%  2.236x107
33 2.058x10%  2.063x10°%  2.164x10°  2.164x10°  2.267x107
35 2.087x10°  2.046x10° 2.211x10° 2.155x10°%  2.300x107

4 COMBINED THERMAL-SEISMIC LOADING

Knowing the critical temperatures from previous section, two load-paths are probable: (1)
earthquake event after the buckle is initiated, and (2) earthquake event at temperatures lower
than the critical temperature. Previous study by current authors [33] showed that the first load
path is more critical. Therefore, in the current study, load path (1) is chosen to investigate the
thermal-seismic performance of the pipelines. Since the pipeline is characterized by a compo-
site material (steel pipeline with concrete coating), a damping ratio of 3% is chosen, as proposed
by Kalliontzis [48] and DNV [49], and is applied to the pipeline material properties in the form
of Rayleigh damping coefficients. In the current study, the most detrimental earthquake input
motion of the total 17 previously analysed by Mina et al. [33] (Northridge 1994, [50]) is taken
into account, and the dynamic response of the pipeline with different OD/t ratios is analysed.
Time histories of the midpoint maximum compressive strain and the lateral buckle amplitude
at various stages of the loading and for all the considered pipelines are displayed in Figure 4.
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Figure 4: Thermal-seismic interaction results in terms of (a) maximum compressive strain &, (b) and lateral dis-
placement time histories of the buckle crown.
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Lateral displacement is larger for high values of OD/¢t. The highest jump in buckle amplitude
is in the pipeline with OD/t of 10 (from 1 m to 2.5 m), as shown in Figure 4. The risk of failure
due to excessive curvature in the pipeline is assessed by comparing the lateral buckle curvature,
s calculated from Eq. (6), to the curvature at maximum moment capacity, y; calculated from
the FEA bending results in the first section of this article. Assuming sinusoidal expressions for
the lateral buckle lobes, it is straightforward to show that the lateral buckle curvature y; in the
crown is equal to [12]:

Tl'zALB

2
LLB

(1)

XLB =

where Azp and L;p are the buckle amplitude and buckle half-wave lengths, respectively. The
curvatures at post-seismic response of the laterally buckled pipes are represented in Table 3.
The curvature at maximum moment, Stage I, of flexural response of the pipelines. The safety
factor (SF) is defined as the inverse of the ratio R of the crown curvature of the pipeline to its
curvature at Stage I y; of bending response of the corresponding pipeline. A safety factor smaller
than 1 is interpreted as failure due to local buckling (wrinkling in compression) of the pipeline.
It can be seen that SF' is higher for low OD/t values, meaning that for thicker pipelines the
thermal-seismic interaction has a little-to-no effect on the local buckling. Pipelines with OD/t >
40 are more vulnerable to local buckling failure in combined thermal and seismic actions. The
lowest safety factor is registered for OD/t = 50, which is equal to 0.88, highlighting the high
risk of failure due to the combined loading in pipeline used in shallow waters.

Table 3: Safety factors corresponding to thermal-seismic interaction.

opit ¥ (Fllsgure x5 (Eq.(6)  R=yusly  SF=1/R
10 09402 6440107 6.849x107  14.60
20 01202 3.586x102  2.982x107  3.35
30 00461  2415x102  5245x10" 191
40 00229  1.892x102  8259x107 121
50 00154  1.755x102 1.140 0.88

5 VARIATION OF SEABED-PIPE FRICTION AND SUBMERGED WEIGHT

In this section, the effects of pipe-seabed-sleeper friction and submerged weight variation
on a pipeline with OD/t = 20 are investigated. In this regard, different analyses are conducted:
firstly, seabed-pipe friction coefficient u; is increased from 0.3 to 0.9; then, the sleeper-pipe
friction coefficient x> varies from 0.1 to 0.7; finally, the combined effect of pipe-seabed-sleeper
friction coefficients is analysed. The submerged weight g, which corresponds to the first loading
step, is increased from 1000 N/m to 3000 N/m. The control sample has g = 1500 N/m, u1 =0.5
and x> = 0.3. The temperature is kept at 31 °C (critical temperature, as described in [33]). Table
4 reports maximum values in pre- and post-earthquake loading.

When both friction coefficients x1 and u» increase, the maximum buckle displacement in the
pipeline midpoint decreases from 4.32 m to 2.78 m. With only u> reduced to 0.1, the buckle
crown displacement grows up to 4.38 m. The same trend, characterised by larger lateral dis-
placement for low values of g, is registered when the submerged weight varies, and the absolute
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lateral displacement becomes significantly lower by rising ¢ value, and the reduction is 76%
(from 4.47 m with g1 = 1000 N/m to 1.08 m with g5 = 3000 N/m).

Table 4: Maximum values of compressive strains and lateral displacement (buckle crown area) in the pre- and
post-earthquake (EQ), with different friction coefficients and submerged weight and for OD/¢ = 20.

& y
Parameter (m/m) (m)
Ui pre-EQ post-EQ pre-EQ  post-EQ
0.3 2.1519x10%  2.1532x1073 1.271 3.844
0.5 2.0663x10°  2.0651x10 1.109 4.204
0.7 2.0037x10%  1.9984x107 0.986 3.887
0.9 1.9597x10%  1.9484x10° 0.887 3.238
U2 pre-EQ post-EQ pre-EQ  post-EQ
0.1 1.7993x10°%  1.9429x10° 2.606 4.375
0.3 2.0663x10°  2.0651x1073 1.109 4.204
0.5 9.9153x10*  2.1727x107 0.117 3.725
0.7 9.9148x10*  2.1344x10° 0.029 3.251
Hi-lh2 pre-EQ post-EQ pre-EQ  post-EQ
0.3-0.1 1.8685x10°%  1.7196x107 3.019 4.318
0.5-0.3 2.0663x10°  2.0651x1073 1.109 4.204
0.7-0.5 9.9223x10*  2.1135x10° 0.106 3.552
0.9-0.7 9.9217x10*  1.9620x10° 0.023 2.775
q pre-EQ post-EQ pre-EQ  post-EQ
1000 1.7267x10%  1.4012x107 3.075 4.468
1500 2.0663x10°  2.0651x10 1.109 4.204
2000 1.1412x10°  2.2359x10° 0.053 3.787
2500 1.2710x10°%  2.4366x10° 0.012 2.900
3000 2.0532x10°  2.5021x107 0.009 1.079

The highest jump in buckle amplitude is registered with small values of u»>, as shown in the

displacement time history in Figure 10b (from 2.6 m to 4.4 m). The most significant contribu-
tion in terms of reducing lateral displacement is obtained with the increase of both seabed and
sleeper friction coefficients, and the submerged weight ¢, as discussed in previous studies [52—
54]. These situations could be achieved with a roughened coating with enhanced textures [53]
and a thicker coating or a more substantial surcharge on the pipeline laid on the seabed [52],
respectively. This aspect allows to use higher operating temperatures and reduces the probabil-
ity of lateral buckling during an earthquake. However, using high values of pipe-seabed-sleeper
friction coefficient or submerged weight could have a significant impact on compressive strains
built-up along the pipeline, as they can reach a peak value much higher than the yield point of
the material, especially in the buckle crown of the pipeline. Nevertheless, high values of seabed-
pipe friction coefficient («1 = 0.9) could have positive effects on limiting the compressive strain
along the pipeline away from the midpoint.

6 CONCLUSIONS

The response of HP/HT pipelines to the combined effects of seismic and thermal loadings have
been assessed. In particular, flexural, thermal and thermal-seismic responses of pipelines with
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OD/t from 10 to 50 were studied using FEA. The most significant contributions and findings of
the current work are:

Local wrinkles emerge in the compressive face of the pipeline at bending moments which
correspond to development of yield surfaces in the wall thickness prior to reaching ultimate
moment capacity of the pipeline. Failure occurs at moments slightly larger than the full
plastic moment Mp and the ultimate moment capacity of the pipeline decreases with the
corresponding increase in wall thickness (Stage I).

Critical strains at Stage I are closer to the low safety class in DNV (2013) with the increase
in OD/t, due to the higher risk of local collapse in thinner pipes (OD/t > 30). The calculated
Stage I strains are within the proposed strain ranges of low safety class pipelines recom-
mended in DNV (2013) at OD/t < 30.

All the studied pipelines experienced compressive strains much lower than those corre-
sponding to the ultimate moment capacity (Stage I) and those of DNV safety classes.
Safety factors were calculated by comparing the buckle curvature and the normalised cur-
vature at Stage I of the flexural response. It was understood that pipelines with OD/t > 40
are most vulnerable to failure due to local buckling under combined thermal-seismic ac-
tions.

Significant contribution in reducing lateral displacement in pipelines was obtained by in-
creasing both seabed and sleeper friction coefficients, and the submerged weight (i.e. en-
hancing surface roughness and changing surcharge material density). The combined
variation of friction coefficients and submerged weight could improve the strain distribu-
tion along the pipeline, reducing the earthquake detrimental effects.

Future studies are recommended to investigate the interaction response of pipelines consid-
ering full-scale or scaled-down laboratory tests, more realistic pipe-soil interaction models,
the surrounding seawater, and more sophisticated loss and recovery models.
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