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ABSTRACT: Cryogenic pipelines are being considered to be placed on shallow water sandy seabeds for transporting
liquefied natural gas to shore. It may be laid on the surface of the seabed or trench laid. This paper reports a series of
centrifuge tests carried out for assessing the as laid embedment of a cryogenic pipeline during the dynamic laying
process. The pipe embedment was carried out on the surface of a sand deposit and on the base of a trench. Overall, the
accumulated embedment depth was found to be less than 0.5 diameters, owing to the resultant effect of lateral
ploughing and sand densification. Under the same dynamic laying scheme, the initial embedment under the static
vertical load only, the rate of increasing embedment per cycle of oscillation, the embedment in each episode of
oscillations; all were greater for the surface laying conditions. The deepest embedment depth of the pipe relative to the
diameter was 0.49 (for surface laid) vs 0.46 (for trench laid). The pipe exhibited lower lateral resistance and hysteresis
loop gradient per cycle for the surface laying conditions due to the influence of stress level. Despite the fact that both
cases the pipe was laid on the surface of sand, (i) the influence of trench formation (some degrees of densification)
was present at the base of the trench, (ii) the progress of embedment, oscillation and berm formation; all experienced
higher lateral stresses from the trench sides for the trench base laying. The effect was accentuated by the lower sand
relative density.
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1 INTRODUCTION m waters. The corresponding cost saving may be as high
as 60% (Prescott and Zhang, 2009). This system is now
being considered as the challenge of flowing LNG at a
low temperature of -160°c over long distances has been
overcome. A cryogenic pipe-in-pipe system (Figure 1)
has been designed with high strength 36% Nickel alloys
for the inner pipe, leading to less thermal contraction,
and with sufficient in-between insulation, leading to
ambient temperature on the outer pipe.

A cryogenic pipeline is a pipe with a larger diameter,
and is heavier and stiffer compared to conventional
deepwater steel flowlines or export pipelines (Figure 1).
The challenge is now to develop design tools for laying
the pipeline from a lay vessel to the seafloor and to
ensure on-bottom stability under wave and current
loadings during operation. The pipeline may be (i) laid
on the seabed surface and hooked or rock dumped
intermittently, or (ii) laid in a trench and backfilled by a
combination of layers of sand and rock armor.

The transportation of liquefied natural gas (LNG)
requires a pipeline system to transfer LNG between
floating tankers and the onshore plant. Conventionally,
the pipeline system is supported by a trestle or jetty,
consisting of multiple spans of steel truss founded on
piers and pile foundations, and a loading terminal that is
protected by a breakwater wall of several kilometers
length. Problems with this traditional system include: (i)
at US$15~54 million per km (excluding the cost of the
pipeline system, Prescott and Zhang, 2009) it is often
prohibitive to construct; (ii) the trestle design limits to
around 10 km and to relatively shallow waters,
necessitating regular dredging of shipping channels to
ensure access of tankers to the terminal; (iii) the trestles
block the access of fishing boats along the coast; (iv) the
trestle and pipelines are relatively vulnerable to
deliberate and accidental damage. In summary, trestles
have the disadvantage of high cost; potential interruption

of coastal marine traffic; and safety, security, and Parameter |Conventional |Cryogenic pipe Carbon or
environmental concerns. - S Aemjfl'"'ess o

Recently, an alternative, consisting of subsea Weight | 2~4 kN/m |6 kN/m insulation e
pipelines with risers and a small post, is being considered Bending | 200~300 | 1900
to resolve the limitations just noted. This system will ;“ff”,e:’s MNm* ';"2‘”‘2 B ole
remove the trestle, terminal and long breakwater wall gf:\,?t'y'c 2 ‘ 36% Nickel 7 weight coating

steel

and shift the terminal further off the coast and into 20-50 Fig. 1. Conventional pipe vs cryogenic pipe-in-pipe.
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This paper reports centrifuge modelling of a
cryogenic pipe in sand. The aim was to investigate the as
laid embedment of the pipe for surface laid or trench laid
conditions.

2 CENTRIFUGE MODELLING

The experimental program was conducted at 50g (g:
the earth’s gravitational acceleration) in the 1.8 m radius
beam centrifuge at the University of Western Australia.

2.1 Modelling of cryogenic pipe

Cryogenic pipelines consist of pipe-in-pipe (Figure
2), including (i) an inner flow line pipe made from nickel
alloy (to cope with inner cryogenic temperature: -160°c),
(i1) an aerogel insulation pipe, (iii) a carbon or stainless
steel pipe, and (iv) a concrete layer. Typical diameter,
bending stiffness and weight are listed in Table 1.

Table 1. Distinctive features of cryogenic pipeline.

Parameters Conventional pipe Cryogenic pipe
Pipe outer diameter, Dx 0.4~0.9 m 1.1~1.3 m
Pipe submerged weight, Ws 2~4 kN/m 6~10 kN/m
Bending stiffness, 1 200~300 MNm?> 1900 MNm?
Specific gravity, Gs 2 2.5

Concerete
coating

TPT

 m

e 2
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2
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Fig. 2. Model pipe (all dimensions in mm).

In this study, inner nickel-aerogel-steel pipes were
simplified as a single pipe. Maintaining centrifuge
scaling laws and relationships (Garnier et al., 2007), a
1:50 scale model pipe was fabricated (see Figure 2). A
pipe of outer diameter 17.3 mm (0.87 m in prototype
scale at 50g) and thickness 0.6 mm (0.03 m) was
machined from a block of stainless steel. A 4.2 mm (0.21
m) thick concrete layer was then casted on the outer
surface of the steel pipe. This was to obtain bending
stiffness and surface roughness similar to the field
cryogenic pipelines. The whole pipe was 25.7 mm in
outer diameter and 150 mm long (D;=1.29 mand L =
7.5 m at 50g). The pipe length to diameter ratio of 5.84
was sufficient to avoid the end effects (Cheuk and White,
2011). The pipe dry weight was W¢ = 23.53 kN/m and
submerged weight in water was Wy = 9.95 kN/m (in
prototype scale).
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2.2 Preparation of soil sample and characterization

The soil sample was prepared in a centrifuge
strongbox with internal dimensions of 650 (length) x 390
(width) x 325 (depth) mm. Commercially available
superfine silica sand was used (average particle size, dso
= 0.18~0.2 mm; specific gravity, Gs = 2.62~2.65;
minimum void ratio, emin = 0.49; maximum void ratio,
emax = 0.76; Chow et al., 2019). The sand was rained
uniformly across the length of the box; and maintaining
a constant drop height, and aperture and velocity of the
rainer; which were set as a function of the targeted sand
relative density. The height of the sample was 200 mm.
The achieved relative density (Ip) from the weight and
volume measurement was 40%. The sample was then
saturated through a bottom-up water flow. Note, at 50g,
the 650 x 390 x 200 mm model sample represented a
prototype test bed of 32.5 m long by 19.5 m wide by 10
m deep.

o

AVEE

Fig. 3. Formation of trench.

The strongbox was spun up to 50g and down to 1g
three times to stabilize the density. The centrifuge was
then stopped. The water was drained out carefully. A
purpose designed trenching tool was mounted on the
strongbox. A trench of 4 D; bottom width, 2.5 D, height
and two side slopes of 1 vertical to 2 horizontal ratio was
formed along the length of the strongbox, and up to 50%
of the length (see Figure 3). The rest of the sand with flat
surface was supported by a plexiglass wall. The package
was then submerged under a 20 mm water layer, spun
back to 50g and pipe tests were performed. The pipe
length of 150 mm and sample length of 650 mm allowed
for carrying out 4 laying tests (cycling laterally) on the
sample: two on the trench and two on the flat ground.

At 50g, soil characterization tests were carried out on
the flat ground and on the side banks and base of the
trenched section. The tests were undertaken using a
miniature cone and a piezocone penetrometers of 10 mm
diameter, and at a penetration rate of v = 0.7 mm/s,
which ensured drained conditions (Finnie and Randolph,
1994). The net cone tip resistance profiles (q.) are plotted



Physical Modelling in Geotechnics

©2022 KOREAN GEOTECHNICAL SOCIETY (KGS), Seoul, Korea, ISBN 978-89-952197-7-5

in Figure 4 as a function of penetration depth z. The
resulting relative density (Ip) was calculated following
the Schneider and Lehane (2006) approach, suggesting
Ip = ~42%, which is consistent with the relative density
obtained from the weight and volume measurement.

Relative density, I, (%)
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Fig. 4. Cone tip resistance and estimated relative density profiles.
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2.3 Pipe laying scheme

In the field, pipelines are laid from a laying barge.
Dynamic lay effects arise from oscillation of the
suspended section of pipe, owing to excitation from the
lay vessel and hydrodynamic loading. Stress
concentrations occur at the touchdown zone due to the
catenary shape and lateral oscillation, resulting in further
penetration (additional to the static penetration under
self-weight of the pipeline; Cheuk and White, 2011). The
as laid embedment is a crucial design parameter that
influences the on-bottom stability, and dictates the depth
of required trenching or burial.

It was targeted to simulate the representative loading
and boundary conditions during the laying process in the
field (following Cheuk and White, 2011). For the trench-
laid tests (TLP1 and TLP2), the static vertical load was
kept constant at Vs = 0.5W,, and lateral oscillation
amplitude and number of oscillations were varied. For
episodes 1~5, lateral oscillation amplitude and number
of cycles were chosen to be Ux = +0.05D; (N = 40),
+0.1D¢ (N = 40), +0.2D; (N = 40), +0.1D; (N = 20),
+0.05D; (N = 20). The frequency was prescribed as =
0.1 Hz (TLP1) and 0.2 Hz (TLP2). The total number of
oscillations experienced by the pipe was 160 cycles.

The surface-laid tests were conducted on the flat

ground (SLP3 and SLP4) using the same laying episodes.

These numbers lie within the typical range of cycles that
a pipeline at the touchdown zone may experience during
laying (Randolph and White, 2008; Cheuk and White,
2011). The results of only test TLP1 and SLP1 have been
discussed.
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3 RESULTS AND DISCUSSION

Figure 5 displays direct comparisons between the
pipe laying on the surface and on the trench base for the
same loading scheme (TLP1 and SLP1, /= 0.1 Hz).
Lateral oscillation resulted in continual local
trenching/ploughing, formation and continual evolution
of two side berms (Figure 6). Densification occurred,
where the dynamic pipe movement compacted the
surrounding sand, leading to an enhancement in the soil
strength and bearing capacity. It can be seen that the
initial embedment under the static vertical load only, the
rate of increasing embedment per cycle of oscillation, the
embedment in each episode of oscillations; all are
greater for the surface laying conditions. The deepest
embedment depths of the pipe were wq/D; = 0.49 (surface
laying, SLP1) vs 0.46 (trench base laying, TLP1). As
shown in Figures 5b and Sc, the pipe exhibited lower
lateral resistance per cycle and hysteresis loop gradient
per cycle for the surface laying conditions. These are
because of the influence of stress level. Despite the fact
that both cases the pipe was laid on the surface of sand,
(i) the influence of trench formation (some degrees of
densification) was present at the base of the trench, (ii)
the progress of embedment, oscillation and berm
formation; all experienced higher lateral stress from the
trench sides for the trench base laying. The effect was
accentuated by the low sand relative density of 40%.
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Fig. 5. Effect of laying depth on pipe embedment and horizontal
response.

Bending leg

Fig. 6. Pibe embedment and formed berms after a test.

4 CONCLUSIONS

This paper has discussed the centrifuge modelling of
a cryogenic pipeline. A field nickel-aerogel-
carbon/stainless  steel-concrete  pipe-in-pipe  was
simplified and modelled as stainless less steel-concrete
pipe. The surface roughness was ensured; and diameter,
submerged weight and bending stiffness were properly
scaled to obtain results close to the practical field. A total
of four centrifuge tests were performed on a superfine
silica sand sample. The field dynamic laying process was
simulated to examine the as laid embedment depth for
trench laid and surfaces laid conditions. The following
conclusions can be drawn from the results presented in
this paper.

1) The deepest embedment depths of the pipe were
wda/D¢ = 0.49 (surface laying, SLP1) vs 0.46
(trench base laying, TLP1).

2) The pipe exhibited lower lateral resistance per
cycle and hysteresis loop gradient per cycle for
the surface laying conditions.

3) Local trenching/ploughing, formation and
evolution of two side berms, progressive pipe
embedment, sand densification; all experienced
higher lateral stress from the trench sides for the
trench base laying.
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