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Abstract

Steel tubular structures are widely used in offshore structures, such as fixed, floating, and seafloor pipelines. The earthquake
can cause relatively large pipe displacement, especially in the fault zone. Therefore, single-wall buried pipelines or piles of the
offshore fixed platform in these zones could be under buckling and wrinkling which would lead to the severely deteriorated
performance of the pipelines or costly failure. The purpose of this research is to prevent these types of failures by developing
innovative double-wall steel-polymer—steel (SPS) composite pipes in place of single-wall pipes. In the double-wall pipe, the
annulus of the inner and outer pipe was grouted with polymer. Verification exercises for single-wall pipe in air and buried in
clay, and double-wall pipes in the air were performed. Thereafter, an analysis of laterally loaded SPS double-wall composite
pipes in clay was performed and the pipe responses were examined. A comparison of performance behaviors for single and
double-wall pipes was also performed. It was found from this research that double-wall SPS composite pipes demonstrated
increased tolerance for higher levels of displacements, strain, stress, and ovality under work environments where pipelines
could be subjected to large displacement in the earthquake fault zone. For those composite pipes in which there is no bond
between the polymer layer and inner/outer steel pipes, the composite pipes showed wrinkles on the compression side of
the pipe even under a small displacement. So, the polymer and steel must be bonded to have a good composite section. The
composite pipes with stiffer polymer grout showed a better performance while soft polymer did not contribute to the overall
stiffness of the composite pipes. In addition, the effects of weld on the outer steel pipes were also studied and the results
were documented.

Keywords Steel-polymer—steel - Sandwich pipe - Composite pipe - Sandwich pipe - Pipeline - Strain-based design - Pipe
ovalization

1 Introduction

Buried pipelines in earthquake fault zone can experience
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o crossing a strike-slip fault. It is similar to piling crossing a
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ground slip plane. In hard rock, the pipeline trench would
be backfilled with softer soil, e.g., medium clay having a
compressive strength, 2c, of 58 kPa (1200 psf). The cohesion
of the clay is denoted as c. Soil flowing around the pipe with
diameter D develops an ultimate transverse loading per unit
length of Q=12 cD. Compared to the expected pipe move-
ment, the deflection required for the soil to reach ultimate is
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small, so its behavior is assumed to be rigid plastic [1]. The
issue with the single-wall pipe is that wrinkles develop in the
pipe when the pipe experiences large displacement or bend-
ing. The wrinkles in the pipeline can significantly reduce
the pipe opening and can obstruct the pigging device. In
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Fig. 1 Exemplary displacement
due to earthquake [2], and sec-
tion view of the composite pipe
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addition, the wrinkles can also increase the stress and strain
on the pipe, and this aid pipeline failure. Thang, Marshall,
and Hui [2] including several researchers performed stud-
ies to improve wrinkles in the pipe [3-5]. Pipeline failures
especially in the oil and gas industry have caused significant
losses.

Double-wall pipes with annulus grouted with cement, and
concentric tubular have been used as oil well casing since
the late 1800s, and the composite section has also been used
with piles in offshore jacket platform legs. There is a bond-
ing issue for the cement grouted composite section, disbond-
ing between cement and the steel surfaces, which reduces
the effectiveness of the composite section.

The earthquake may be associated with ground dis-
tortion of several meters or feet slip (delta) as shown in
Fig. 1. This can produce severe elastic stresses in piling,
conductors, and pipelines. However, if there is sufficient
ductility, the displacements can safely be accommodated
in the plastic range [6]. Figure 1 drawn represents pipeline
displacement failure due to an earthquake at the fault zone
and section view of the double-wall composite pipe. Due
to large displacement, the pipeline may buckle, forming
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a hinge, and have sharp slope discontinuity on the pipe
which eventually may appear linear. However, depending
on the displacement due to the earthquake, the pipe may
bend and form such as the ‘S’ shape which is nonlinear.
This research study is referring to pipeline displacement
caused by the earthquake fault.

Recently, there were several studies conducted to increase
the steel to cement grout bond [7-20], and specific and indi-
vidual citations of these researchers’ work are included in
Sect. 3. Thang et al. [21] conducted research on the stud-
ded bond between steel-concrete—steel sandwich shells
using mixtures of steel and synthetic fibers with cement in
the grout for offshore structure applications. In large shell
structures, a plain concrete—steel interface often disbonds
due to shrinkage, no stress is required. All that is left is
contact friction. The studded bond surfaces were found to
develop 0.035f” in peel-off tension, and 0.084f”_ in shear,
for concrete with compressive strength f* =68,900 kPa
(10,000 psi). In this research work, pipelines are analyzed
as structural members. The polymer grout and steel surface
are assumed perfectly bonded due to epoxy-like adhesion
between the two materials, and the large strain tolerance of
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polymers. Thus, there is no deboning within the composite
section.

In this research, first, FE analysis verification exercises
were performed for pipes in air and pipe embedded in clay
for the single and double-wall composite pipes. Combing
two asymmetric pipes in clay, a pipeline is obtained. Sec-
ond, FE analyses for single-wall tubular were performed in
clay. Then, further FE analyses were performed on polymer
grouted double-wall composite section and the results were
compared against available literature, and new findings were
documented.

2 Verification of laterally loaded pipe in clay

Matlock [22] performed laterally loaded pipe in soft clay,
near the mouth of the Sabine River. The clay’s vane shear
strength was 14.4 kPa (300 psf). In this research work, FE
analyses were performed using 2 methods. Then, they were
compared with the test results. The first method used was
the modified Drucker—Prager cap model [23]. The second
method was Marshall’s unpublished method plastic clay
model. Abaqus 6.14 user manual [23] and Helwany [24]
were used in modeling the pipeline in clay. Abaqus manual
[23] contains information using Drucker—Prager cap mode-
ling and Helwany [24] provided some examples of modeling
laterally loaded piles in clay.

The clay unit weight was taken as 20 kN/m?. The modu-
lus of elasticity of the clay was taken as 2150 kPa. This value
was used because E_/c was taken as 150. The value of the
modulus of elasticity ranges from 50 to 200 [22]. The pipe
diameter was 31.9 cm and the wall thickness was 1.27 cm.
The pipe embedded length in the clay was 12.8 m (40 ft).
Figure 2 shows the clay FE model with pipe embedded in
it, boundary conditions, and meshes. The pipe stick-out was
6.36 mm. Lateral displacement was applied at the pipe top.
The base was pinned. The sides were restrained against

pipe embedded in
solid clay

top surface
Uy=0

YZ plane
YX plane Ux=Uz=0

Ux=Uz=0

o
X bottom surface

x=Uy=Uz=0

Fig.2 Meshed model of pipe and clay with the boundary conditions
[25]

lateral movement. The soil top surface was restrained against
Y direction, modeled as if the fault plane was slick and soil
was not allowed to cross it. The pipe and clay interface was
a separable contact surface with friction. Displacement con-
trolled load was applied laterally at the top of the pipe until
the pipe yielded to the ultimate limit strength.

2.1 Material properties

For the cap model, the strain value (¢) of the clay was taken
as 0.02 for &5, and 0.06 for 3e5,. Cap plasticity and cap hard-
ening parameters are shown in Table 1. The cap hardening
input used was similar to the plastic stress—strain curve used
for Marshall’s plastic model, but the strain values used are
different.

Yield stress and the plastic strain in the cap hardening
were entered for the cap plasticity. The stress—strain curves
used for the clay and steel are shown in Fig. 3. The strain
value used is widely accepted by several papers and the soil
mechanics books, including Matlock [22]. The strain value
for very soft clay is 0.02. The clay cohesion from the Sabine
River mouth’s test was 14.4 kPa (300 psf).

For Marshall’s plastic model, the strain value of the clay
was taken as 0.005 for &5, and 0.015 for 3e5,. The compres-
sive strength of the clay was the same as that of Matlock’s
Sabine clay, 28.8 kPa. The cap hardening stress—strain and
plastic stress—strain curves used for cap plasticity and Mar-
shall’s plastic model are shown in Fig. 3.

Steel Modulus of Elasticity was taken as 200,000,000 kPa
and Poisson’s ratio was 0.3. Clay elastic modulus was
7000 kPa and Poisson’s ratio was 0.4. This soil was a
medium clay model used in Marshall [26].

2.2 Pipe ovalization

Buried pipeline plastic ovalization should be limited as
excessive ovalization could hinder the passage of devices in
the pipe such as pigging. Ovalization can also cause large
strain in plastic which can eventually cause a fracture. In
addition, large out-of-roundness can cause issues with girth
welding. Different codes provide different ovality calcula-
tions and limits. APIRP 1111 [27] gives ovality limit, 5, as:

Table 1 Clay parameter input for cap plasticity model [25]

Elastic modulus (kPa) 2150
Poisson’s ratio 0.4
Angle of friction (degrees) 20
Cap eccentricity 0.1
Initial yield surface 0
Transition surface radius 0
Flow stress ratio 1.0
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Stress-strain curve of the clay model
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Fig.3 Stress—strain curve for the plastic clay model and the steel [25]

_ D max ~ D min
D max +D, min
where

D,,.x =the maximum diameter at any given cross-section.

D,,i, =the minimum diameter at any given cross-section.

API Specification SL [28] provided a pipe out-of-round-
ness design limit. As per the specification provided, out-of-
roundness for pipe except end is 2% and pipe end is 1.5%
for pipe diameter 50.8 cm (20 in.). The ovality issue occurs
within the pipe, not the end. Thus, the larger ovality of 2%
is applicable.

Fatigue and fracture of the pipeline can be a major
concern where the pipeline experiences free span vortex-
induced vibration and cyclic thermal loading [29]. Mohr
[30] mentioned that pipe bend testing results show buckles
on the compression side rather than fractures. Thus, for now,
this research paper will focus on the bending, strain, and
ovalizing of the pipeline.

Ovality limit stated in DNV-OS-F101 [30], f,, is:

D
fo=

max D min

D

Strain limit is taken as 2% [31, 32]. Liu, Liu, and Zhang
[33] provided a summary of ovalization limit acceptance by
the industries as shown in Table 2.

The welding effect on the outer pipe in the areas of stress,
strain, ovality, and force—displacement was also studied. The
weld connection was modeled in the FE beam as per API
579-1/ASME FFS-1 [34].

3 Steel-concrete-steel double-wall pipe

Double-wall composite, steel-concrete—steel tubular axial
loading has been widely studied by many researchers. Tao,
Han, and Zhao [7] also performed several concretes filled
double skin steel tubular stub column tests and some of the
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Table 2 Pipeline ovalization limit [33]

Criteria Ovalization Limit/%
CSA-Z662-07 App.C 3.0 (6.0)*
DNV-0S-F101 (2000) 3.0

API 1111-1999 5.5-6.2

Murray et al. (Murray and Bilston 1992) 43-6.5°

“Number in brackets indicates upper bound of behavior if it can be
demonstrated that the behavior does affect pipeline operation or
maintenance or promote failure

®Ovality which produces the yield level hoop stresses in the pipe,
assuming a yield strength of 480 MPa and a wall thickness of 10 mm

test results are used to validate ABAQUS finite element
analysis results in this research. Hu and Su [8], Pagoulatou
et al. [9], and Liang [10] also performed FE analysis on
concrete-filled double-wall steel tubular stub columns.

3.1 Portland cement grout

The strain value of concrete, €’ , was taken as 0.003, and the
Poisson ratio of 0.2 was used. Thang [11] at Lamar Univer-
sity research used a Poisson ratio of 0.18. Different research-
ers have used strain values ranging 0.002—0.003 [7-9]. How-
ever, the strain value of 0.003 was selected in this research
and it gives a better result than lower strain values when
compared with test results.

Mander, Priestley, and Park [12] suggested a con-
fined concrete stress—strain curve using Eqs. 1 and 2. The
stress—strain curve of confined concrete is shown in Fig. 4.

flo=f+kfi (1)

h
e = £',<1 + k=
cc c 2‘f;.

where,

@
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Confined concrete
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Fig.4 Confined and unconfined concrete stress—strain curve [12]

f’ . =confined concrete compressive strength.
f,=unconfined concrete cylinder compressive strength.
€’ . =the confined strain corresponding to f° ..

The lateral pressure coefficients, k; and k,, are taken as
4.1 and 20.5 respectively based on test results from Richart,
Brandtzaeg, and Brown [13].

The lateral confining pressure, f}, is given by Hu and Su
[8] as:

Do Di Do
fi =8.525-0.166 — - 0.00897 - +0.00125 -
o i 0

£y (T)|------

Fig.5 Steel bilinear stress—strain curve [19]

R =Parameter dependent upon RE, Ro, and Re.
Hu and Schnobrich [15] assumed R, = R, = 4. As per ACI
318, modulus of elasticity of normal weight concrete is:

E, = 47004/f! (MPa) )

The end point of confined concrete compressive stress on

D D. D.\?
+0.00246<[—"> x <t—‘> —0.00550<t—’> >0 3)
0 i i

where

D, =diameter of outside tubular.

t, = wall thickness of outside tubular.

D, =diameter of inside tubular.

t,=wall thickness of inside tubular.

Liang [10] also suggested that Eq. 3 should be used for
steel-concrete—steel sandwich short columns. Saenz [14]
suggested the nonlinear behavior of concrete using the
equation:

E e,
fo= 3 5 (MPa)
1+(R+RE—2)<§)—(2R—1)<3) +R<:+_)
“4)
_ Rg(R,-1) _ L _ i
where R = T Ré’RE =

E.=Modulus of elasticity of unconfined concrete.

e.=Unconfined strain corresponding to f..

R =Parameter related to the modulus of elasticity of
concrete and the ratio of the confined strain €, to the cor-
responding compressive strength fcc.

R,=Parameter in defining the stress—strain relationship
of confined concrete.

Re=Parameter in defining the stress—strain relationship
of confined concrete.

stress—strain curve beyond peak stress is taken as rksf’ . and
the strain value at that point is 11e_,, where the material deg-
radation parameter, ks, Hu and Su [8] is given by:

Do Di Do :
kz =1.73916 — 0.00862( — | —0.04731( — ) +0.00036( —
i Iy fi Iy
(6)

D, D; D;\?
+0.00134( =2 ) x [ =) —0.0058( =) >0
1, t,- #

The reducing factor, 1, is taken as unity for concrete cube
strength up to 30 MPa [16], 0.5 for 100 MPa and higher
strength is used [17, 18]. The reducing factor in between can
be calculated by interpolation and the method is also adopted
by Pagoulatou et al. [9].

3.2 Steel materials

For steel, bilinear stress—strain curve as shown in Fig. 5 is
used, adopted by Han and Huo [19].

The elastic part of the steel is calculated using equations
below for the plastic region.

o; = E(T) X gfore < €,,(T) (7

@ Springer
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0, = f,(T) + E\(T) X (e - esy(T))fore > £,,(T) @®)

where f, (T) is yield strength of the steel at a given tem-
perature T. g, (T) given in Eq. 9 is the corresponding strain
and it can be calculated by,

fiy(T)

6sy(T) = ES(T)

)

In this research, the temperature is taken as room or nor-
mal temperature and hence there is no temperature effect.
Modulus of elasticity, E((T), is taken as 200,000 N/mm?,
E,(T) is taken as 0.01 Es(7), and Poisson’s ratio of 0.3 is
used. The modulus of elasticity and Poisson ratio used is
widely accepted and used by researchers for mild carbon
steel [7-9]. Normal temperature condition is used for this
analysis and hence temperature does not affect the analysis
results.

3.3 Steel-concrete-steel double-wall pipe analysis
in air

For cement grout, the elastic and Drucker—Prager plastic
properties were entered for grout material. As FE analysis
performed by Pagoulatou et al. [9], the angle of friction and
flow stress ratio are 20 and 0.8 respectively. The calculated
grout plastic stress—strain curve using Eq. 4 was entered in
Drucker—Prager hardening sub-options for compression.
Elasticity of cement grout was calculated using Eq. 5. FE
analysis assembly and boundary conditions are shown in
Fig. 6. The purpose of this analysis is to verify FE composite
pipe analysis against the test results.

Fig.6 FE analysis assembly and
boundary conditions of steel— o
concrete-steel composite pipe surface restraint in X,

Y translation

@ Springer

Elastic and plastic material properties are used for steel.
The steel plastic stress—strain curve is calculated using
Eq. 8 for inner and outer tubular. Elastic property only
was used for end cap, and the modulus of elasticity used
is 1000 times higher than normal steel so that it does not
deform and thus load is uniformly applied on the compos-
ite tube section.

For interaction properties, primary—secondary sur-
face to surface discretization was used between steel and
cement grout with steel being the primary and cement
grout surface being the secondary. As the primary steel
moves, the cement grout follows the steel’s deformation.
Lam et al. [20] used ‘tangential behavior’ with friction of
0.3, and ‘hard contact’ for ‘normal behavior’. The same
interaction properties are used herein. ‘Hard contact’ inter-
action minimizes the primary surface penetrates into the
secondary surface. Pressure can be transmitted when in
contact and separated when there is no pressure. Small
friction values have issue with convergence. However, 0.3
friction value provides satisfactory results, and hence more
studies were not conducted. The same primary—secondary
interaction was used for end cap and composite tube with
end cap being the primary and composite tube being the
secondary. Large tangential behavior for friction 0.99 was
used for the cap contact. The base end surface of the com-
posite pipe was pinned. The end cap was restraint against
X and Y direction. Displacement loading was applied on
the end cap along negative Z axial direction.

surface restraint in
X,Yand Z
translation

steel-concrete-steel
tubular composite section

end cap 10mm

section view
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4 FE analysis results
4.1 Single-wall pipe in clay

A finer and coarser mesh of pipe in clay was studied. For
the finer mesh model, mesh size around the pipe was 6 cm
wide and 10 cm long, 16 elements around the pipe for pipe
diameter 31.9 cm with thickness 1.27 cm. Pipe embedded
length was 12.8 m (40 ft). Mesh size in clay model around
the pipe was 20 cm. For a coarser mesh model, there were
12 elements around the pipe (10 cm) and the length of
the mesh size was 20 cm. Mesh size in clay model around
the pipe was 25 cm. C3D8R 8-node linear brick elements
were used. Lateral displacement was applied at the pipe
top. FE analyses for two different mesh sizes were docu-
mented using cap plasticity of clay model and the results
are plotted in Fig. 7.

It can be seen from the lateral force vs displacement
plot that finer mesh and coarser mesh sizes do not have
much difference in analysis results. This is also the same
for stresses — both coarse and finer mesh sizes showing
comparable analysis results. So, the analysis was further
performed using the finer mesh sizes for both cap plastic-
ity model and Marshall’s rigid plastic model. The analysis
results of cap plasticity, Marshall plastic model, and Mat-
lock’s test are plotted in Fig. 8.

Beyond 20 cm pipe lateral displacement, FE analysis
with Marshall’s plastic model appears to have slightly
larger displacement capacity compared to the test result
as the applied load increases. The lateral load capacity
is 40% larger than the Matlock’s test at 10 cm pipe top
displacement. The difference in capacity appeared to
start to deviate when the clay’s stresses reached elasticity
limit. The clay cap plasticity model appears to be almost
perfectly matching the test result. The initial stiffness is

Pile Head Lateral Force vs Displacement
70

60
50
40 v P

30 oz
20

Force (kN)

10

0 20 40 60 80 100 120

Displacement (mm)

——Cap Plasticity Coarser Mesh Cap Plasticity Finer Mesh

Fig. 7 Force—displacement analysis results of different mesh sizes

Pipe top lateral force vs displacement
100

Force (kN)
[e2) [0]
o o

S
o

N
o

0 50 100 150
Displacement (mm)

— - Cap Plasticity = = -Marshall Plastic Model Matlock's Sabine Test

Fig. 8 Analysis results of cap plasticity model and Marshall’s plastic
model

well predicted with no imperfection included. However,
the slight difference results could also be due to the clay
modulus of elasticity ranges of choices, and stress—strain
curve model of the plastic soil. One of the reasons Mar-
shall’s clay has a much larger lateral capacity was because
the strain values used were small and this strain values rep-
resent stiff clay in several research papers and books. On
the other hand, the cap model used soft clay strain values
which represent the actual strain value in the soft clay test.

4.2 Analysis results of steel-concrete-steel
double-wall pipe in air

Qualitative comparison of FE results and Test failure
image in Fig. 9 shows local buckling failure occurs at
a region along the composite column. In this study, the
same strength of cement was used for all three analyses.
For smaller steel tube outer diameter with 180 mm, local
buckling failure occurs near the base with pinned fixity.

Finer mesh Coarser mesh

S, Mises S, Mises

(Avg: 75%) (Avg: 75%)
+1.200e+05 +1.212e+05
+1.100e+05 +1.111e+05
+1.000e+05 +1.010e+05
+9.004e+04 +9.091e+04
+8.004e+04 +8.081e+04
+7.004e+04 +7.071e+04
+6.004e+04 +6.062e+04
+5.004e+04 +5.052¢e+04
+4.005e+04 +4.042e+04
+3.005e+04 +3.033e+04
+2.005e+04 +2.023e+04
+1.005e+04 +1.013e+04
+5.077e+01 +3.490e+01
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S, Mises
(Avg: 75%)

42650402
+3.917e+02
+3.570e402

S, Mises
(Avg: 75%)

+4.265e402
+3.917e+02
+3.570e402
+3.222e+02
+2.874e+02
+2.526e+02
+2.179¢402
+1.831e402
+1.483e402
+1.136e402
+7.880e+01
+4.403e+01
+9.257¢+00

v
S, Mises
(Avg: 75%)

+4.265e+02
+3.912¢402
+3.560e402
+3.207¢402

+3 4340400

Fig.9 FE analysis results comparison: Thang et al. [2] vs Tao et al. [7]

CC2a has thicker grout 63 mm compared to CC3a with
thickness 43 mm; however, the location of failure for both
composite tubes is the same and have identical failure. For
a larger tubular diameter such as CC6a with outer diam-
eter 240 mm and annulus 60 mm, local buckling failure is
near end cap loading. The tubular thicknesses are 3 mm.
Overall, failure patterns for the composite tube are the
same regardless of change in steel tubes diameter with
larger tube diameter appears to have lesser buckling failure
compared to the smaller composite tube diameter. Both
steel and cement grout materials have almost reached their
ultimate strength as shown in von Mises stresses in Fig. 9.
Comparisons between the quantitative results of three FE
models (solid lines) and experiment test results (dashed
lines) are presented in Fig. 10. It can be seen that three
solid curves (FE models) and three dashed curves (experi-
ments) are fairly close in trends. This simulation was per-
formed to verify FE analysis results of the composite pipe
in line with experiment test results.

FE analysis results are closely matching with test results.
It can also be deduced that load capacity reduced much faster
for a larger diameter with composite tube. CC2a and CC3a
analysis result shows load reduces slowly with increase in
the strain, whereas load reduction is more rapid in larger
diameter CC6a.

@ Springer
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4.3 Single-wall pipe analysis results in clay

Two different pipe Sects. 50.87 x2.54 c¢m and
50.80 % 1.27 cm were embedded in solid model which
represents clay properties. This represents a pile founda-
tion of fixed offshore structure or half of a buried seafloor
pipeline. The results were compared against Marshall [26]
published results. In addition to the strains, stresses, and lat-
eral displacements, ovalizing of the pipe was also observed
and compared against acceptable industry limits. From the
research, it was found that pipeline has more stringent gov-
erning factors compared to a pile foundation of fixed struc-
ture such as jacket structure. It is because pipeline requires to
meet strict industry standards whereas pile is mainly depend-
ent on the allowable stresses.

Figure 11 shows force—deflection of the two pipes. The
thicker pipe being higher stiffness is able to take higher load.
These results shown are the final von Mises steel stress and
soil mesh deformation. These results are at the end of the
analysis, where failure of the pipes have occurred.

Figure 12 shows progressive ovalization at the maxi-
mum bending point. This is set to ensure that the pipeline
remains piggable. This limit is reached at a displacement
of 20 cm for the thinner pipe, and 52 cm for the thicker
pipe, or 40 cm and 104 cm for the pipeline at a fault. The
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Fig. 10 Axial load-strain FE analysis results and test results plot

50.8x2.54 cm Pipe
Pile head displacement 104cm

Fig. 11 Steel stress and soil mesh deformation

pigging device is shown in the pipe and it appears up to
6% pipe ovality is acceptable. At this deformation point,
the stress was in early plastic stage with 366 MPa for the
higher and thicker pipe, and strain was 0.0006%. Hence,
ovalization is the governing factor for single-wall pipe

Strain

Earthquak
fault plane

50.80x1.27 cm Pipe
Pile head displacement 80cm

ductility. The ovality was measured manually and depend-
ing on the mesh size of the tubular the nearest ovality
available from the targeted value of 3% was 3.07%. Hence,
to be conservative, an ovality larger than 3% was selected
instead of the smaller ovality.
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Fig. 12 Progressive ovalization
with pigging device in the pipe

by Th 1. [2 i i
y Thang et al. [2] 50.8x1.27cm Pipe Section

Original pipe section

b : L@ L@ .
L.

Percentage ovality:

50.80x2.54cm Pipe Section
26cm displacement

Original pipe section

Percentage ovality:

4.4 SPS double-wall composite pipeline analysis
results in clay

Double-wall composite pipe 60.96 cm X 1.27 cm
(24in x 0.5in) and 50.8 cm X 1.27 ¢cm (20in X 0.5in) was
also analyzed using coarser mesh than the single-wall pipe
for a better analysis convergence. The elements around the
circumference used were 16 for single-wall pipe, whereas
28 elements around the pipe were used for single-wall
pipe. The steel and polymer interface was treated as per-
fectly bonded, and they are tied in the model. The poly-
mer material was modeled as elastic with a modulus of
elasticity of 20,000 MPa as the detailed material’s plastic
stress—strain properties are not yet available at this stage.
The analysis was performed in clay the same as single-wall
pipe. The von Mises stress, principal strain and deflec-
tion of the pipe are shown in Fig. 13. The stress in steel
was 378.5 MPa and the strain was 1.43%. The half pipe
deflection was 2.134 m. The total offset when the two com-
posite pipes connected was 4.27 m. Single-wall pipe with
thickness 6.35 cm which is the same as total thickness of
SPS section was also analyzed. The strain was limited at
2% and at this stage, and the total pipeline deflection was
4.16 m. The pipe ovality was 5.3%, slightly less than the
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10cm displacement

Lateral pipe top displacement and deformed shape at critical bending stress

20cm displacement ~ 80cm displacement

3.07% 6.44% 60.11%

52cm displacement

= Lo @

60.11%

104cm displacement

3.07% 6.44%

ovality limit of 6%. The steel section was in plastic stage
at this ovality.

4.5 Comparison of SPS double-wall composite pipe
and single-wall pipe in air

This work compares 5.08 cm (2in) thick single-wall pipe
and 5.08 cm (2in) overall thickness of composite pipe.
The beam length used was 3.6127 m. The single-wall
pipe was 60.96 cm X 5.08 cm (24 X 2in). Double-wall
composite pipe is 60.96 cm X 1.27 cm (24in X 0.5in) and
53.34 cm X 1.27 cm (21in X 0.5in), the annulus 2.54 cm
(1in) thick was grouted with polymer. One end was pinned,
and the other end of the pipe was roller support. The inter-
face between steel and polymer was tied. Rotation about
x-axis was applied at both ends. Single-wall pipe failed by
buckling, and wrinkles were formed at mid-length. How-
ever, such failure did not occur in double-wall composite
pipe as shown in Fig. 14. Strain at 2% was observed as sug-
gested by the industry code, such as DNV-OS-F101 [31]
and ASCE [32]. Double-wall composite pipe reached 2%
strain in the steel at rotation angle of 11 degree. However,
the rotation angle of single-wall pipe was 9 degrees at this
point. The single-wall pipe also experienced higher stress
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Fig. 13 Analysis results of double-wall composite pipe in clay

with 396 MPa. The double-wall composite pipe experienced
slightly lower stress with 383 MPa. Although these may be
acceptable, the single-wall pipe ovality was 9% and this is
way over acceptable limit of 6%. The double-wall composite
pipe experienced very small ovality of just 0.52%. Therefore,
it can be seen that the double-wall composite pipe with poly-
mer grout significantly improves the pipe ovalization. Fig-
ure 14 shows 60.96 cm X 5.08 cm (24in X 2in) single-wall,
and double-wall composite pipes bending in air analysis

results comparison. Wrinkle and buckling failures are shown
in finer meshed tubular pipe but these characteristics are not
shown in coarser meshed pipe.

4.6 Imperfect SPS double-wall composite pipe
analysis in air

This test was performed to see if imperfection such as girth
weld in the steel pipe has effect on the analysis results. The
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(d) Deformed single-wall and double-wall composite pipe at a strain of 2%.

Fig. 14 Bending of a 60.96 cm X 5.08 cm single-wall and double-wall composite pipes in air

beam length was 3.6127 m long. Two vertical displacement
downward loads were being applied at 1.20 m from each
support. Mesh size was finer, 2 cm at mid-region of the beam
length, and coarser 10 cm between the load and end points.
There were 48 elements around the pipe. Mesh element
types were C3D8R, an 8-node linear brick, reduced integra-
tion, hourglass control. The beam assembly and boundary
conditions are shown in Fig. 15. The polymer grout elastic
modulus of 200 MPa, 2000 MPa, 20,000 MPa were tested
for both imperfect (with weld) and intact (without weld)
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composite pipes. Thickness/8 center line offset used for the
weld is recommended by API 579-1/ASME FFS-1 [34].

4.6.1 Imperfect double-wall composite pipe analysis
results

Force—displacement analysis results of imperfect compos-
ite pipe and intact composite pipe are shown in Fig. 16.
From the force—displacement plot, the intact and imperfect
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Fig. 16 Load capacities comparison of the bonded imperfect and per-
fect composite pipes
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composite pipe analysis results have negligible differences
for all the 3 different polymer stiffness.

4.6.2 Issues with double-wall SPS sandwich pipe

Wrinkles were found in steel pipes when polymer with
low modulus of elasticity of polymer was used. Wrinkles
were also appeared when there is no bond between the steel
and polymer which interfaces are the same as steel-con-
crete—steel axial load test as explained earlier. Figure 17
shows wrinkles in low polymer stiffness and unbonded inter-
face between the steel polymers. These wrinkles are highly
undesirable in pipeline.

5 Discussion

Verifications FE analysis results show the parameters used
for analysis are correct, FE analysis results are correct, and
hence the analysis results are acceptable. Evidence can be
found in FE analysis results for laterally loaded single-wall
pipe in clay and double-wall steel-concrete—steel. Thus,

S, Mises

(Avg: 75%)
+3.864e+05
+3.545e+05
+3.227e+05
+2.908e+05
+2.590e+05
+2.271e+05
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+1.316e+05
+9.971e+04

unbonded interface between steel and polymer

Fig. 17 Wrinkles in composite pipes with soft polymer and no bonding between the steel polymer interfaces
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further FE analysis performed for the SPS composite pipe
results are reliable.

In single-wall pipeline, ovality governs the pipeline
design and wrinkles are observed at maximum bending
locations. When SPS double-wall composite pipe is intro-
duced, the ovality and wrinkle issue no longer exist and the
composite pipe has larger deformation capacity to accom-
modate offsets due to earthquake loads. For example, the
SPS sandwich pipeline could deflect 4.27 m (14 ft) without
showing any sign of failure. At this point of deflection, the
inner pipe ovality was 1.9% and the maximum strain was
1.43%. The steel section plasticity at this point was 86%.
The stresses and strain have also not failed. So, it can be
observed that the composite pipe will survive without any
damage where pipeline experiences offset of 4 m in earth-
quake fault zone. At this deformation, the thick 6.35 cm
single-wall pipe has already reached a strain value of 2%.
In addition, such thick and heavy pipe with wrinkle prone
is not practical to use for pipeline. Marshall [26] predicted
this to be 2.3 m (7.8ft) offset with strain 6.4% when using
the double-wall composite pipe.

From simply supported beam analysis in air, the effect
of weld on just the outer steel has no significant impact
on the analysis results. Thang et al. [25] studied the weld-
ing effect of a double-wall composite pipe on the outer
and inner pipes and found that due to the weld the strain
increases by 37%, ovality increases by 54%, and the stress
increases by 3.3%. More detailed imperfection effect will
be investigated in future studies.

Analysis results comparison for 5.08 cm (2 in) thick
pipe in air in Fig. 14 earlier, the single-wall and SPS dou-
ble-wall composite pipes analysis results show that the
SPS composite pipe brings significant improvement from
using thick single-wall pipe. Wrinkles and local buck-
ling found in single-wall pipe are no longer present in the
double-wall composite pipe. For the same angle of rota-
tion, double-wall pipe has ovality of just 0.52% whereas
the single-wall pipe has ovality of over 9% with slightly
higher stress. Therefore, clearly the analysis result shows
that using double-wall SPS composite pipe in offshore
pipeline has huge benefits.

Comparing the pipeline in clay for single-wall and
double-wall SPS composite pipeline for equal thickness in
Fig. 13 earlier, it is clear that the composite pipe defeats
single-wall pipe in all areas for the same pipeline deflection.
However, one should also note that there need to be bonding
between the steel and polymer, and also the polymer should
be sufficiently stiff. Analysis in this research found polymer
100 times less than the steel’s modulus of elasticity elimi-
nates wrinkles in the steel. So, it was found that polymer
modulus of elasticity of 2000 MPa may also be effective.
The stiffness of polymer is to be decided based upon the
availability from the industries.

@ Springer

6 Conclusion

From the research work, FE analysis results and test results
match for the steel-concrete—steel double-wall composite
pipe, and laterally loaded single-wall pipe in clay. Double-
wall SPS composite pipe with polymer grout has signifi-
cant improvement in terms of ductility with sufficiently
stiff polymer and good bond between polymer and steel.

The SPS double-wall composite pipe has ability to
deflect larger than the single-wall pipe. It has no ovality
issue and has no wrinkles when a sufficiently stiff poly-
mer is used and when there is a bond between the poly-
mer and the steel. The strain developed is also relatively
small compared to that of single-wall pipe. In offshore or
onshore pipeline, ovality and strain are always a concern,
and this new SPS double-wall composite pipe is perfectly
suitable for such applications. In addition, with two thin
double-wall pipes with annulus grouted with polymer, the
composite section will have a lighter weight than the same
thickness of single-wall steel pipe.

Apart from ductility, ovality, strain and stresses
improvement, there may be several more benefits using
double-wall composite pipe section. The composite pipe
performance in areas, such as pressure, corrosion, impact,
fatigue and fracture, will be investigated in future studies.
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