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Abstract: Understanding the vertical penetration process of submarine pipelines is of fundamental significance for the reasonable assessment
of the initial pipeline embedment during installation and safety and stability during service. Geotechnical centrifuge model tests, combined
with discrete element method modelling were conducted to investigate penetration resistance evolution characteristics and mesoscopic
mechanism of submarine pipeline in sand with different densities under the real stress level. The test results show that for the medium-dense
sand, the pipe penetration resistance—embedment curve shows a hardening trend. On the other hand, for the dense sand, the pipe penetration
resistance—embedment curve exhibits a periodic softening trend; moreover, the deeper the embedment is, the greater the degree of softening
becomes. Discrete element modelling results demonstrate that the difference in pipe penetration resistance—embedment curves is induced
by different soil movement and failure modes when pipe penetrates in sands with different densities. The pipe penetration resistance
evolution characteristics are closely related to the formation and development of shear band in sand. The evolution characteristics of
penetration resistance with embedment should be fully considered when evaluating pipe embedment in dense sands using the current
design specification for submarine pipelines. More specifically, the pipe embedment should be reasonably estimated based on the upper
and lower limits of calculation results, when the preliminarily estimated pipe embedment is larger than one tenth of the pipe diameter.

Keywords: sandy seabed; submarine pipeline; penetration resistance; embedment; discrete element method

1 Introduction

Submarine pipelines are the lifeline of offshore oil
and gas transportation, and their safe operation is one of
the key technologies in the development of marine oil
and gas resources. Deep-sea pipelines are usually laid
directly on the seabed and then vertically penetrated to
the seabed at a certain depth due to the self-weight and
external loads. The pipeline embedment is one of the vital
input parameters in the geotechnical engineering design
of submarine pipelines, involving many aspects such as
as-laid stability, fatigue life, lateral buckling, and axial
“walking”!!!. In the pipeline engineering design, it is
generally not possible to adopt a conservative value for
estimating the pipeline embedment and cannot use con-
servative extreme estimates, as either overestimation or
underestimation of the embedment has adverse effects
on the safety and stability of the pipeline. For example,
although a great pipeline embedment increases the lateral
soil resistance and thus ensuring the pipeline stability,
it also reduces the convective heat loss of the pipeline,
which leads to the high temperature in the pipeline far
from the wellhead and consequently induces thermal
expansion?), It is crucial to gain a deep understanding
of the vertical penetration process of sub-marine pipelines
for the reasonable and accurate evaluation of the initial
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pipeline embedment after installation.

Researchers have conducted extensive studies on the
vertical penetration of pipelines in clay. Murff et al.l,
Randolph and White!*! proposed the theoretical solution
of undrained vertical bearing capacity in shallowly
embedded submarine pipelines in homogeneous clay
based on classical plasticity theory. These results have
become the theoretical guidance on evaluating the pipeline
embedment in the clayey seabed, which are widely used
in finite element analysis!®> % and validated by centrifuge
modelling tests!”"®!. There is an increase in demand for
submarine pipelines in regions such as the North Sea,
Indonesia, the Gulf of Mexico, and the Bohai Sea in China,
where the seabed sand is widely distributed in the deep-
water environment. Therefore, it is necessary to investigate
the vertical penetration of pipelines in sandy soil and
provide guidance on evaluating the subsea pipeline
embedment in sandy seabed.

The research on the vertical penetration of submarine
pipelines in sand is relatively limited. Based on the extensive
published experimental results, Verley et al.”! proposed
empirical formulas between pipeline penetration resistance
and embedment in silica sand by dimensional and regression
analysis. Sandford!'%! conducted 1g physical model tests
on the pipeline vertical penetration in silica sand and found
an approximately linear relationship between pipeline
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penetration resistance and the ratio of pipeline diameter
to embedment. Moreover, the vertical penetration mecha-
nism of the pipeline in the uniform silica sand with a
given density was investigated via the particle image
velocimetry (PIV) technique. However, the 1g small-
scale physical model test cannot simulate the real stress
level in the prototype, which is remarkably related to
the strength and stiffness of the tested sand. Thus, it is
difficult to accurately simulate the macroscopic mechanical
response of the soil, e.g., the deformation and failure,
during the vertical penetration of the pipeline.

The penetration mechanism of pipeline in sandy soils
is influenced by soil density, shear dilatancy, internal
friction angle, etc., and more complicated than that in
clay soils. Due to this reason, thus it is difficult to establish
analytical solutions corresponding to that mechanism.
For industrial practice, there is still significant uncertainty
over evaluating pipeline embedment in sandy seabed.
To gain a better understanding of the vertical penetration
process of submarine pipelines in sandy seabed, the
geotechnical centrifuge model tests and numerical modeling
using discrete elements method on the evolution and
mesoscopic mechanism of the vertical penetration
resistance of submarine pipelines in sands with different
densities have been conducted in the present study.

2 Geotechnical centrifuge model test

The geotechnical centrifuge model tests were performed
at the Centre for Offshore Foundation Systems (COFS)
at University of Western Australia. The beam geotechnical
centrifuge used in this study has a diameter of 3.6 m and
a capacity of 40g-tonnes at accelerations up to 200g. The
centrifugal acceleration for this study is 25g.

2.1 Model pipeline and experimental setup

The aluminum model pipeline had a length (L) of
120 mm and a diameter (D) of 20 mm, as shown in
Fig. 1(a). At a centrifugal acceleration of 25g, the model
pipeline corresponds to a prototype pipeline with a length
of 3 m and a diameter of 0.5 m. The S-type load cell was
rigidly connected to the upper surface of the pipeline using
threads and was fixed to the loading arm. The lower
surface of the pipeline remained cylindrical. As shown
in Fig. 1(b), the S-type load cell had a capacity of 1.8 kN
and was used to accurately measure the vertical force
acting on the pipeline. The diameter at the end section
of the loading arm was 12 mm, as shown in Fig. 1(c).
2.2 Tested soil and specimen preparation

The silica fine sand was used in this study. The soil
particles are dominated with sub-rounded and sub-angular
shapes. The main mineralogical composition was silicon
dioxide (SiO). The specific gravity (Gs) was 2.65. The
maximum dry density (pmax) was 1 774 kg /m?®, and the
minimum dry density (pmin) Was 1 497 kg /m>. The median
particle size (dso) was 0.17 mm. The coefficient of uni-
formity (C,) was 1.67, and the coefficient of curvature (Cc)

https://rocksoilmech.researchcommons.org/journal/vol44/iss4/2
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was 1.02. The critical internal friction angle of the sand
(pc) was 33°. Figure 2 shows the particle size distribution
curve of the silica fine sand. According to the studies by
Ovesen!!!!| the effect of particle size on the model test
results was negligible when the ratio of the pipeline
diameter to the median sand particle size D/ds) was greater
than 30. In this study, D/ds) was 120 and much greater than
30; therefore, the effect of particle size can be neglected.

(a) Model pipeline

(c) Loading rod (d) Model box and electric
actuator

(b) S-type load cell

Fig.1 Pipe model and model test configuration
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Fig.2 Particle size distribution curves

The internal dimensions of the model box are 650 mm
(length)*390 mm (width)*325 mm (height), as shown
in Fig. 1(d). To simulate the formation of natural sandy
seabed and ensure the repeatability and uniformity of
the soil specimen, two boxes of soil specimens were
prepared using pluviation. One specimen was placed on
a vibration table and vibrated for 2 minutes to prepare a
dense soil specimen labeled as “SD”’; the other one was
not vibrated to prepare a medium-dense soil specimen
labeled as “SM”. The surface of soil specimens was
scraped off to obtain a flat surface. The density of the
soil specimen was calculated after the preparation, which
was listed in Table 1. As the permeability of the sandy
soil was high, the soil was in a completely drained state
during static penetration of the pipeline. In addition, the
degree of saturation has little influence on the drained
strength of sandy soils. Thus, the tests were conducted
in dry sandy soils, according to previous experimental
studies on pipe—soil interaction!!*13],

2.3 Cone penetration test

To exam the uniformity of the prepared soil specimens,
the cone penetration test (CPT) was performed prior to
the vertical penetration of the pipeline under the same
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Table 1 Details of tested sand specimens

Dry densit Relative Internal
No. /ri . }3' density Statel!?! friction angle
pllkg=m=)p 0/C)
SM 1626 50 Medium-dense 36.2
SD 1702 71 Dense 38

conditions of a centrifugal acceleration of 25g. Figure 3
shows the cone resistance versus depth profiles for two
soil specimens. The horizontal axis represents the cone
resistance ¢., and the vertical one represents the normalized
depth, z/D (z is the cone penetration depth, and D is the
pipeline diameter). It can be found that the cone resistance
increases linearly with the normalized depth, which
indicates a good uniformity of the prepared specimen.
Moreover, the greater the soil density is, the greater the
cone resistance is at a given depth, which indicates that
the prepared specimens meet the requirements of different
degrees of compaction in this study.
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Fig.3 Profiles of cone tip resistances for sand specimens
SM and SD

2.4 Loading method and data acquisition

As shown in Fig. 1(d), an electric actuator was used
for loading. The actuator is driven by a DC servo motor,
which had a maximum vertical load of 8 kN and a maximum
vertical displacement of 240 mm. In this study, displa-
cement loading method was used. As shown in Fig. 4, the
pipeline was vertically penetrated to the depth of one half
of the pipeline diameter, i.e., 0.5D at a constant velocity
of 1 mm /s. Typically, the embedment of a thermally
insulated seabed pipeline in engineering practice is smaller
than 0.5D'). The high-speed wireless data acquisition

Fig.4 Pipe penetration process

Published by Rock and Soil Mechanics, 2023

system (WDAS) in-house developed at University of
Western Australia was used for data acquisition and
system control. Real-time coordination was achieved
between the system control by the actuator and data
transmission. The data acquisition frequency was 10 Hz.

3 Test results and analysis

Figure 5 shows the measured penetration resistance—
embedment profiles (model dimensions have been converted
to prototype dimensions). The horizontal axis represents
the pipeline penetration resistance per unit length, V; and
the vertical one stands for the normalized embedment
w/D, where w is the embedment of the pipeline. Figure 5
also includes the estimated results for comparison in
accordance with the code DNVGL-RP-F114'°!, As shown
in Fig. 5(a), for the medium-dense soil specimen SM,
when w is smaller than 0.05D, the penetration resistance
increases rapidly to 50 kN /m with the increase in pipeline
embedment; when w ranges from 0.05D to 0.15D, the
penetration resistance remains nearly unchanged; when
w increases from 0.15D to 0.4D, the penetration resistance
continues to increase and gradually stabilizes; and when
w is greater than 0.4D, the penetration resistance increases
again until the end of the test. It can be found that the
pipeline penetration resistance—embedment profile in
the SM soil exhibits the hardening characteristics, which
is approximately consistent with the upper bound values
calculated according to the code DNVGL-RP-F114.

Penetration resistance ¥ /(kN » m™")

0 50 100 150 200 250
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Fig.5 Penetration resistance—embedment curves
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As shown in Fig. 5(b), for the dense soil specimen
SD, when w is smaller than 0.1D, the penetration resistance
increases linearly to 75 kN /m with the embedment, which
is very close to the upper bound value calculated according
to the code DNVGL-RF-114; when w increases from 0.1D
to 0.2D, the penetration resistance generally shows an
increasing trend, which has several drops to different
extent and fluctuates between the upper and lower bound
values calculated according to the code; when w reaches
about 0.2D, the penetration resistance decreases from
100 kN /m to 75 kN /m; when w ranges from 0.35D to
0.4D, the penetration resistance decreases from 150 kN /m
to 100 kN /m; and when w is greater than 0.45D, the
penetration resistance decreases again from 150 kN /m
until the end of the test. It can be found that the amplitude
of the decrease in penetration resistance gradually increases
with increasing embedment in the soil SD. In addition,
the penetration resistance— embedment profile in the SD
soil shows a periodic softening feature.

The comparison between Figs. 5(a) and 5(b) indicates
that there is not a remarkable increase in the penetration
resistance as the soil density increases. For example, when
w is 0.5D, the penetration resistance of the medium-dense
soil specimen SM is 125 kN /m, while the penetration
resistance of the dense soil specimen SD is only 150 kN /m.
Even in some cases, the penetration resistance of the dense
soil specimen SD is smaller than that of the medium-dense
soil specimen SM. For instance, when w is 0.4D, the
penetration resistance of the medium-dense soil specimen
SM is 120 kN /m, while the penetration resistance of the
dense soil specimen SD is 106 kN /m.

The centrifuge model test results indicate that the soil
density significantly influences the evolution characteristics
of the vertical penetration resistance for pipelines in sands.
To investigate the reason for this phenomenon, the numerical
modelling of the vertical penetration process of the pipeline
in sands will be conducted in the next section. The meso-
mechanism on the evolution characteristics of the pipeline
vertical penetration resistance in sands with different
densities will be addressed as well.

4 Mesoscopic mechanism investigation

The discrete element method can effectively simulate
the change in mesostructure and particle-level properties
of granular materials under discontinuous or large defor-
mation conditions. In this study, the two-dimensional
discrete element method was used to investigate the
mesoscopic penetration mechanism of the pipeline in
sands with different densities.

4.1 Establishment of discrete element model

Figure 6 illustrates the discrete element numerical
model. As shown in Fig. 6, the two-dimensional plane
strain model has the dimensions of 13D (width W)x5.5D
(height H). The diameter of the pipeline model (D) is
20 mm, which is the same as the size of the pipeline model

https://rocksoilmech.researchcommons.org/journal/vol44/iss4/2
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in the centrifuge model tests. In order to improve the
efficiency of the simulation and capture the change in
the mesostructure inside the sand during the pipeline
penetration, the particle size of the model is 4 times the
size of real sand particle as shown in Fig. 2. In the numerical
soil model, the median particle size (dso) is 0.68 mm, and
the maximum void ratio (emax) and minimum void ratio
(emin) are 0.275 and 0.175, respectively. Table 2 summarizes
the information on the model and particle size used for
discrete element modelling in the existing studies on the
pipe—soil interaction. It can be found that the dimensions
of the model in this study, i.e., W/D = 13 and D/dso =
29.4, is the maximum compared with the reported two-
dimensional discrete element models on shallowly
embedded pipelines. The boundary effect and the particle
size effect can be negligible when W/D=2.82 and D/ds >
30, based on the studies by Ovesen!'!!. The numerical
model in this study meets those requirements, therefore
the boundary effect and the particle size effect can be
neglected. The mesoscopic parameters of the numerical
model are listed in Table 3.

(0}

H=5.5D

W=13D

Fig.6 Schematic diagram of discrete element model

Table 2 Parameters of DEM modelling for pipe—soil
interaction in existing literatures and the present study

Sources Type Dimension W/D Dldsq
Calvetti et al.l'l  Deeply embedded 3D 16 2.5
Yimsiri et al.l'8!  Deeply embedded 3D ~19 1.6,4.8

Jiang et al.l'”)  Deeply embedded 2D 16 ~7.9
Macaro!2! Shallowly embedded 3D 5,7 ~15.6, ~31.2
Zhao et al.?'l  Shallowly embedded 2D 12 18
This study  Shallowly embedded 2D 13 29.4
Note: “~ stands for “around”.

The soil specimen in this discrete element modelling
study was generated by the multi-layer with undercom-
paction method!®*!. After the soil specimen generation
was completed, gravitational acceleration of 1g was
applied to the soil sample and the calculation was cycled
until equilibrium, simulating 1g of sample preparing
conditions in laboratory. Subsequently, a centrifugal
acceleration of 25g was applied and the soil specimen
arrived at a new equilibrium after the iterated calculation,
which simulated the condition of the centrifugal acceleration
of 25¢ in the geotechnical centrifuge model test. Two
boxes of soil specimens were generated with the relative
densities of D, = 48% (i.e., void ratio e = 0.227) and D, =
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78% (i.e., void ratio e = 0.197), which were close to those
in the centrifuge model tests. The total numbers of soil
particles were 58710 and 60150 for SM and SD,
respectively.

Table 3 Mesoscopic parameters of DEM model in the
present study

Mesoscopic parameters Value
Normal stiffness &, /(N * m™") 7.5x107
Tangential contact stiffness ks /(N * m™") 5%107
Soil Coefficient of friction 1 0.4
Coefticient of rolling resistance . 0.8
Coefficient of damping D 0.7
Normal stiffness &, /(N * m™) 1x10°
Pipeline Tangential contact stiffness ks /(N * m™") 1x10°
Coefficient of friction 1 0.3
Normal stiffness &, /(N * m™) 1x10°
Wall Tangential contact stiffness ks /(N * m™") 1x10°
Coefficient of friction x 0

To monitor the change of the mesostructure inside
the soil specimen, a series of measuring circles with a
diameter of 0.5D was arranged as shown in the left of
Fig. 6. Each measuring circle contains at least 200 particles,
which ensures the accuracy of the measured results???.
Figure 7 shows the variations of porosity n, horizontal
stress 0, , vertical stress o, , and lateral earth pressure
coefficient Ko with respect to depth at the initial state

Porosity n. Lateral earth pressure coefficient Ky

0.0 0.2 0.4 0.6 0.8 1.0
0 T T T T 1
-0y &1
Q 1 F ——g, <— K,
(8]
s 2 F
2,
Q
=l
23t
=
L
~ 4 |
5 ]
0 15 30 45 60
Horizontal stress o, Vertical stress o, /kPa
(a) SM
Porosity n. Lateral earth pressure coefficient K,
0.0 0.2 04 0.6 0.8 1.0
0 T T T T 1
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<
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=
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(b) SD

Fig.7 Variations of porosity, horizontal and vertical
stresses, and lateral earth pressure coefficient with the
relative depth

Published by Rock and Soil Mechanics, 2023

of the soil specimens. The porosity n of the soil specimen
remains almost unchanged with respect to the depth, which
indicates the uniformity of the prepared soil specimen.
The o, and o, increase linearly as the depth increases.
The Ky decreases and then levels off with increasing depth.
This may be induced by the multi-layer with undercom-
paction method, which compacting the soil specimen
within a certain depth range to a desired void ratio. The
compaction energy is transferred to the layers below
except for the last layer, which results in the relatively
greater disturbance in the upper layers??. The K of the
SM is greater than that of the SD, which indicates the
soil specimen is more isotropic when the soil density
is lower.

Typically, the vertical penetration of the pipeline in
the sand is a quasi-static process. If the penetration velocity
in the numerical modelling is the same as that in the cen-
trifuge model test, the computational cost will remarkably
increase. If an extremely high penetration velocity for
the numerical modelling is used, the intensive particle
overlapping will occur in a short duration after loading.
Moreover, the dynamic effect will result in distorted results.
According to the studies by Tran et al.[**], the dynamic
effect during the penetration process can be quantified
by the inertial parameter /:

m
=52 (D
4 P

Y
V= I (2)
where 7 is the strain rate; m is the particle mass; P is
the overburden pressure; and v is the penetration velocity.
Typically, when the inertial parameter / is not greater than
1073, the quasi-static loading condition can be assumed.
To improve the computational efficiency and to ensure
the numerical accuracy, the penetration velocity v =
0.01 m /s is used in this study. According to Egs. (1) and
(2), the estimated inertial parameter 7 = 4.38x107*, which
meets the requirement for the quasi-static loading condition.
4.2 Validation of numerical model
Figure 5 presents the discrete element modelling results
on the penetration resistance—embedment profiles during
the vertical penetration process of the pipeline, which
are compared with the centrifuge model test results. It
can be seen that the discrete element modelling results
are generally consistent with the centrifuge model test
results. For the SM, the penetration resistance gradually
increases with increasing depth. For the SD, the pene-
tration resistance has several drops to different extent
at depths of (0.1-0.2)D (i.e., stage 1), (0.3—0.4)D (i.e.,
stage 1), and (0.4—0.5)D (i.e., stage III). It should be
noted that although the discrete element modelling results
have the discrepancies with the model test results, which
are affected by the number and shape of particles in the
model, the overall evolution characteristics of the pipeline
penetration resistance in sand specimens with different
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densities are similar to those obtained from the centrifuge
model tests.
4.3 Numerical modelling results and analysis
4.3.1 Deformation and failure mode of soil

Figure 8 gives the soil surface change at the end of
the pipeline penetration. Soil heave occurs on both sides
of the pipeline. As shown in Fig. 8, for the SM, the height
of soil heave 4 is about 0.15D; for the SD, 4 is about
0.25D. The range where the heave occurs on the soil
heave / is approximate the same for both specimens and
is about 2D. It can be found that the higher the density
of the soil specimen is, the more significant soil heave
is generated after the pipeline penetration.

(a) SM

(b) SD

Fig.8 Movement of sand ground surface

Figure 9 shows the velocity field of sand particles
during the vertical penetration of the pipeline. The embed-
ment w = 0.5D is presented for illustration, where the
dashed line approximately distinguishes the flow region
and the non-flow region in the soil specimen, and the darker
color represents a greater velocity of the sand particle.
It can be seen that the flow velocity of sand particles at
the bottom of the pipeline has the same magnitude, i.c.,
0.01 m /s and different directions in soil specimen with
different densities. As shown in Fig. 9(a), for the SM,
the soil at the bottom of the pipeline mainly flows to the
lower left with non-symmetric local flow towards both
sides, which indicates the failure mode transits from
punching shear to local shear failure. As shown in Fig. 9(b),
for the SD, it can be observed that the soil at the bottom
of the pipeline flows in a wedge shape towards the ground
surface on both sides of the pipeline and the deep soil
almost remains undisturbed, which suggests a typical
shallow general shear failure mode.

(- )
02 0.004.0.006.0.008 0.010

(a) SM

(b) SD

Fig.9 Velocity field of sand particles

4.3.2 Formation and development of shear band

Figure 10 shows the particle rotation field during the
vertical penetration of the pipeline at the embedment
of 0.1D, 0.2D, 0.3D, 0.4D, and 0.5D. The red color
indicates that the counterclockwise rotation is greater
than 20° ; while the green color indicates that clockwise
rotation is greater than 20°. It can be observed that at the
beginning of the pipeline penetration, sand particles with

https://rocksoilmech.researchcommons.org/journal/vol44/iss4/2
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the remarkable rotation and opposite directions appear
first on both sides of the bottom of the pipeline. As the
embedment increases, sand particles with the remarkable
rotation are concentrated on the shear bands, and the
particles on each shear band have the same rotation
direction.

(1)w=0.1D ()w=0.1D

Q) w=0.2D

(5) w=0.5D (5) w=0.5D
Rotation angle /(°)
-20-15-10 =5 0 5 10 15 20
() SM (b) SD

Fig.10 Rotation field of sand particles

Figure 10(a) shows the rotation field of sand particles
during the vertical penetration of the pipeline in the SM.
Several shear bands with different lengths form inside
the soil during the pipeline penetration process. When
w=0.2D, as shown in Fig. 10(a), shear bands [-IV form
and the penetration resistance is almost stable. When
w=0.3D, the shear band V appears but shear bands [-IV
stop developing, and the penetration resistance increases
slowly. When w = 0.4D, the shear band VI starts to form,
and shear bands II and III continue to extend towards the
bottom, and the penetration resistance remains basically
unchanged. When w = 0.5D, the shear band VII starts to
form and extends to the ground surface, while the other
shear bands and the penetration resistance remain almost
unchanged. For the SM, although multiple shear bands
form during the pipeline penetration, most of the shear
bands do not extend to the ground surface. The shear
bands extend inside the soil and induce the local shear
failure, which suggests a slow increase in the penetration
resistance as the embedment increases from a macroscopic
point of view.

Figure 10(b) shows the rotation field of sand particles
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during the vertical penetration of the pipeline in SD.
Multiple shear bands extend to the ground surface on
both sides of the pipeline during the penetration process.
When w = 0.1D, as shown in Fig. 10(b), shear bands I
and I’ form on both sides of the bottom of the pipeline,
accompanied by a slight decrease in the penetration
resistance in stage I as shown in Fig. 5(b). When w =
0.3D, a larger shear band II appears on the lower left
side of the pipeline, and the penetration resistance decreases
significantly in stage II as shown in Fig. 5(b). During
the vertical penetration of the pipeline, the penetration
resistance approximately equals the sum of the shear
strength provided by the soil on the shear band and the
vertical component of the weight of the soil wedge. Because
the size of shear band II is much larger than that of shear
bands I and I, the shear resistance on the shear band loses
when the shear band II extends to the ground surface.
Consequently, the soil bearing capacity decreases, which
induces the more remarkable decrease in the penetration
resistance. Since the failure zone formed by shear band
II is larger, the bearing capacity provided by the soil
weight is greater. Therefore, the residual penetration
resistance after stage II is still greater than the residual
penetration resistance after stage I, although the penetration
resistance drops to a larger extent during stage II. When
w=0.5D, as shown in Fig. 10(b), a shear band III with
the approximately same size as shear band II appears on
the lower right side of the pipeline, which results in a
decrease in the penetration resistance in stage III as shown
in Fig. 5(b). It suggests that the decrease in penetration
resistance during the pipeline penetration in dense sand
is due to the general shear failure associated with the
extension of shear bands through the ground surface.
4.3.3 Mesoscopic mechanism for force transmission
Force chains are paths along which inter-particle
contact forces are transmitted through the contact network
in discrete element models. The evolution of the force-chain
distribution qualitatively provides the insight on the
mesoscopic mechanism of force transmission during the
pipeline penetration. Figure 11 presents the force-chain
distribution at the pipeline penetration embedment of
0.1D, 0.2D, 0.3D, 0.4D, and 0.5D. The thickness of the
force chain represents the magnitude of the contact force.
To make it clear, only strong force chains with a magnitude
greater than 200 N are plotted in Fig. 11. The comparison
between Figs. 11(a) and 11(b) suggests that the distribution
range of strong force chains in the SM is larger, and those
in the SD are more concentrated. The sand particles have
a lower coordination number in the medium-dense soil
as compared with the dense soil, which leads the medium-
dense soil more susceptible to the stress concentration.
As shown in Fig. 11(a), for the SM, the concentration
of strong force chains at the bottom of the pipeline gradually
increases, and their distribution range extends downwards
to the bottom on both sides with increasing embedment,
which indicates that the pipeline penetration resistance
mainly comes from the deep soils underneath the pipeline.
For the SD, as shown in Fig. 11(b), during the vertical
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Fig. 11 Distribution characteristics of contact force chains

penetration of the pipeline, the strong force chains are
densely distributed underneath the pipeline. As the
embedment increases, the strong force chains begin to
extend towards the both sides of the pipeline at shallow
depths. It is similar to the development of shear bands
as shown in Fig. 10(b), which indicates that the pipeline
penetration resistance originates from the shallow soils
on both sides of the pipeline. From Fig. 11(b), it can also
be found that the concentration of strong force chains
at the bottom of the pipeline periodically decreases as
the embedment increases. As shown in red circles in
Fig. 11(b), when the embedment arrives at 0.2D, 0.4D
and 0.5D, the strong force chains on both sides of the
bottom of the pipeline undergo rupture to different extend
compared with the previous stage in the same area. This
phenomenon is particularly significant at w = 0.4D as
shown in Fig. 11(b). The concentration of strong force
chains in the circle at w = 0.4D is more sparse than that
at w = 0.3D. Thus, the pipeline penetration resistance
undergoes a significant decrease from the macroscopic
point of view, as shown in stage II in Fig. 5(b).

5 Conclusions

The geotechnical centrifuge model tests, combined
with the discrete element modelling have been performed
to investigate the evolution characteristics and meso-
mechanism of the vertical penetration resistance of
submarine pipelines in sands with different densities. The
main conclusions are summarized as follows:

(1) The sand density has a significant impact on the
evolution of vertical penetration resistance during the
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pipeline penetration. For the medium-dense sand, the
pipeline penetration resistance—embedment profile mainly
exhibits a hardening characteristic. For the dense sand,
on the other hand, the pipeline penetration resistance—
embedment profile shows a periodic softening charac-
teristic when the pipeline embedment is greater than
0.1D. Moreover, the greater the embedment is, the more
significant the softening is. When the pipeline embedment
is 0.5D, the pipeline penetration resistance is approximately
125 kN /m and 150 kN /m for the medium-dense and
dense soil specimens, respectively.

(2) The failure mode of the soil during pipeline pene-
tration varies with the sand density. For the medium-dense
sand, it suggests a failure mode transition from punching
shear failure to local shear failure. For the dense sand,
it exhibits the mode of general shear failure. The heave
of the ground surface induce by the pipeline penetration
has a height of approximately 0.25D for the dense sand
and 0.15D for the medium-dense sand. The influence
range of the heave is approximately the same for two
soil densities and is around 2D.

(3) The evolution of the pipeline penetration resistance
is closely related to the formation and development of
the shear band. When the extension of the shear band
in the soil leads to a local shear failure, the growth rate
of the penetration resistance becomes slow during the
vertical penetration of the pipeline. When the shear band
extends and the general shear failure takes place, the
penetration resistance decreases. The larger the size of
the shear band is, the more significant the pipeline pene-
tration resistance decreases.

(4) The distribution characteristics of contact force
chains indicate that for the medium-dense sand, the pipeline
penetration resistance mainly comes from the deep soil
on both sides beneath the pipeline; while for the dense
sand, the pipeline penetration resistance comes from the
shallow soil on both sides of the pipeline.

(5) When evaluating the embedment of the submarine
pipeline in dense sands using the current codes for submarine
pipelines, the evolution characteristics of penetration
resistance with embedment should be considered. When
the preliminary estimation of pipeline embedment is greater
than 0.1D, a reasonable prediction of pipeline embedment
can be obtained by accounting for the calculated upper
and lower bound results according to the codes.
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