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a b s t r a c t

To analyze the pipeline response under permanent ground deformation, the evolution of resistance
acting on the pipe during the vertical downward offset is an essential ingredient. However, the efficient
simulation of pipe penetration into soil is challenging for the conventional finite element (FE) method
due to the large deformation of the surrounding soils. In this study, the B-spline material point method
(MPM) is employed to investigate the pipe-soil interaction during the downward movement of rigid
pipes buried in medium and dense sand. To describe the density- and stress-dependent behaviors of
sand, the J2-deformation type model with state-dependent dilatancy is adopted. The effectiveness of the
model is demonstrated by element tests and biaxial compression tests. Afterwards, the pipe penetration
process is simulated, and the numerical outcomes are compared with the physical model tests. The
effects of pipe size and burial depth are investigated with an emphasis on the mobilization of the soil
resistance and the failure mechanisms. The simulation results indicate that the bearing capacity formulas
given in the guidelines can provide essentially reasonable estimates for the ultimate force acting on
buried pipes, and the recommended value of yield displacement may be underestimated to a certain
extent.
� 2023 Institute of Rock and Soil Mechanics, Chinese Academy of Sciences. Production and hosting by
Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/

by/4.0/).
1. Introduction

The relative movement between the pipeline and surrounding
soil commonly occurs under permanent ground deformation, which
may arise from slope instability, normal or oblique fault movement,
tunnel excavation and other detrimental geotechnical conditions
(Akhtar and Li, 2020; Wang et al., 2021). The pipeline strain and
curvature caused by this relative motion are generally calculated
analytically or numerically using nonlinear beam-spring models
(ALA, 2005; Kouretzis et al., 2015; Yao et al., 2021). In these models,
the forceedisplacement relationships of the axial, lateral and vertical
elastoplastic springs are necessary input parameters to represent the
reaction force of the surrounding soil during relative soil-pipe
movement. The vertical bearing Winkler springs have a significant
impact on the structural response of the pipeline compared to the
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lateral and vertical uplift soil springs. This is because the soil resis-
tance acting on the pipe subjected to vertical downward movement
is considerably higher than that under relative movement in other
directions (Jung et al., 2016;Wu et al., 2021; Li et al., 2022). However,
themajority of researches related to soil springs were focused on the
lateral and vertical uplift offset conditions, with less attention given
to the vertical downward offsets.

The current design guidelines (ALA, 2005; PRCI, 2009) recom-
mend using the common bearing capacity formulas proposed for the
shallow strip footing problem to estimate the maximum force
developing on the pipe during the vertical downward offset. Some
numerical results challenge the accuracy of these bearing capacity
formulas in predicting the ultimate resistance of the surrounding
soil. Jung et al. (2016) and Qin et al. (2019) performed a series of finite
element (FE) analyses and noted that the conventional bearing ca-
pacity equations prominently overestimated the ultimate resistance.
In this case, Qin et al. (2019) proposed that the appropriate reduction
of the friction angle of sand combined with the design equation
recommended by ALA (2005) can provide the upper and lower
bounds of the bearing capacity. Notably, FE modeling inevitably
encounters computational difficulties in case of large soil
oduction and hosting by Elsevier B.V. This is an open access article under the CC BY
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deformations near the pipe (Kouretzis and Bouckovalas, 2019;
Limnaiou et al., 2019). The soil resistance response was investigated
within a relatively small pipe offset in the FE simulations (Jung et al.,
2016; Qin et al., 2019), probably due to the limitation of excessive
element deformations. This insufficient pipe movement may lead to
the inadequate mobilization of soil resistance and a more conser-
vative estimation of ultimate resistance. Moreover, Kouretzis et al.
(2014) investigated the maximum bearing force acting on pipes
and the failure mechanism of the surrounding soil using the finite
element limit analysis (FELA) method. Nevertheless, this FELA
method cannot obtain the evolution of resistance with the pro-
gressive failure of the soil. Recently, Wu et al. (2021) performed 1g
physical model tests of the vertical penetration of rigid buried pipes
to explore the characteristics of bearing springs and the failure
mechanisms in sands with various densities. It is beneficial for un-
derstanding the bearing spring properties to explore the soil resis-
tance and progress failure modes using more advanced numerical
models benchmarked by the test results.

The recently developed material point method (MPM), a combi-
nation of Eulerian and Lagrangian formulations, can effectively avoid
mesh tangling in the pure Lagrangian method under large de-
formations (Sulsky et al., 1995). Based on the advantage of large
deformation analyses and the straightforward contact algorithm
proposed by Bardenhagen et al. (2000), this numerical method has
been extensively validated for geotechnical problems involving the
progressive and post-failure process of soils (Bandara and Soga,
2015; Bhandari et al., 2016) and the soil-structure interaction
(Phuong et al., 2016; Zhang et al., 2022). To accurately simulate the
process of pipe penetration into soils, it is essential to overcome the
grid-crossing errors resulting from the jump discontinuity in the
gradient of piecewise-linear shape functions in the standard MPM.
Several advanced approaches have been proposed to mitigate these
issues, such as the generalized interpolation material point (GIMP)
method (Bardenhagen and Kober, 2004), in which the characteristic
function is introduced to construct the particle domain; the dual
domain material point (DDMP)method (Zhang et al., 2011), inwhich
the gradient of the shape functions is modified and smoothed; and
the B-spline material point method (BSMPM) (Steffen et al., 2008;
Gan et al., 2018), in which higher-order nodal shape functions are
adopted. The present MPM simulations are performed using the
BSMPM, which has been proven to improve the numerical solution
accuracy and spatial convergence (Steffen et al., 2010).

The selection of a suitable constitutive model is the key to
reflecting the response of the surrounding soil during pipe pene-
tration. In this process, the stress and void ratio of the soil around the
pipe undergo quite variable changes. Therefore, a robust and easy-to-
implement constitutive model is required to characterize the state
evolution of soil. The J2-deformation type model with state-
dependent dilatancy proposed by Yang et al. (2019) is adopted as
the soil constitutive model in this study. The capability and robust-
ness of this model have been verified through triaxial element tests
and typical boundary value problems such as strip footing tests (Yang
et al., 2019; Liao et al., 2021). The prominent advantage of the J2
model is that the essential features of the soil (i.e. the nonlinear
stressestrain relationship, strain-softening, state-dependent dilat-
ancy and critical state failure) can be well captured with relatively
succinct concepts and fewer model parameters. Afterwards, an
extended scheme accounting for fabric evolution was implemented
in FE analysis and applied to investigate the response of strip footing
on anisotropic sand (Liao and Yang, 2021). This extension has not
been considered in the present analyses due to the less significant
anisotropy of the backfill sand around the pipe.

In this paper, a series of numerical simulations is performed to
model the pipe penetration process in sand using the BSMPM
combined with the J2-deformation type model. After a brief
introduction to the numerical framework, a series of element tests
and biaxial compression tests are simulated to validate the effec-
tiveness of the constitutive model implemented in MPM. The
benchmark simulations of the pipe-soil interaction are carried out at
the same scale as the laboratory tests reported by Wu et al. (2021),
and the numerical results are compared with the corresponding test
results. The embedment condition of the dense and medium sand is
considered as its relative densities are closer to the practical backfill
state. Afterwards, the effects of pipe diameter and burial depths are
investigated with particular attention to the mobilization of the soil
resistance and the failuremechanisms. Finally, the calculated bearing
capacity based on forceedisplacement curves is compared with the
widely used design guidelines and previous experimental and nu-
merical results, which provides improved insight into the soil
response during vertical downward pipe offset.
2. Numerical method

2.1. Basic solution scheme of MPM

The MPM is a hybrid LagrangianeEulerian approach and origi-
nates from the extension formulation of Particle-in-Cell (PIC) for
solid mechanics (Sulsky et al., 1995). In MPM, the continuum bodies
are discretized into a series of Lagrangian particles/material points
(MPs), which store all the physical information (i.e. mass mp, po-
sition xp, velocity vp, stress sp, etc.), material parameters and other
state parameters. Meanwhile, the Eulerian background grid
covering the MP motion domain is constructed to solve the mo-
mentum balance equation. The computational information
required on the background grid is transferred from the MPs
through shape functions, and then the mesh results are mapped
back to the MPs to update the carried information.

Following the explicit MPM procedure with the modified-
update-stress-last (MUSL) scheme (Zhang et al., 2017), at the
beginning of this process, the grid nodal massmI andmomentum pI
are obtained by mapping the particle mass and momentum to the
corresponding grid nodes:

mk
I ¼

Xnp

p¼1

mpNk
Ip (1)

pk�1=2
I ¼

Xnp

p¼1

mpv
k�1=2
p Nk

Ip (2)

where superscript k indicates the time step; subscripts p and I
indicate the particle index and the grid node index, respectively; np
is the total number of particles; and NIp is the shape function
associated with grid node I evaluated at the position of particle p.
The positions and velocities are updated at interleaved time points
due to the adoption of the central difference method. The tensors
and vectors are denoted with bold font if they are not expressed as
indicial forms.

The grid nodal internal force f int;kI , external force f ext;kI and total
grid nodal force f kI are then given as
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Fig. 1. Example of (a) Cubic B-spline basis functions and (b) Their gradient for a series
of five equally spaced elements.
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f kI ¼ f int;kI þ f ext;kI (5)

where sp is the stress of particle p, Vp is the volume associated with
particle p, bp is the body force, nbp is the number of boundary
particles bp, tkbp is the specific traction at the position of boundary
particle bp, and Sel is the traction surface of the boundary element.

The grid nodal momentum pkþ1=2
I is updated by integrating the

momentum equation:

pkþ1=2
I ¼ pk�1=2

I þ f kI Dt (6)

where Dt is the time step determined by multiplying the critical
time step by the Courant number. The particle velocity vkþ1=2

p and
position xkþ1

p are updated through the grid nodal force and
momentum:

vkþ1=2
p ¼ vk�1=2

p þ
Xnn
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where nn is the total number of grid nodes related to the particles p.
After updating the motion information of particles, the grid nodal
momentum pkþ1=2

I is recalculated:

pkþ1=2
I ¼

Xnp

p¼1

mpv
kþ1=2
p Nk

Ip (9)

After the calculation of grid nodal velocity with vkþ1=2
I ¼

pkþ1=2
I =mk

I , the incremental strain tensor Dεkþ1=2
p and spin tensor

DUkþ1=2
p of particles are further computed to update the particle

stress state and the volume Vkþ1
p (Zhang et al., 2017). At this point,

the deformed grid can be discarded, and the particles will carry all
necessary information for the next time step.

2.2. BSMPM

The BSMPM follows the above solution scheme for the standard
MPM, in which higher-order B-splines are adopted as shape func-
tions. For the construction of the B-spline basis functions, a knot
vector is introduced and denoted as a set of non-decreasing knot
values X ¼ {x1, x2,., xn þ h, xn þ hþ1}, where n and h are the number
of basis functions and the polynomial order, respectively. For a
given knot vector, the univariate B-spline basis functions of order h
related to the ith knot, Fi,h, are determined recursively according to
the Cox-de Boor (1978).

The piecewise constants are defined for the zeroth order (h ¼ 0)
basis functions:

4i;hðxÞ ¼
�
1 ðif xi � x < xiþ1Þ
0 ðotherwiseÞ (10)

For h � 1, the basis functions are given following the recursion
strategy:

4i;hðxÞ ¼
x� xi

xiþh � xi
4i;h�1ðxÞ þ

xiþhþ1 � x

xiþhþ1 � xiþ1
4iþ1;h�1ðxÞ (11)

where the convention of 0/0 ¼ 0 is made.
In the present MPM program, the knots are constructed on the

nodes of the structured background grid, and the cubic (i.e. h ¼ 3)
B-spline basis function is employed. The knot vector of the internal
nodes is different from that close to the boundary nodes because
the first and last knots need to be repeated h þ 1 times to make the
B-spline interpolate accurately at the end points (Steffen et al.,
2008; Gan et al., 2018). Fig. 1 shows the cubic B-spline basis func-
tions and their gradient for a series of five elements, including the
modification at the boundary. The multivariate B-spline basis
functions are created by taking the tensor product of univariate
basis functions. Further details about the BSMPM can be found in
the relevant literature (e.g. Steffen et al., 2008; Gan et al., 2018).
2.3. Rigid contact algorithm

Based on the frictional contact algorithm proposed by
Bardenhagen et al. (2000), the rigid contact algorithm (Zhang et al.,
2017) that introduces a rigid body with prescribed motion infor-
mation is adopted to model the pipe-soil interaction, as the pipe is
generally treated as a rigid section and is subjected to a specific
velocity boundary in the model tests (Trautmann, 1983; Wu et al.,
2021). For the rigid body, the discretized particles only carry the
mass and prescribed motion parameters to update their positions
and solve the mass gradient to determine the contact surface. The
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contact force is computed based on the impenetrability condition
and the velocity fields of the rigid body and deformable body,
which is only applied to the deformable body to correct its trial
velocity. Further information on this calculation process can be
found in the literature (Bardenhagen et al., 2000; Zhang et al.,
2017).

Basically, the rigid contact algorithm is equivalent to a moving
friction boundary carrying the time-dependent motion information
(i.e. velocities and accelerations). In addition, this methodology also
avoids the limitation of the low critical time step dominated by the
CouranteFriedrichseLewy (CFL) condition (Courant et al., 1967) for
a structure with large stiffness. A similar technique is applied to
simulate the soil-structure interaction (Zhang et al., 2022) and the
slope failure caused by seismic motion (Bhandari et al., 2016).
2.4. Soil constitutive model

The basic formulation of the J2-deformation type model with
state-dependent dilatancy is briefly presented in this section. For
further detailed mathematical derivation and numerical imple-
mentation, one can refer to the literature (Yang et al., 2019; Liao
et al., 2021). In the following expressions, the subscripts i, j and k
(e.g. the stress tensor sij and strain tensor εij) indicate the spatial
components following the Einstein summation convention. The
deviatoric stress tensor can be expressed as sij ¼ sij � pdij, where dij
is the Kronecker delta (dij ¼ 1 for i ¼ j and dij ¼ 0 for i s j) and
p ¼ skk/3 denotes the mean normal stress. The deviatoric stress is
given by q ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð3=2Þsijsij

q
. The stress ratio tensor and stress ratio

are expressed as rij ¼ sij/p and h ¼ q/p, respectively. Similarly, the
deviatoric strain tensor is expressed as eij ¼ εij � εkkdij/3, in which
εv ¼ εkk denotes the volumetric strain, and εq ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð3=2Þeijeij

q
is the

deviatoric strain.
The stressestrain relation is described by the following

expression (Yang et al., 2019):

q ¼ εq

aþ bεq|fflfflfflffl{zfflfflfflffl}
q0

þ
��

�εq

εr

�
Dp exp

�
�εq

εr

��
|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

q00

(12)

where the first term q0 indicates the hyperbolic relation between q
and εq to reflect the nonlinear stressestrain relationship of soil, and
the second term q00 is used to describe the softening behavior.

The parameters a and b in the term q0 of Eq. (12) indicate the
initial tangential stiffness and the ultimate failure strength of the
soil, respectively, and are given as

a ¼ 1
3G

(13)

b ¼ 1
McgðqÞp (14)

where G is the elastic shear modulus dependent on the stress level
and can be expressed as

G ¼ G0
ð2:973� e0Þ2

1þ e0

ffiffiffiffiffiffiffiffi
ppa

p
(15)

where G0 is a material constant, e0 is the initial void ratio, and pa is
the atmospheric pressure (101 kPa). In Eq. (14), the interpolation
function g(q) about the Lode angle q can be obtained according to Li
(2002):
gðqÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi	
1þ c2


2 þ 4c
	
1� c2



sin 3 q

q
� 	1þ c2



2ð1� cÞsin 3 q

(16)

which describes the smooth evolution from g(q) ¼ 1 for triaxial
compression (q ¼ �p/6) to g(q) ¼ c for triaxial tension (q ¼ p/6),
with c ¼ Me/Mc (Me and Mc denote the critical stress ratios at
triaxial extension and compression, respectively).

In the second term q00 of Eq. (12), the state-dependent dilatancy
function D is employed according to Li and Dafalias (2000) to
characterize the volumetric response during shearing:

D ¼ dεpv
dεpq

¼ d0

�
expðmjÞ� h

McgðqÞ
�

(17)

where d0 andm are twomodel parameters, and the state parameter
j is defined as

j ¼ e� ec (18)

where e is the current void ratio, and the critical void ratio ec is a
function of the mean normal stress p and defined by Li and Wang
(1998) as

ec ¼ eG � lcðp=paÞx (19)

where eG, lc, and x are three material constants.
The increment of the plastic strain tensor dεpij is calculated with

dεpij ¼ CLDcij ¼ CLD

 
nij þ

1
3

ffiffiffi
2
3

r
Ddij

!
(20)

where CLD denotes the Macauley brackets with CLD ¼ L when L > 0

and CLD ¼ 0 for L � 0; L is the loading index and obtained by L ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
depijde

p
ij

q
¼ ffiffiffiffiffiffiffiffi

3=2
p

dεpq; cij denotes the direction of dεpij , including a

deviatoric part nij and a volumetric part 1
3

ffiffiffi
2
3

q
Ddij. nij is determined

through the direction of the stress ratio as

nij ¼
rijffiffiffiffiffiffiffiffiffiffi
rklrkl

p (21)

The loading index L can be obtained from Eq. (22) (i.e. the dif-
ferential form of Eq. (12)) as follows:

dq ¼ vq
vp

dpþ vq
ve

deþ vq
vεq

dεq (22)

L ¼
ffiffiffi
3
2

r �½CK � Eð1þ e0Þ�
ðCKD� 3GÞ dεv þ ðF � 3GÞ

ðCKD� 3GÞdεq
�
bPij dεij

(23)

where C ¼ vq/vp, E ¼ vq/ve, F ¼ vq/vεq, and K is the elastic bulk
modulus and expressed as

K ¼ ð1þ e0Þp
kx

�
pa
p

�x

(24)

where k is a material constant. The specific expressions of C, E, F, Uij

and the loading index L can be found in Appendix A.
By combining Eqs. (20e24), the incremental stressestrain

relation can be obtained as
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dsij ¼ Lijkldεkl (25)

with the elastoplastic stiffness tensor:

Lijkl ¼ Kdijdklþ2G
�
dikdjl�

1
3
dijdkl

�
�hðLÞ

 
2Gnijþ

ffiffiffi
2
3

r
KDdij

!
Pkl

(26)

where h(L) is the Heaviside step function, with h(L)¼ 1 for L> 0 and
h(L) ¼ 0 for L � 0.
3. Model validation and numerical model

Following the procedure provided by Liao et al. (2021), the J2
model is implemented with the adoption of the substepping
scheme with error control (Sloan and Booker, 2010). Subsequently,
this section presents the validation of the MPM procedure coupled
with the J2-model and the MPM modeling for pipe-soil interaction.
3.1. Model validation using element tests

The element tests of triaxial compression were conducted to
validate the implemented J2 model and calibrate the model pa-
rameters of the Stockton Beach Sand (STK), which were used in the
simulations of pipe-soil interaction. The mean diameter d50 of STK
sand is 0.4 mm, and the maximum and minimum void ratios are
0.778 and 0.497, respectively. Several element tests of STK sand
with different initial void ratios e0 were carried out under two
initial confining pressures p0 (e0 ¼ 0.551, 0.64 and 0.72 for
p0 ¼ 150 kPa; e0 ¼ 0.574, 0.64 and 0.72 for p0 ¼ 500 kPa). The size of
the element was modeled as 1 m � 1 m � 1 m, where 2 material
points were set in each direction (i.e. a total of 8 material points).
The confining pressure of the specimen was imposed by the nodal
load exerted on the lateral surface of the element, and the pre-
scribed nodal velocity was applied downward at the top surface to
simulate the strain-driven triaxial compression.

Following the calibration procedure of Yang et al. (2019), the
determined model parameters of STK sand are listed in Table 1. A
straight line in the e-lnp’ space is adopted to describe the critical
state line for STK sand (Ajalloeian et al., 1996), in which the values
of eG and lc are taken as 0.925 and 0.037, respectively. The critical
stress ratio Mc at triaxial compression is set to 1.23, which was
verified by triaxial compression tests (Ajalloeian et al., 1996), and
the value of c is estimated to be 0.75 due to the lack of triaxial
extension data.

Fig. 2 presents the simulated results of triaxial compression and
available test data from Ajalloeian et al. (1996). The dense sand
generally shows a satisfactory stressestrain curve under different
confining pressures, although the stress response under
p0 ¼ 150 kPa is somewhat underestimated. For the loose sand, its
strain-hardening and contractive behaviors are also revealed. In
addition, the state-dependent model well captures the more sig-
nificant dilative response of sand samples for lower confining
pressures and higher relative densities.
Table 1
Parameters of the J2-deformation type model for STK sand.

Elastic
parameters

Critical state
parameters

Dilatancy
parameters

Softening
parameter

G0 ¼ 250 Mc ¼ 1.24 d0 ¼ 0.45 εr ¼ 0.06
k ¼ 0.012 c ¼ 0.75 m ¼ 4.1

eG ¼ 0.925
lc ¼ 0.037
3.2. Biaxial compression tests

To further examine the applicability andmesh sensitivity of the J2
model in the typical boundary value problem, theMPMmodels were
applied to simulate the biaxial compression tests under plane strain
conditions. The schematicmodel setup is illustrated in Fig. 3. First, the
dense sand specimenwith e0¼ 0.581 is consolidatedhomogeneously
under a confining pressure of 400 kPa. Then, a vertical downward
velocity of 0.03m/s is applied to the rough rigidplate on the top of the
specimen to perform axial compression. The rigid plate-specimen
interaction is characterized by the rigid contact algorithm
mentioned above. During the compression process, a fixed constraint
is imposed on the bottom boundary, and a constant confining pres-
sure is applied to the lateral boundaries through the particle load. As
shown in Fig. 3, the analysis also compares four combined cases (i.e.
C4, M4, M9 and F4) with different mesh sizes (C: coarse mesh of
0.125m,M:mediummeshof 0.1m and F:finemesh of 0.0625m) and
various numbers (4 and 9) of particles per element (NPPE). The same
material parameters in Table 1 are employed for the simulation.
Gravity is not considered in the biaxial compression tests.

Fig. 4 presents the global stressestrain relationship of the four
cases, in which the vertical stress indicates the contact force per
unit area acting on the rigid plate and the axial strain is obtained by
dividing the vertical displacement of the loading plate by the initial
height of the specimen. Evidently, the tests with different mesh
sizes or NPPEs show a basically consistent response. However, finer
meshes or more NPPEs appear to predict higher peak stress and
smaller peak strain. For the three tests (C4, M4 and F4) with
identical NPPEs, the finer mesh tests generally reflect a more sig-
nificant softening response after the peak value. The predicted
steady-state stresses are close in these three cases. Compared with
the M4 case, M9 with more NPPEs renders a relatively weak soft-
ening response and mildly higher steady-state stress. A larger
number of particles per element is beneficial to reducing the
integration error (Steffen et al., 2008); however, the increasing
computational cost should also be taken into account. It is noted
that the mesh dependency issue can be resolved by invoking reg-
ularization techniques (Ba�zant et al., 1984; Mallikarachchi and
Soga, 2020), which are not discussed here and will be left for
future study. The differences in the mechanical response for the
four cases are considered insignificant.

Fig. 5 further compares the deviatoric strain and void ratio
distribution of the four different samples at axial strain εa ¼ 15%.
The two symmetric shear bands in the sample can be easily iden-
tified by concentrated large strains and prominent dilatancy, while
the domain outside the shear bands is approximately elastically
loaded with smaller volumetric strain. Fig. 5a exhibits that the
shear bands predicted in the sample are narrower for the finer
mesh test. Moreover, the bandwidth appears to be more sensitive
to the mesh size than NPPE, which is consistent with the coupled
MPM/DEM simulations in the study of Liang and Zhao (2019).

Two material points Pt.1 and Pt.2 (their positions are marked in
Fig. 5a) inside sample F4 were selected to further analyze the local
responses. As seen from Fig. 6, prior to the axial strain reaching
1.3%, the evolutions of the deviatoric stress or volumetric strain of
the two points are in general agreement, indicating that the spec-
imen deforms homogeneously with initial volumetric contraction.
As the loading continues, the stress response of Pt.2 first shows
post-peak softening because of the accumulation of deviatoric
strain and strain localization. Subsequently, the stress state of Pt.1
also experiences certain unloading. However, due to the formation
of shear bands and the constraints of the rough boundary, the
stresses at Pt.1 immediately undergo an increase and then remain
at a relatively high level. During this process, Pt.2 located in the
shear bands undergoes prominent dilatancy and finally reaches the
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Fig. 2. Comparison between MPM simulations and available test results of triaxial compression for STK sand: (a) Stressestrain curves under p0 ¼ 150 kPa; (b) Volumetric-axial
strain curves under p0 ¼ 150 kPa; (c) Stressestrain curves under p0 ¼ 500 kPa; and (d) Volumetric-axial strain curves under p0 ¼ 500 kPa.

Fig. 3. Schematic of the MPM model for biaxial compression tests with various mesh
sizes and NPPEs.

Fig. 4. Comparison of the global stressestrain responses for biaxial compression tests
with different mesh sizes and NPPEs.
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critical void ratio, while Pt.1 far away from the shear bands only
experiences a relatively slight volume change.
3.3. MPM modeling

The plane strain MPM model for the simulation of pipe-soil
interaction is shown in Fig. 7. Considering the vertical symmetry
of the geometry and computational efficiency, only half of the
analysis domain is modeled. The background mesh is composed of
structured square elements. Each element contains 4 material
points in the initial configuration, except for the quadrilateral zone
with a dense arrangement of particles near the pipe.

The buried pipe is modeled as a rigid cylinder with a diameter D.
The rigid contact algorithm is employed to handle the frictional
contact between the soil and the pile. The interfacial friction co-
efficient m is usually determined through the expression m ¼ tand
and the definition of the interface friction angle d, which compre-
hensively reflects the roughness of the pipe surface and the char-
acteristics of the soil. For pipe surfaces with different rust levels and
coatings, d usually lies between 20� and the friction angle 4 of the
soil (Durgunoglu and Mitchell, 1973; Yimsiri et al., 2004). In the



Fig. 5. Contour of (a) Deviatoric strain and (b) Void ratio of samples for the four cases (C4, M4, M9 and F4) at the final state εa ¼ 15%.
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pipe-soil interaction simulation, the value of d typically ranges from
0.54 to 0.64 (Jung et al., 2016; Ni et al., 2018; Qin et al., 2019). Some
parameter studies based on theoretical analysis (White et al., 2008)
and numerical simulations (Yimsiri et al., 2004; Jung et al., 2016)
indicated that there is no obvious variation in resistance response
when the value of u varies within this range. For the present MPM
modeling, the interface friction angle d is reasonably assumed to be
0.64c (4c is the critical state friction angle of the soil and is calcu-
lated from the critical stress ratio Mc).

The distance between the pipe and the side boundary is selected
as 14D based on the numerical study and the experimental results
(Limnaiou et al., 2019; Wu et al., 2021), which is a sufficiently large
distance to eliminate the boundary effect. The burial depth H (i.e.
the distance from the soil surface to the pipe springline) of the pipe
is determined by the embedment ratio H/D. From the numerical
results conducted by Limnaiou et al. (2019), it can be deduced that
the determination of the bottom boundary location is generally
related to the burial depth. On the premise of effectively avoiding
boundary effects and reducing computational costs, the soil me-
dium under the pipe is adjusted at depths of (6e10)Dwith different
H/D conditions. The two lateral side boundaries are fixed in the
normal direction, whereas the bottom boundary is fully fixed in
both the horizontal and vertical directions.

Before applying any motion to the pipe, the geostatic stress
loaded by gravity is obtained with the introduction of local
damping (Bhandari et al., 2016; Zhang et al., 2022). Afterwards, the
specified vertical downward velocity is imposed on the rigid pipe
without numerical damping. During this simulation, a cohesion of
1 kPa is considered for the soil model to prevent the generation of
tensile stress and promote numerical stability, which is imple-
mented by adding the equivalent cohesion to the normal stress
following Liao et al. (2021). In the explicit MPM scheme, the critical
time step is reduced by multiplying the Courant number of 0.3 to
ensure solution stability.
4. MPM results and parametric study

4.1. MPM results for model tests

The MPM model is further validated against the experimental
results by Wu et al. (2021) for vertical penetration of rigid pipes
buried in STK sand. Wu et al. (2021) pulled the pipe section
downward with a maximum displacement of 0.75D. In the physical
model tests, different burial conditions, including the relative
density (Dr ¼ 19%e92%) of sand and embedment ratio (H/D ¼ 1.5e
4), were considered. The thickness andmaterial of the pipe allow its
negligible deflection and ovalization during pipe penetration,
which ensures the rigid behavior of the pipe and the plane strain of
the setup. The friction force developing at the chamber sidewall-
pipe interface and the cable-pulley system was specifically
measured and subtracted from the reaction measured by the load
cell to obtain the net reaction force acting on the pipe.

The pipe is modeled with the same diameter (D ¼ 37.5 mm) as
the experiments. Since the sand around the pipe is often in a
medium-to-dense state under practical conditions, only medium
and dense sands with initial void ratios e0 ¼ 0.657 and 0.524 are
tested in the simulation, which are consistent with the compact-
ness of sands used in the model tests (Wu et al., 2021). For a more
detailed comparison with the experiment, the MPM model is per-
formed with an embedment ratio of 3. A fine mesh of grid size
4.6875 mm � 4.6875 mm is chosen to better capture the evolution
and thickness of the shear bands after checking the mesh size ef-
fect. The values of other input parameters for the J2-model are
consistent with those in Table 1, and these calibrated model pa-
rameters are used for sands of any relative density and stress level.
Moreover, the specified downward velocity of the pipe is set to
4 mm/s after examining the effect of loading rates, which is much
higher than that in the model tests. Because the strain-rate
dependence is not considered in the soil constitutive model, the



Fig. 6. Evolution of (a) Deviatoric stress and (b) Void ratio at the selected material points in the F4 case.

Fig. 7. MPM model of pipe-soil interaction for downward pipe movement.
Fig. 8. Comparison of forceedisplacement curves from MPM simulations and model
tests at H/D ¼ 3.
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velocity has little influence on the reaction exerted on the pipe
under the condition of insignificant dynamic effects.

Fig. 8 displays the simulated and experimental forcee
displacement curves, which are expressed in the form of dimen-
sionless force Nd ¼ F/gHD versus dimensionless displacement u/D,
where F is the soil reaction force acting on the pipe, g is the unit
weight of soil calculated from the initial void ratio e0 and the spe-
cific gravity Gs ¼ 2.65 of STK sand, and u is the vertical downward
displacement of the pipe. For the pipe buried in dense sand, the
results from the MPM simulations are in good agreement with the
experimental data (Wu et al., 2021), as depicted in Fig. 8. The re-
action force initially increases in a nonlinear stage and then in-
creases approximately linearly with the penetration of the pipe.
The simulated results show a slightly flatter slope in the linear
ascending phase. As illustrated in Fig. 9, the reaction force acting on
the pipe at the transition of the forceedisplacement curve from
nonlinear to steady-state is defined as the failure threshold Qdf, and
the downward displacement corresponding to Qdf is denoted as udf,
which are two important parameters for the design of buried
pipelines. Following the approach used by Qin et al. (2019) and Wu
et al. (2021), the transition point is determined as the intersection
between the descending segment and the stable segment of the
slope curve DNd/(Du/D)eu/D, where DNd/(Du/D) tends to change
slightly with u/D.

The soil density significantly influences the dimensionless force
curves. The pipe in the medium sand mobilizes the considerably
smaller soil resistance during the downward movement. The MPM
results give an overall overprediction of the dimensionless force Nd
for medium sand, which is reflected in the stiffer initial response
and lower steady ascending rate. This difference may be due to the
overestimation of the interfacial friction coefficient for medium
sand, in which a fixed value is adopted for different soil densities.
The rougher friction boundary restricts the relative movement
between the pipe and the soil, and in turn, affects the mobilization
of soil resistance. Moreover, the initial geostatic stress distribution
generated by gravity loading in the simulation is theoretically linear
with depth, whereas an approximate parabolic distribution lower
than the theoretical values is measured in the tests due to the sand-
sidewall friction (Ansari et al., 2018; Wu et al., 2021).

Qin et al. (2019) also conducted FE modeling to test the resis-
tance response of the pipewithin the 0.3D penetration depth under
different burial depths, in which the pipe diameter was 102 mm
and the soil was modeled using the MohreCoulomb model. The FE
results with embedment ratio H/D ¼ 4 are selected for comparison
due to the lack of a simulation for H/D ¼ 3. Some discrepancies
between the FE results andMPM or experimental results are shown
in Fig. 8, which could be partly attributed to the difference in
constitutive models and parameters. In the FE model of Qin et al.
(2019), the friction angle and dilation angle of sand are constant
for a particular initial density, and the elastic modulus is deter-
mined according to the initial stress at the pipe springline and the
relationship proposed by Janbu (1963). This is obviously insufficient
to characterize the actual strength and the stiffness response of the
soil due to the significant changes in the stress level and soil density
during the downward movement of the pipe. It should also be
mentioned that Qin et al. (2019) identified the failure threshold



Fig. 9. Method for determining the failure threshold Qdf and the associated pipe
displacement udf: (a) Ndeu/D curve and (b) DNd/(Du/D)eu/D curve for dense sand
under H/D ¼ 3.
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within the displacement of 0.1D, after which a linear ascending
pattern of Nd was predicted. The inaccurate prediction would cause
an evident underestimation of the failure threshold. On the whole,
the MPM framework coupled with the J2-model can reasonably
Fig. 10. Deviatoric strain contours during the downward movement of pipe under H/D ¼ 3 fo
u/D ¼ 0.06; (e) u/D ¼ 0.2; (f) u/D ¼ 0.9.
predict the resistance response developing on the pipe with
downward movement.

To further explain the evolution of the resistance exerted on the
pipe with increasing penetration depth, the failure mechanism
developing in the sand needs to be investigated. The deviatoric
strain contours corresponding to three typical pipe displacements
of dense sand and medium sand are illustrated in Fig. 10. In the
initial nonlinear stage (u/D ¼ 0.06) of the resistance response, a
triangular soil wedge is formed beneath the pipe. As the pipemoves
to near the depth corresponding to the failure threshold (u/D¼ 0.2),
the log-spiral wedge is mobilized, and the shear band above the
pipe gradually develops from the springline to the soil surface. The
same failure pattern was also observed in model tests (Wu et al.,
2021) and other numerical results (Kouretzis et al., 2014). With
the continuous penetration of the pipe (u/D ¼ 0.9), the geometry of
the shear bands remains basically unchanged. The soil wedge
below the pipe is pushed downward with shear bands extending to
the surface. Meanwhile, the deviatoric strain concentration zone as
a part of the log-spiral shear band is consistentlymoved downward,
and the shear band is continuously enhanced and widened. The
pipe penetration over a greater depth may neutralize the softening
of the soil and reduce the brittle response to some extent. As has
been pointed out by White et al. (2008), this steady ascending
resistance response is tightly associated with a combination of soil
softening and continuous expansion of the shear bands at depths.
The failure mechanism is of course related to the stress level and
burial condition, which will be discussed in the following section.

As shown in Fig. 10, the dense sand deforms with a larger size of
the soil wedge andmore significant surface heave than themedium
sand, owing to the stronger dilatancy behavior of the dense sand. In
addition, the soil above the pipe has not completely collapsed,
which may be associated with the lower stress level under the
small diameter pipe and the cohesion added to the model. The
contribution of the weight of the soil wedge above the pipe to the
resistance is approximately gHD (i.e. 1 of dimensionless force Nd),
the influence of which on the forceedisplacement curve is
negligible.

Fig. 11 shows the displacement contours of the surrounding soil
as the failure threshold is mobilized. The soil deformation field can
be characterized by the combined patterns extracted by Ganju et al.
(2021), in which the influence zone is divided into a triangular
r dense sand at (a) u/D ¼ 0.06; (b) u/D ¼ 0.2; (c) u/D ¼ 0.9; and for medium sand at (d)



Fig. 11. Displacement contours developing in (a) Dense sand and (b) Medium sand corresponding to the mobilization of the failure threshold.
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Fig. 12. Effect of pipe diameter D on the forceedisplacement curve under H/D ¼ 3 for
(a) Dense sand and (b) Medium sand.
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wedge below the pipe, a fan zone, and a transition zone between
the wedge and the fan. Larger transition zones mobilized by the
triangular wedge are observed in dense sand, and the displacement
contours in the fan zone stretch to the ground surface (Fig. 11a).
Even though non-uniform displacements tend to form in the fan
with the continuous penetration of the pipe, this deformation
pattern is very similar to the rigid-plastic response observed in
dense sand (Wu et al., 2021). A relatively small influence zone is
mobilized in medium sand (Fig. 11b), which is closely related to the
densification process and weaker dilatancy of the sand.

4.2. Effect of pipe diameter

A large number of experimental and numerical results have
revealed that the resistance exerted on the structure and the
displacement field of the surrounding soil during the soil-structure
interaction are affected by various factors, such as the geometry and
size of the structure, the stress level and the relative density of the
soil (Zhu et al., 2001; Guo and Stolle, 2005; White et al., 2008;
Kouretzis et al., 2014; Ganju et al., 2021). Next, comprehensive
parametric analyses were performed to investigate the effects of
the pipe diameters and burial depths. The sandswith the above two
initial void ratios (e0 ¼ 0.657 and 0.524 for medium and dense
sands, respectively) are considered, and the model parameters are
kept consistent with those in the above simulations of the model
tests. Since the resistance response is relatively insensitive to the
mesh size, the following meshing rules are formulated: the mesh
size under different pipe diameters D is set to 1/8D and does not
change with the burial depth.

The MPM simulations were conducted with various pipe di-
ameters under H/D ¼ 3. The dimensionless forceedisplacement
curves of three different pipe diameters for dense sand and me-
dium sand are illustrated in Fig. 12a and b, respectively. The larger
diameter leads to higher confining pressure around the pipe and
thereby less dilatancy according to the state-dependent dilatancy
function D in Eq. (17). For this reason, the smaller reaction force is
mobilized under the same dimensionless displacement u/D for a
relatively large diameter. The dimensionless failure threshold Ndf
(i.e. Qdf/gHD) decreases, and the corresponding downward
displacement udf/D increases with the pipe diameter. The same
trend of resistance response associated with this scale effect was
also observed in the lateral and vertical downward movement of
the pipe (Guo and Stolle, 2005; Jung et al., 2016).

The dimensionless displacement udf/D corresponding to Ndf
ranges from 0.2 to 0.32 for various pipe diameters in dense sand,
and 0.22e0.29 for medium sand. The simulated udf/D is signifi-
cantly higher than 0.05e0.08 obtained from FE results (Qin et al.,
2019). Actually, Qin et al. (2019) determined the failure threshold
Qdf based completely on the shape of the forceedisplacement curve
within the downward movement of 0.3D, without the combination
with the complete failure mode. This evaluationmethod in the case
of insufficient pipeline displacement can easily cause an
underestimation of the failure threshold and the mobilization
displacement.

Fig. 13 shows the contours of the deviatoric strain of the sur-
rounding soil at u ¼ 0.9D, which are selected from the steady
ascending stage of resistance to capture the complete failure
pattern. At this time, the shear band above the pipe stemming from
the springline curvesmildly inwards and extends to the soil surface,
and the log-spiral shear band is gradually widened or multiple
shear bands are mobilized due to the continuous penetration of the
triangular failure wedge. Wu et al. (2021) observed the same failure
mechanism in physical experiments, including the collapsed wedge
and the log-spiral wedge. Compared with the simulated results of
the smaller pipe diameter in Fig. 10, it can be found that as the pipe
diameter increases, the collapsed wedge above the pipe deforms
more significantly, and the log-spiral shear bands become more



Fig. 13. Deviatoric strain contours developing in (aeb) Dense sand and (ced) Medium
sand with different pipe diameters at u ¼ 0.9D.

Fig. 14. Comparison of failure surfaces induced by bearing capacity from MPM simu-
lations and analytical solutions for (a) Dense sand and (b) Medium sand.
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difficult to extend to the surface. In contrast to the general shear
failure mode developing in dense sand, the high deviatoric strain
zone in medium sand is confined not far from the triangular failure
wedge, and the log-spiral shear band is more localized (Fig. 12).
Therefore, the failure mode in the medium sand is closer to the
local shear failure mode.

The simulated failure surfaces and the relative analytical slip
surfaces are plotted in Fig. 14. Since the failure surfaces associated
with bearing capacity can hardly extend to the ground surface, only
the triangular active zone and the transition zone surrounded by
the log-spiral surface in the general shear failure mode for strip
footing are plotted for comparison. If the pipe diameter is equiva-
lent to the footing width and the pipe springline is assumed to be
the bottom corner of the footing, the log-spiral slip surfaces in
Prandtl’s solution can be described through r ¼ r0ejtan4. In this
equation, r is the length from the springline to any point on the slip
surface, r0 is the length of the side boundary of the triangular
wedge and is calculated by the angle 45� þ 4/2 between this line
and the horizontal direction, and j is the rotation angle from r0 to r.
For both dense and medium sand, the simulated slip surfaces with
various pipe diameters are in good accordance with the analytical
prediction over a specific range of the friction angle 4. The location
of the slip surfaces caused by bearing capacity failure is basically
consistent with that captured in the model tests (Wu et al., 2021).
Moreover, deeper failure surfaces with a shorter extension are
captured due to the higher stress levels for relatively large pipes.

4.3. Effect of burial depth

A series of simulations for differentH/D values (H/D¼ 2e8) with
the same pipe diameter (D ¼ 500 mm) were conducted to inves-
tigate the influence of burial depths on the resistance response and
failure mode of the surrounding soil. Fig. 15a and b presents the
simulated forceedisplacement curves for dense and medium sand,
respectively. Several observations and features of the Ndeu/D
curves are outlined as follows: (1) the overall level of the dimen-
sionless reaction force within the downward pipe displacement of
1D descends with increasing burial depth; (2) the dimensionless
failure threshold Ndf reduces with increasing H/D, and the burial
condition of dense sand shows a more significant reduction of Ndf

compared to that of medium sand; and (3) a larger dimensionless
displacement udf/D is needed to mobilize Ndf under higher H/D
values.

Likewise, the simulated deviatoric strain contours of the three
typical stages (the nonlinear ascending stage of resistance, near the
failure threshold and the steady ascending stage) for dense sand
and medium sand are presented in Figs. 16 and 17, respectively,
which illustrate the different evolution patterns of shear bands for
differentH/D ratios. For clarity, only the strain development regions
near the pipe are plotted under H/D ¼ 6, instead of the entire area
reaching the surface. As depicted in the first column of Figs. 16 and
17, at the beginning of pipe penetration, there are also two prom-
inent shear bands developing in dense and medium sand under H/
D ¼ 2e6, one (f1) surrounding the triangular soil wedge and the
other (f2) developing vertically downward from the pipe springline.
Compared with medium sand, a larger triangular compression
wedge beneath the pipe is formed in dense sand under the same H/
D, as observed inmodel tests (Wu et al., 2021). Additionally, the size
of the triangular wedge in the dense sand shows a significant
decrease with burial depth, which may be because the overall
higher dilatancy response in dense sand is more susceptible to the
initial stress level. For the deeply buried condition (H/D ¼ 6), a
relatively large pipe displacement is required to reach the failure
threshold. During this penetration process, several small shear
bands develop with changes in the soil wedge size.

At udf (second column of Figs. 16 and 17), the formation of the
complete failure mechanism is accompanied by the extension of
the slip surface f3 originating from the bottom of the triangular
wedge. For H/D ¼ 6, several similar slip surfaces of different sizes
gradually form (Figs. 16h and 17h), instead of the shear band f3 with
the concentrated deviatoric strain under shallower burials. Mean-
while, shear zone f4 develops from the springline to the ground
surface for H/D ¼ 2 and 4, whereas a diffused strain zone forms
above the pipe for H/D ¼ 6. This might be expected because, in the
case of deep burial, the surrounding soil primarily infills the cavity
above the pipe, making it more difficult to form the overall soil
instability.

At larger penetration depths (third column of Figs. 16 and 17),
the shear bands are further widened with higher deviatoric strain
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Fig. 15. Effect of embedment ratio H/D on the forceedisplacement curves with
D ¼ 500 mm for (a) Dense sand and (b) Medium sand.
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concentrations. However, for the dense foundation with H/D ¼ 6
(Fig. 16i), a new f3-type failure surface forms from the edge of a
larger soil wedge, surrounded by shear bands that develop down-
ward from the pipe springline and curve inwards. Qin et al. (2019)
also captured homologous shear bands that propagate deeply into
the ground. Although more small shear bands are mobilized with
pipe penetration under H/D ¼ 6, it is worth noting that the high
strain zones are mainly concentrated near the pipe. Moreover, the
range of shear bands in dense sand is wider and deeper than that in
medium sand due to the more significant dilatancy of the soil. The
simulated failure pattern for H/D ¼ 8 is almost identical to that for
H/D ¼ 6 and thus is not presented here.

4.4. Prediction of bearing capacity under different burial depths

The estimation of the failure threshold Qdf and the corre-
sponding pipe displacement udf controls the response of the ver-
tical bearing spring for modeling the pipe-soil interaction with the
nonlinear Winkler soil spring model (ALA, 2005; Kouretzis et al.,
2015). Following the approach of Qin et al. (2019) and Wu et al.
(2021), Qdf is determined from the forceedisplacement curve of
D ¼ 500 mm, which is closer to the practical pipe diameter. The
results are plotted in Fig. 18. For comparison, Fig. 18 also summa-
rizes the results calculated from the physical model tests (Wu et al.,
2021), FE modeling (Jung et al., 2016; Qin et al., 2019), FELA
(Kouretzis et al., 2014) and current design guidelines (ALA, 2005).
ALA (2005) adopts the classic bearing capacity equation to estimate
the ultimate vertical force acting on the pipe, which can be
expressed as

Qdf ¼ NccDþ NqgHDþ NggD2
.
2 (27)

where c is the cohesion, and Nc, Nq and Ng are the bearing factors.
The first term on the right-hand side is assumed to be zero for dry
cohesionless sand. Nq and Ng are calculated based on:

Nq ¼ eptan4tan2ð45+ þ 4=2Þ (28)

Ng ¼ eð0:184�2:5Þ (29)

For dense sand, the MPM results show good agreement with the
analytically calculated values given by ALA (2005) within the
investigated embedment ratios, which indicates a reduction in Ndf
with increasing burial depth, especially for H/D < 3. Comparatively,
the FEM results present considerable underestimations, which may
be attributed to the positioning deviation of the failure threshold in
the case of insufficient pipe penetration depth. For Qin et al. (2019)
and Jung et al. (2016), the failure thresholds under different burial
depths were determined at pipe displacements udf of (0.05e0.08)D
and (0.057e0.062)D, respectively, which were relatively small
compared with the MPM results and the experimental results of
Wu et al. (2021). Moreover, the difference between the MPM-
calculated values and the experimental results is associated with
the scale effects discussed above.

As illustrated in Fig. 18b, under the medium sand condition, the
numerical results from the present MPM analysis are higher than the
bearing capacity calculated from the ALA (2005) guideline with the
representative medium sand friction angle 4 ¼ 36�. Instead, the
MPM results are generally close to the values calculated with a
higher friction angle 4 ¼ 39�. The results from the experiments (Wu
et al., 2021) and the FELA analysis using 4 ¼ 36� (Kouretzis et al.,
2014) are further compared with the MPM data, which reveals that
the MPM-simulated results in the medium sand may be over-
estimated to a certain extent. Practically, this overestimation has
been noticed in the calibrationwith the model tests. It is noteworthy
that the representative values of the friction angle for dense and
medium sand are both smaller than the peak friction anglemeasured
from direct shear tests corresponding to the stress level at the pipe
springline. As pointed out byWu et al. (2021), the equivalent friction
angle obtained following the approach proposed by Davis (1968) is
more appropriate for estimating the failure threshold with the ALA
guideline. Overall, theMPM results could provide some reference for
reasonable estimates of Qdf and evaluate the efficacy of the ALA
guideline for predicting the bearing capacity.

The simulated mobilization displacement udf/D associated with
Qdf for various burial depths and sand densities is plotted in Fig. 19.
The simulation results show that the dimensionless pipe displace-
ment udf/D increases approximately linearly with the embedment
ratio H/D for different sand densities, while the experimental data
(Wu et al., 2021) indicate that udf/D is not insensitive to H/D with a
relatively small diameter pipe. In addition, the pipe displacement
required to mobilize the failure threshold in medium sand is slightly
higher than that in dense sand, unlike the results obtained from
model tests (Wu et al., 2021). The simulated pipe displacement udf
ranges from 0.25D to 0.35D for H� 8 under both dense and medium
sand conditions and is significantly higher than the mobilization
displacement of 0.1D recommended by the ALA (2005) and (0.05e
0.08)D obtained from FE modeling (Qin et al., 2019). Given the form
of forceedisplacement curves and the constant value of Qdf, a rela-
tively low displacement udf will lead to overestimating the reaction
force developing on the pipe. Therefore, according to the MPM



Fig. 16. Deviatoric strain contours during pipe penetration for dense sand under (aec) H/D ¼ 2; (def) H/D ¼ 4 and (gei) H/D ¼ 6.

Fig. 17. Deviatoric strain contours during pipe penetration for medium sand under (aec) H/D ¼ 2; (def) H/D ¼ 4 and (gei) H/D ¼ 6.
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results, it may be more appropriate to choose a mobilization
displacement of 0.3D when elastoplastic soil springs are used to
analyze the pipe stress and deformation.

5. Conclusions

The BSMPM is adopted to investigate the evolution of the re-
action force on the pipe and the failure mechanism of the
surrounding soil during rigid pipe penetration. The stressestrain
behavior of soil is modeled using the J2-deformation type model
with state-dependent dilatancy proposed by Yang et al. (2019),
which can accurately capture the soil response under varying
relative density and stress levels. The reliability and accuracy of the
MPM modeling are validated through comparison with published
scaled physical model tests of bearing capacity for buried pipes. The
influences of pipe diameter and burial depth on the bearing
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Fig. 18. Comparison of normalized failure bearing capacity versus embedment ratio for
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,
,

, D
, Du

D

H D

Fig. 19. Comparison of normalized pipe displacement corresponding to the failure
threshold versus embedment ratio.
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capacity of pipes are further investigated through parameter
analysis. The following conclusions can be made:

(1) The failure mechanisms in the sand are comprehensively
affected by the relative density, pipe size and burial depth.
The shear bands induced by the bearing capacity are rela-
tively localized in medium sand rather than dense sand. As
the burial depth and pipe diameter increase, the failure
mechanism essentially shifts from a general pattern that
tends to develop to the surface to a local and deep pattern
due to the changes in stress levels. Under shallow burial
conditions, the location of the failure surfaces can be
approximately outlined by the log-spiral curves given in
Prandtl’s solution.

(2) The ultimate resistance exerted on pipes can be estimated
reasonably using the bearing capacity formulas recom-
mended by the current guidelines with an appropriate sand
friction angle. The failure threshold suggested in the previous
FE analyses might be underestimated to some extent due to
the insufficient pipe offset. Compared with the recom-
mended value of 0.1D in the guidelines, the yield displace-
ment of the elastoplastic bearing spring may need to be
increased to (0.2e0.3)D, indicating a weaker resistance
response corresponding to the same pipe offset. This value
also varies with the sand density and burial depth of the pipe.

(3) The scale effect analysis indicates that previous laboratory
tests with relatively small diameter pipes would provide a
conservative estimate of the bearing capacity for practical
pipeline designs. However, this analysis is performed mainly
based on the dependency of the stiffness and dilatancy re-
sponses on the stress level, without considering the effects of
the size of sand grains on the reaction evolution. Amultiscale
modeling approach may be used to capture the forcee
displacement response related to the microscopic proper-
ties of sands.

(4) The difference in interface friction between sands and the
pipeline with various coatings should also be considered for
determining the properties of vertical bearing soil springs.
Moreover, when using elastoplastic bearing springs to
analyze the three-dimensional pipe-soil interaction, some
correction of the spring parameters might be required
because the significant soil deformation and flow near the
fault plane or shear zone make it difficult to satisfy the plane
strain condition.
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