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Abstract

Fluidization mechanism of liquefiable cargo is similar to that of sand liquefaction. But the cargo is subjected to more
complex external loads during sea transportation. Based on two different constitutive models, numerical predictions were
conducted in this study. And the effects of ship motions including motion acceleration, frequency and relative density of
cargo on fluidization was investigated. By comparing with available the experimental data, validation is carried out.
Results show that the roll motion is the most important one related to cargo fluidization. When the motion acceleration
increases, the possibility of cargo fluidization increases. The higher of the cargo density the lower of the possibility of
cargo fluidization. The effect of frequency on cargo fluidization is not unique, and it exists a critical value. The fluidization
behavior of cargo could be described both by UBCSAND and FINN models. And the comparisons were discussed and

summed up.
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1 Introduction

The liquefiable cargo composed of a certain proportion
of fine particles and moisture. During sea transportation,
when its moisture content exceeds a certain limit and
under external loads such as ship motions, it may fluidize
and form a fluid state. The stability of the ship would
be weakened due to the fluidized cargo (Zhang et al.
(2017; 2019); Abbas et al. 2019). From 1986 to 2019, a
total of 25 cargo fluidization accidents occurred, resulting
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in the sinking of 19 ships (Sakar et al. 2020). The com-
mon causes of the accidents are cargo fluidization and the
cargo movement in cargo holds. To ensure the safety of
sea transportation of liquefiable cargo, it is necessary to
study the factors influencing the fluidization of cargo.

At present, experimental tests and numerical methods
have been adopted to carry out the research. An indoor
small shaking table was used by Jian et al. (2015) to study
the microscopic behavior during bulk iron ore fluidization.
Under action of vibration, the iron ore concentrate compacts
and the moisture between the particles would squeeze out.
And moisture migration is the key inducement of cargo flu-
idization. The fluidization characteristics of iron ore concen-
trate were studied by Zhou et al. (2013) based on model ex-
periments. Results show that acceleration and moisture con-
tent are the two key factors affecting cargo fluidization. A
scaled cargo hold model was used by Munro and Mohajera-
ni (2016) to conduct vibration tests of cargo samples with
different moisture contents. They found that the cargo with
a moisture content lower than transportable moisture limit
(TML) may also fluidize. In the above studies, due to limita-
tions of scaled model experiments, the actual stress distribu-
tion of cargo could not be reproduced.

In terms of numerical simulation, the UBC3D-PLM con-
stitutive model in PLAXIS software was used by Ju et al.
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(2016) to assess cargo fluidization potential. They reported
that as the saturation degree, motion frequency and ampli-
tude increase, the cargo is more likely to fluidize. To evalu-
ate the potential of cargo fluidization under rolling motion,
the UBCSAND constitutive model in FLAC software was
used by Daoud et al. (2018). Results show that the cargo
with a lower relative density is more prone to fluidization
and the cargo slope is more prone to have plastic deforma-
tion than other areas. The FINN model was used by Hao
(2019) to simulate the fluidization of saturated iron ore
concentrates at various frequencies. It is reported that
there is critical frequency for the excess pore water pres-
sure of iron ore concentrates. Ding (2020) adopted the
FINN model to conduct a numerical simulation on the in-
fluence of physical parameters on the fluidization of car-
goes. To ensure the safe transportation of liquefiable car-
go, the internal friction angle should be greater than 32°,
Poisson’s ratio should be greater than 0.41, initial pore ra-
tio should be less than 1.48, and permeability coefficient
should be less than 6x10°m/s. The PFC software was
used by Zhou et al. (2016) to simulate cargo fluidization.
They found that the main reason for cargo fluidization is
the rise of the water level. Of the above research, the exter-
nal loads were simplified and a single sway or roll motion
was considered. For the problem of sand liquefaction, ver-
tical vibration is also important. For example, Vasiliki et
al. (2016) studied the influence of vertical ground motion
on liquefaction of saturated sand. Results show that when
the deviator stress generated by resonance is strong
enough, sand liquefaction can also happen.

In addition, the acceleration, frequency of the motion and
relative density of the sample are also the key factors for lig-
uefaction. For example, it is reported by Vargehese and la-
tha (2014) that the increase of acceleration and frequency
can cause sand to liquefy. And the sand with higher relative
density is less likely to liquefy. Based on the 1 g shaking ta-
ble test, Wang et al. (2020) suggested that when the relative
density of the sample continues to rise, its liquefaction resis-
tance improved gradually. Similarly, acceleration and fre-
quency of ship motion are also the key factors influencing
cargo fluidization. Considering the variety of ship motion
acceleration and frequency in different navigation areas, the
safety load thresholds were proposed by Wu et al. (2020).

To sum up, numerical simulation research on the influ-
ence of ship motion forms on cargo fluidization is still
needed, especially in the actual sizes. In addition, the se-
lection of appropriate constitutive model is also the key
problem to complete the work. In this study, firstly, to pre-
dict the fluidization of the cargo in a real sized cargo hold,
a more comprehensive numerical model was built. Com-
pared with previous studies, the wall zones were estab-
lished and the friction conditions between cargo and wall
surface were taken into account and permeable boundaries
were added for the top surface of the cargo. And this is
closer to reality. Furthermore, the effects of cargo density,

motion acceleration and frequency on the fluidization of
the cargo were investigated. Secondly, the performance of
the two widely used liquefaction constitutive models
FINN and UBCSAND on the prediction of the fluidization
of the liquefiable cargo were presented and compared. The
research could provide some reference for safe sea trans-
portation of liquefiable cargo.

2 Theoretical background and constitutive
models

2.1 Theoretical background

The finite difference method is used to divide the solu-
tion area into quadrilateral grids (Wang and Xing 1995), as
shown in Figure 1. The grid is composed of nodes and
zones. Usually, ‘point” variables such as displacement, ve-
locity, and acceleration are stored in nodes, while ‘do-
main’ variables such as density, porosity, stress and strain
are stored in zones.
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Figure 1 Finite difference grid

In the calculation process, the node will be affected by
the resultant force formed in its surrounding area at each
time step. The node will move when the resultant force is
not equal to 0. The strain of the zone is generated by the
movement of the node, which further generates a new
stress increment. The resultant force acting on the node
will be updated by the new stress increment, so that the
calculation enters the next cycle. It will continue until the
resultant force reaches the convergence condition. The cal-
culation cycle is shown in Figure 2.

Two equations and four variables are mainly involved in
a calculation cycle. First, the velocity of the node under
the action of the unbalanced force is solved by the follow-
ing equation:

e @)
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Figure 2 Calculation process in FLAC

where F/(t) is the unbalanced force component of the |
node in the : direction at time t, and m' is centralized quali-
ty of the | node.

Secondly, the zone strain increment at a certain time
step is solved by velocity, the formula is as follows:

_1
Ag; = f(v” + vji) - At 2
where Aeg; is the tensor of strain increments, i,j = 1,2, v; is
node velocity, and At is time step.
Then, the zone stress increment is solved by strain incre-
ment, and the formula is as follows:
Aoy = T (Aeyoy.++) ?)

ij?
where f (---) is constitutive function, Ac; is stress incre-
ment, and Ae;; is strain increment.

Finally, the unbalanced force of the node in the next cy-
cle is calculated by the principle of virtual work. For de-
tails, see the help document (Itasca 2011).

From the numerical calculation process, it can be seen
that the constitutive equation plays a key role for numeri-
cal results. Two widely recognized liquefaction constitu-
tive models were adopted in this study, the FINN and the
UBCSAND models. At present, they are widely used in
the numerical simulation of free-field seismic liquefaction
and model box centrifuge liquefaction. With the aid of the
FINN model, the expected simulation results of material
liquefaction were obtained by Wang (2019), Banerjee et
al. (2017) and Noui et al (2019). In terms of UBCSAND
model, the sample liquefaction behavior is well repro-
duced in FLAC software by Ecemis (2013), Beaty (2018),
Dashti and Bray (2013). For the prediction of soil liquefac-
tion, both the FINN model and the UBCSAND model
were used by Chou et al. (2021) to simulate a cyclic und-
rained direct simple shear (DSS) test by a single-element.
They reported that, different from the UBCSAND model,
the FINN model cannot consider the banana-shaped stress—
strain path and the butterfly-shaped stress path observed in
the laboratory test. But both models can still provide rea-
sonable simulations of the excess pore pressure accumula-
tion during cyclic loads. Therefore, for the prediction of
cargo fluidization, both the FINN and the UBCSAND
models were selected and compared.

j
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2.2 FINN constitutive model

The FINN model is a strain pore pressure model, which
is essentially a dynamic pore pressure rise model. And it
was added to the Mohr-Coulomb constitutive model. The
Mohr-Coulomb constitutive model is composed of Mohr-
Coulomb failure criterion, tensile failure criterion and flu-
id plastic dynamic incremental equation. The stress-strain
relationship is reflected by the flow-plastic dynamic incre-
mental equation and updated under different states.

According to the incremental equation, the elastic incre-
mental law of the principal stress space can be expressed as:

Ao, = Sl(Aei,Agg,Aag) =a, A7 + aZ(ASZ + Ag‘;)
Ao, = SZ(Asi,Aeg,Aag) =, A7 + az(Aeg + Aeg) 4)
Ao, = SJAS?,AEZ,A&%) =, A7 + az(Asg + Aei)

where S, is the elastic strain increment equation in the i di-
rection of the principal stress. Aeg; is the elastic strain in-
crement in the i direction of principal stress. o, and a, is
material constant, related to bulk modulus K and shear
modulus G, it can be expressed as:

w=K+3c (5)
3
2

0 =K-2G (6)

When the material undergoes shear or tensile failure, the
stress increment law needs to be plastically modified. The
stress after shearing plastic flow can be expressed as:

ol =of - /l(al - a2N®)

o) =05 - /1052(1 - NQ) (7

fy(1.05)

. (al—a2N¢)—(a2—a1N¢)N¢ ©

_ 1+sing
$ 1-sing

In the same way, the stress after tensile failure can be
expressed as:
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A,

of = o5 - (0% - ot)a—l )

O3 = 0y

where ¢ is the principal stress value when failure is not
considered. o] is the stress considering the plastic flow af-
ter entering the failure zone. o, is the strength of extension.
¢ is frictional angle.

In addition, the relationship between the increase of dy-
namic pore pressure and plastic volumetric strain is as fol-
lows:

Au = E, - Ag (10)

where Au is the increase of pore water pressure, E, is re-
bound modulus and Ag,, is the plastic volumetric strain in-
crement.

The Byrne model is adopted in this study to calculate
the plastic volumetric strain increment.

A% _ ¢ ex ( C “) (1)
y 1 €Xp 2,
-25
C, = 7600(D, ) (12)
_ 04
C.=¢. (13)

where y is the shear strain. C, and C, are model constants.
D, is relative density of sample.

2.3 UBCSAND constitutive model

UBCSAND is an effective stress plasticity model and it
was used to directly evaluate the response of the soil particle
skeleton under external loads. The elastoplastic stress-strain
relationship of the soil skeleton is expressed as follows:

{Ac'} =[ D ]{Ae} (14)

where {Ac'} is the soil skeleton stress increment vector.
{Ae} = {Ae"} + {A”}. {Ae}, {Ae*} and {A&”} are the strain
increment vector, the elastic strain increment vector and
the plastic strain increment vector of the soil skeleton, re-
spectively. [D]” is the elastoplastic stiffness matrix of the
soil skeleton.

Strain in UBCSAND model is divided into elastic strain
and plastic strain, and plastic strain is divided into plastic
shear strain and plastic volume strain. The plastic shear
strain increment is calculated according to the hyperbolic
relationship of stress ratio. And the plastic volume strain
increment is calculated according to its flow law of the
plastic shear strain increment. UBCSAND is mainly divid-

ed into two parts: elastic response and plastic response.
See the description document of UBCSAND for detains
(Beaty and Byrne 2011).

In the elastic response, assuming that the elastic compo-
nent is isotropic and represented by the shear modulus
G“and bulk modulus B*.

€ = e . . O-|
G =K¢ - P, (Pa
B°=a-G

(16)

) V— (15)

where K¢ is shear modulus. P, is atmospheric pressure. ¢'
is mean effective stress. ne is the elastic shear modulus in-
dex. a dependents on the Poisson’s ratio.

In the plastic response, the plastic shear strain increment
dy® is related to the increment of stress ratio dy.

1

dyr=——.
4 G"/c'

dn (17)

2
GP:Gr-( —”-Rf) (18)
Uk

where GP is the plastic shear modulus. G is the plastic
shear modulus under low stress. 7, is the stress ratio at fail-
ure. Ry is the stress ratio at failure.

According to the flow law, the calculation formula of
plastic volumetric strain increment is as follows:

Aeh = (sin @, = sin @, ) - AY (19)

where @, is the constant volume friction angle. The defi-
nition of @, is defined by the maximum stress ratio » before
the current half loading cycle, where @, = arcsin ( ﬂmax)-

In addition, the material liquefaction response is predict-
ed by coupling of soil skeleton and pore fluid. Under und-
rained conditions, assuming that the volumetric strain of
the equivalent fluid is equal to the volumetric strain of the
soil skeleton (Wang et al. 2002).

Ae, = Ae, + Ag, = Ag) (20)

where Ag, is the skeleton volume strain. Ae! is the equiva-
lent fluid volume strain.

Therefore, the pore fluid pressure increment Au is ex-
pressed as:

Au = (B, /n)Ae, (21)

where By is the fluid bulk modulus. n is the porosity of
the soil skeleton.

@ Springer
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2.4 Verification

Take sand liquefaction as verification (Banerjee et al.
2017), and the excess pore pressure is calculated and com-
pared. The calculation grid is shown in Figure 3, the two-
dimensional geometric model has a height of 650 mm and
a width of 900 mm. Consistent with the instrument layout
in the shaking table test, pore water pressure is monitored
for zones at a depth of 0.3 m (monitoring point 2) and
0.5 m (monitoring point 1).
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Figure 3 Calculation grid

The numerical prediction of liquefaction is divided into
two stages: static and dynamic analysis. In the static analy-
sis, by assigning material properties to the mesh (see
Table 1), the initial stress field of the sample induced by
gravity alone was established.

Table 1 Material properties
Material Parameter Value
Density, p (kg/m®) 1600
Elasticity modulus, E (Pa) 2.938e6
Poisson’s ratio, v 0.3
Angle of friction, ¢ (°) 32
Sand Porosity, n 0.4
Permeability, k (m%(Pa *s)) 1e-8
Relative density, D, 50%
Density(kg/m®), p 2000
Model box Bulk modulus, K (Pa) 2e8
Shear modulus, G (Pa) 1e8
Density, p (kg/m®) 1000
Water
Bulk modulus, K (Pa) 2e8

In the dynamic analysis, the FINN and UBCSAND con-
stitutive models were added separately. The constitutive
model parameters are shown in Table 2. The water permea-
bility condition of the sample surface was set by a fixed
pore pressure and saturation value. A sinusoidal velocity
history was applied to the boundaries of the hold to simu-
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late the horizontal loading process. The velocity equations
are as follows:

|2 2n-A-fesin(2r-f-t), 0<t<2

- 22
"Tlon-A-fosin@n-f-1), t>2

where v is velocity. A is amplitude. f is frequency. t is time.

Table2 Liquefaction constitutive model parameters

Model Parameter Value
Relative density, D, (%) 50
N, SPT 1
Elastic shear modulus number, K¢ 964.4
Stress exponent for elastic bulk modulus, m, 0.5
Elastic bulk modulus number, Ky 675.1
Stress exponent for elastic shear modulus, n, 0.5
Plastic shear modulus number, K& 450.1
Stress exponent for plastic shear modulus, n, 0.4
UBCSAND Critical state friction angle, @ (°) 33
Peak friction angle, @, (°) 35.2
Failure ratio, R; 0.89
Model parameter, m_hfacl 1.0
Model parameter, m_hfac2 1.0
Relative density, D, (%) 50
p Density(kg/m3), 1600
Elasticity modulus, E (Pa) 2.938¢e6
Poisson’s ratio, v 0.3
Angle of friction, ¢ (°) 32
FINN [fo-rosny, n 0.4
Permeability, k (m%(Pa*s)) 1le-8
Model constant, C, 0.429 9
Model constant, C, 0.9304

To reproduce the shaking table motion acceleration of
0.35 g at a frequency of 2 Hz, A is set as 0.022 m and f is
2 Hz. To use the two constitutive models, the specific val-
ues of the model parameters (see Table 2) should be calcu-
lated firstly. For the FINN model, the parameter values are
acquired based on Table 1, and the additional parameters
C, and C, are calculated from the relative density of the
sample though equation (12) and (13). For the UBCSAND
model, the parameter values are calculated by the empiri-
cal formulas through the relative density of the sample.
The calculation formulas are shown in Table 3 (Kutter
et al. 2020).

Comparison of experimental and numerical results is
shown in Figure 4. At the two monitoring points, results of
shaking table test (Banerjee et al. 2017) show that the ex-
cess pore water pressure has a rapid rise and then go into a
stable phase. And the excess pore pressure of the point 2
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tends to stabilize earlier than that of the bottom. These fea-
tures can be well captured by the two different constitutive
models. Still, there are some differences between the ex-
perimental and simulation results, mainly are the differ-
ence of the time for the pore water pressure begins to stabi-
lize and the averaged pore pressure value. The possible
reasons can be divided into the following two parts:

Table3 UBCSAND parameter calculation formula

Parameter Calculation formula
2
Ny 60 (Dr / 15)
0.333
Ké K& =217 % 20 x (Nyg)
P P_ e 2
K& K& = K& x (Nyg) % 0.003 + 100
N 0.4
m, 0.5
P(") 33
Ke Kg =07 x K¢
¢peak(°) ¢CS + Nl,BO / 5
Ne 0.5
R; 1 - N/ 100

(1) In the simulation, the averaged pore water pressure
of an area of 0.1 m x 0.1 m is monitored, while in the ex-
periment the data is recorded at a specific point.

(2) At present, the liquefaction constitutive parameters
are calculated by empirical formula, additional test correc-
tions are required for more accurate values.

In the test, initial mean effective stress o, is used as the
threshold of sand liquefaction, which is calculated by the
initial vertical effective stress ¢, and coefficient of static
lateral pressure K.

(23)

The experimental results show that both the excess pore
water pressures of middle and bottom areas are slightly
greater than the mean effective stresses. Thus, liquefaction
occurred in the middle and bottom of the sand.

Similarly, liquefaction threshold is adopted to judge the
liquefaction happens or not for the simulation zones. And
its value in the simulation is close to that in the experiment.
The vertical effective stress of the element at the depth of
0.3 m and 0.5 m is 2.7 kPa and 4.8 kPa. And under the
same K, of 0.47, the mean effective stress is 1.746 kPa and
3.104 kPa, which are close to the experiment results.

For the two constitutive models, results of pore water
pressure have deviations under the same conditions. Differ-
ent from the FINN model, UBCSAND model is the new
comprehensive liquefaction constitutive model. And the
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Figure4 Comparison of numerical and test results

FINN model is a simple liquefaction constitutive model
based on Mohr-Coulomb model. Same as the experimental
results, liquefaction occurred in the middle and bottom of
the sand when using the UBCSAND model. The FINN
model cannot capture the phenomenon at the bottom of the
cargo. Thus, UBCSAND model can capture the liquefac-
tion state of samples better than FINN model.

3 Simulation cases and result analysis
3.1 Model setup

With reference to Daoud et al. (2018), the numerical cal-
culation grid of actual cargo hold in this study is shown in
Figure 5. The load size of the liquefiable cargo is having a
width of 25 m and a height of 10 m, and three monitoring
zones (53,16), (53,11) and (53,5) are set in the interior area
from top to bottom. The pore water pressure values of the
three different areas of cargo are recorded and analysed.

In static analysis, the initial stress field induced by
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Figure 5 Numerical grid of actual cargo hold

gravity alone was established. The model parameters are
shown in Table 4. In dynamic analysis, two liquefaction
constitutive models were added, and the parameters are
shown in Table 5.

Table4 Dynamic model parameters

Cargo Cabin
Parameter Value Parameter  Value
D, (%) 65 80 90 p (kg/m® 7900
p (kg/m®) 1650 1700 1720 K (Pa) 2el1l
E (Pa) 1.7e7  1.9e7 2e7 G (Pa) 7e10
v 0.3 0.3 0.3
o (°) 36.9 38.9 40.5
n 0585 0542 0.515

k (m¥(pa*s))  1e-8 le-8  1e-8

Table 5 Parameters of liquefaction constitutive model

FINN UBCSAND
Parameter Value Parameter Value
D, (%) 65 80 90 D, (%) 65 80 90

C, 0.2231 0.1328 0.098 9 1,60
C, 17928 3.0121 4.0445

19 29 37

Secondly, the velocity history was applied to the bound-
ary nodes of the cargo hold to realize the three different
motions. Since the two-dimensional cargo hold was con-
sidered in this present study, so the motions are sway,
heave and roll, separately. The implementation of the mo-
tion is shown in Figure 6.

Considering different motion parameters and cargo rela-
tive density, the specific simulation cases are shown in
Table 6. The acceleration and frequency values are changed
by the amplitude and period of the velocity function. Consid-
ering constant acceleration, the relation between amplitude
and frequency is as follows:

a = 4n? f2A (24)
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Figure 6 Ship motion
Table 6 Numerical simulation cases
. Acceleration Frequency Density
Model Motion
(9 (Hz) (%)
0.1-05 5 65
0.1 1-5 65
sway
0.1 5 65, 80, 90
0.1-0.6 1 65
0.1 1-9 65
heave
0.1 1 65, 80, 90
FINN 0.1-0.4 5 65
0.1 1-5 65
roll
0.1 5 65, 80, 90
0.1-0.15 1 65
0.1 1-5 65
sway
0.1g 1 65, 80, 90
0.1-04 1 65
0.1 1-9 65
heave
0.1 1 65, 80, 90
UBCSAND 0.1-0.15 1 65
0.1 1-5 65
roll
0.1 1 65, 80, 90

where a is the acceleration. f is the frequency. A is the am-
plitude.

Furthermore, the excess pore water pressure ratio is
used as the basis to judge whether the fluidization happens
or not. When its value is approximately equal to 1, the car-
go is regarded as fluidized. The formula for excess pore
pressure ratio is presented as follows:
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r=— (25)

ini

where Au is excess pore water pressure. o}, is the initial
vertical effective stress.

The formula for shear strength is presented as follows:
t,=(oc-u)tang = o'tan ¢ (26)

where z; is shear strength. o is total stress. u is pore water
pressure. ¢' is effective stress. ¢ is Internal friction angle.

Shear strength is used to describe the ultimate ability of
a skeleton to resist shear failure. With the increase of the
excess pore pressure ratio, the shear strength of the cargo
decreases. Therefore, the value of r, should be paid more
attention to.

3.2 FINN constitutive model

3.2.1 Sway motion

Variation of the excess pore pressure ratio and its maxi-
mum value at different accelerations are shown in Figure 7.
Changes of the excess pore water pressure at the middle mon-
itoring point are significantly affected by acceleration. For
different accelerations, the excess pore pressure ratio gradu-
ally rises to its maximum first, and then continues to de-
crease. And the larger of the acceleration, the higher of the
excess pore pressure ratio. In addition, after smoothing the
excess pressure ratio curve and comparing with the maxi-
mum value, it is found that with the increase of accelera-
tion, the maximum values of excess pressure ratio in each
region are approaching to 1.0, and the possibility of cargo
fluidization increases. The maximum value at the top area
descends later because of a shorter steady calculation time
under high acceleration conditions.

For the frequency, taking the monitoring point in the
middle of the cargo as an example, the variation of the ex-
cess pore pressure ratio and its maximum value are shown
in Figure 8. Results show that the excess pore pressure ra-
tio also rises first and then drops as frequency increases. In
addition, the excess pore pressure ratio reaches its maxi-
mum when the frequency is around 3 Hz. It indicates that,
the possibility of cargo fluidization is bigger when the mo-
tion frequency is about 3 Hz.

For the relative density, also takes the monitoring point
in the middle of the cargo as an example, the variation of
the excess pore pressure ratio and its maximum value are
shown in Figure 9. Results show that the excess pore pres-
sure ratio rises rapidly and then drops slowly. When the
relative density is smaller, the corresponding excess pore
pressure ratio is higher. In addition, the maximum excess
pore pressure ratio in each region gradually decreases as
the relative density of the cargo increases. Therefore, car-
go with higher relative density is not prone to fluidization.
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Figure 7 Excess pore pressure ratio under different accelerations

3.2.2 Heave motion

Taking the monitoring point in the middle of the cargo as
an example, the variation of the excess pore pressure ratio
and its residual value at different accelerations are shown in
Figure 10. As the loading direction is consistent with gravi-
ty, the ratio of excess pore pressure fluctuates greatly and
the positive value is about 2 times of the negative. The in-
crease of the heave acceleration directly expands the fluctu-
ation range of the excess pore water pressure asymmetry. In
addition, due to the maximum excess pore water pressure
would be overestimated during such large fluctuations.
Therefore, the buffer function is added to the motion equa-
tion, and the residual pore water pressure is used for com-
parison. The buffer function is as follows.

v=[(30-1t)/10]-2n-A-f-sin(2n-f-t) (27)

where v is velocity. A is amplitude. f is frequency. t is time,
20 <t < 30.

Results show that with the increase of acceleration, the
residual pore pressure of the middle and bottom increases.
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Figure 8 Excess pore pressure ratio under different frequencies

However, the residual pore pressure value of top monitoring
point decreases under the high acceleration. Compared with
the middle and bottom, the top area is less constrained and
deforms larger under high acceleration. That would lead to
a faster dissipation, so the residual value of the top area
has a downward trend under high acceleration conditions.

Taking the monitoring point in the middle of the cargo
as an example, the variation of the excess pore pressure ra-
tio and its residual value at different frequencies are shown
in Figure 11. The excess pore pressure ratio rises firstly
and then falls. In addition, there are critical values for the
residual excess pore pressure ratio, corresponding to 3 Hz
and 8 Hz, respectively.

Taking the monitoring point in the middle of the cargo
as an example, the variation of the excess pore pressure ra-
tio and its residual value at different relative densities are
shown in Figure 12. Results show that under different rela-
tive densities, the excess pore pressure ratio also increases
firstly and then decreases. In addition, the possibility of
cargo fluidization decreases as the relative density of car-
go increases.
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3.2.3 Roll motion

For different accelerations, taking the monitoring point in
the middle of the cargo as an example, the variation of the
excess pore pressure ratio and its maximum value are
shown in Figure 13. The excess pore pressure ratio at the
middle gradually increases firstly and then becomes stable.
When the acceleration is larger, the excess pore pressure ra-
tio reaches its maximum value earlier. In addition, when the
acceleration increases a little, the maximum excess pore
pressure ratio of each area of the cargo would get close to
1.0, and fluidization occurs in all areas of the cargo.

For different frequencies, taking the monitoring point in
the middle of the cargo as an example, the variation of the
excess pore pressure ratio and its maximum value are
shown in Figure 14. The excess pore pressure ratio increas-
es gradually and then decreases. It decreases faster at high-
er frequencies. In addition, the maximum excess pore pres-
sure ratio increases as the frequency increases, and the pos-
sibility of cargo fluidization increases accordingly.

For different relative densities, taking the monitoring
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Figure 10 Excess pore pressure ratio under different accelerations

point in the middle of the cargo as an example, variation
of the excess pore pressure ratio and its maximum value
are shown in Figure 15. The excess pore pressure ratio in-
creases firstly and then decreases. In addition, the maxi-
mum excess pore pressure ratio decreases with the in-
crease of the relative density of the cargo. Therefore, cargo
with higher relative density is not easy to fluidization.

3.2.4 Analysis

The above results show that acceleration and relative
density have the same effect on liquefaction under differ-
ent motion forms. The increase in motion acceleration
would increase the possibility of cargo fluidization, as
shown in Figures 7, 10 and 13. The increase of the cargo
relative density would reduce the possibility of cargo fluid-
ization, as shown in Figures 9, 12 and 15. However, the ef-
fect of frequency is not the same at different motion
forms. In sway and heave motions, there is a critical fre-
quency, as shown in Figures 8 and 11. In rolling motion,
the increase of frequency would increase the possibility of
cargo fluidization, as shown in Figure 14. Essentially, the
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Figure 11  Excess pore pressure ratio under different heaving

frequencies

accumulation of pore water pressure is related to the
shrinkage of the pores, caused by the external load. The
shrinking pores squeeze the pore water, resulting in an in-
crease of the pore water pressure. The higher of the motion
amplitude, the more of the settlement. Therefore, with the
increase of acceleration, the pore water pressure can accu-
mulate higher values. For the frequency, only when the fre-
quency closes to the resonance of the system, can it signifi-
cantly promote the accumulation of pore water pressure.
For the double peaks phenomenon of the pore water pres-
sure in heave motion, it is related to multistage resonance.
That is, the resonance state of the system is corresponding
to more than one single frequency. For the relative density,
the denser of the cargo, the smaller of the pore volume.
There is less space for a further compression under load.
So, under higher load conditions, it is difficult for high-
density cargo to accumulate pore water pressure. And
these were also found in the study of soil liquefaction. For
example, in the work of Vargehese and latha (2014), Wang
et al. (2020) and Chen et al. (2018).

To further study the effect of ship motion forms on car-
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go fluidization, numerical simulations of the cargo with a
relative density of 65% under the heave, sway and roll mo-
tion at 0.1 g and 5 Hz were performed respectively. Due to
the inconsistency of the distance between the boundary
nodes and the center of rotation, the acceleration of each
node is different in the roll motion. The farthest node hav-
ing the maximum acceleration, and the nearest node hav-
ing the minimum acceleration. To compare more clearly,
two sets of simulation schemes were adopted in the roll
motion, setting 0.1 g to the nearest node or the farthest
node acceleration.

Figure 16 shows the excess pore pressure ratio and its
residual value under different motion forms. It can be seen
that, for the three different motions, the excess pore pres-
sure ratio at the top rises rapidly first and then decreases
gently. Compared with the residual excess pore pressure
ratio, it shows that the possibility of cargo fluidization of
the heave motion is smaller than the others two. Secondly,
under the condition of minimum acceleration of 0.1 g, the
residual excess pore pressure ratio of roll motion is obvi-
ously higher than that in sway motion. And under the con-
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Figure 13  Excess pore pressure ratio under different accelerations

dition of maximum acceleration of 0.1 g, the value in roll
motion is close to that in sway motion. Therefore, the risk
of cargo liquefaction is greater under rolling motion. What
is more, referring to Figure 13, not only the top and mid-
dle part of the cargo are extremely easy to fluidize, but al-
so the bottom of the cargo can reach the fluidization
threshold after a small increase of motion acceleration.
Thus, the potential risk of cargo fluidization under the roll-
ing movement is the highest. Therefore, the roll motion
should be paid more attention to for preventing cargo fluid-
ization.

3.3 UBCSAND constitutive model

3.3.1 Sway motion

The variation of the excess pore pressure ratio and its
maximum value are shown in Figure 17. The excess pore
pressure ratio rises gradually first and then becomes gen-
tle. When the acceleration is bigger, the corresponding ex-
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cess pore pressure ratio is also higher. Furthermore, the
top and middle parts of the cargo both are likely to liquefy,
and their maximum excess pore pressure ratios are close to
1.0. For the bottom part of the cargo, the maximum excess
pore pressure value increases as the acceleration increases,
and the possibility of cargo fluidization becomes higher.
This is the same as the result of the FINN constitutive
model, but the accumulation of excess pore water pressure
can be significantly affected by a small increment of accel-
eration in the UBCSAND constitutive model.

For the frequency, selecting the middle monitoring point
as a representative, the variation of the excess pore pres-
sure ratio and its maximum value are shown in Figure 18.
When the frequency is relatively high, the excess pore
pressure ratio is smaller. And it continues to rise and can-
not reach a stable state in the present simulation. Regard to
the maximum excess pore pressure ratio, its value also de-
creases as frequency increases, which means that the possi-
bility of cargo fluidization becomes smaller. For the top
and the middle parts of the cargo, the excess pore pressure
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Figure 15 Excess pore pressure ratio under the different relative
densities of cargo

ratio still can rise to 1.0 when the frequency is 2 Hz. And
that means the middle and upper parts of the cargo are
prone to liquefy under same motion frequencies. This is
different from the conclusion of FINN constitutive model.
There are two trends in the influence of frequency in
FINN, the maximum pore pressure increases/decreases
with the increase of frequency, and there is only one down-
ward trend in UBCSAND.

For the relative density, selecting the middle monitoring
point as a representative, the variation of the excess pore
pressure ratio and its maximum value are shown in
Figure 19. At high relative density, although the excess pore
pressure ratio continues to increase, the corresponding ex-
cess pore pressure ratio is relatively small. For different
parts of the cargo, the maximum excess pore pressure ratio
decreases as the relative density increases. This is similar to
the conclusion of the FINN constitutive model. However,
the excess pore pressure ratio of the top and middle areas
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pressure of the top area would dissipate under the influ-
ence of larger deformation at high acceleration. This phe-
nomenon also exists in the FINN model.

Secondly, considering the effect of frequency, selecting
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the middle monitoring point as a representative, the varia-
tion of the excess pore pressure ratio and its residual value
are shown in Figure 21. The excess pore pressure ratio
first rises and then reaches a stable state. In addition, the
critical values for the influence of frequency for cargo flu-
idization are corresponding to 3 Hz and 8 Hz, respectively.
This is the same as the conclusion in the FINN model, and
the two peak points in the FINN model both appear at
3 Hz and 8 Hz.

Finally, considering the effect of relative density, select-
ing the middle monitoring point as a representative, the
variation of the excess pore pressure ratio and its residual
value are shown in Figure 22. Under different relative den-
sities, the excess pore pressure ratio increases firstly and
then stabilizes. The corresponding excess pore pressure ra-
tio is higher when the relative density is lower. In addition,
as the relative density of the cargo increases, the ratio of
the residual excess pore pressures in each area decreases,
and the possibility of cargo fluidization becomes smaller.
This is similar to the conclusion in the FINN constitutive
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Figure 19 Excess pore pressure ratio under different relative
densities of cargo

model, but the difference is that the residual pore pressure
values in FINN are all negative.

3.3.3 Roll motion

For different acceleration, taking the monitoring point at
the middle as an example, the variation of the excess pore
pressure ratio and its maximum value are shown in
Figure 23. Under high acceleration, the excess pore pres-
sure ratio continues to rise and stabilize to 1.0. And the
time for the excess pore pressure ratio reaches stable at
higher acceleration is shorter. Furthermore, the top and
middle parts of the cargo both are likely to liquefy, and
their maximum excess pore pressure ratios are close to
1.0. For the bottom part of the cargo, the larger of the ac-
celeration value, the higher of the maximum excess pore
pressure ratio. This is similar to the conclusion in the
FINN constitutive model, and both of them can reach the
maximum pore pressure near 1.0 under low acceleration.

For different frequencies, the variation of the excess
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Figure 21 Excess pore pressure ratio under different frequencies
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pore pressure ratio at middle and its maximum value at dif-
ferent frequencies are shown in Figure 24. Under the dif-
ferent frequencies, the excess pore pressure ratio of the top
and middle area can still rise to around 1.0. Differently, the
excess pore pressure ratio of the bottom area is affected by
the frequency obviously. And there is a critical value for
the cargo fluidization, corresponding to 3 Hz. This is dif-
ferent from the conclusion in the FINN constitutive model.
In the UBCSAND model, the maximum pore water pres-
sure at the bottom has two trends with the increase of fre-
quency, increasing first and then decreasing, while in the
FINN model, there is only an increasing trend.

For different relative densities, taking the monitoring
point at the middle as an example, the variation of the ex-
cess pore pressure ratio and its maximum value are shown
in Figure 25. At lower relative density, the excess pore
pressure ratio is higher. As the relative density increases,
the maximum excess pore pressure ratio of the whole car-
go decreases, and the possibility of cargo fluidization be-
comes smaller. This is the same as the conclusion in the
FINN constitutive model.

3.3.4 Analysis

Based on the above results, acceleration and relative
density have the same effect on the possibility of cargo flu-
idization under different motion forms. With the increase
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Figure 25 Excess pore pressure ratio under the different relative
densities of cargo

of acceleration, the possibility of cargo fluidization in-
creases, as shown in Figures 17, 20 and 23. With the in-
crease of relative density, the possibility of cargo fluidiza-
tion reduces, as shown in Figures 19, 22, and 25. For fre-
quency, its effect is different at different motions. For
sway motion, the increase of frequency would reduce the
possibility of cargo fluidization, as shown in Figure 18.
For heave and roll motion, it exists a critical frequency on
the possibility of cargo fluidization, as shown in Figures 21
and 24. Due to different liquefaction constitutive models,
the specific influences of acceleration, frequency and rela-
tive density on cargo fluidization are different. But the in-
fluence trends of each factor on cargo fluidization are basi-
cally the same.

To further study the influence of different ship motions
on cargo fluidization, simulations under same conditions
were carried out. The curves of excess pore pressure ratio
and its residual value are shown in Figure 26. The trend of
the excess pore pressure ratio at each part under different
motion forms is similar. And the possibility of cargo fluidi-
zation is the least under heave motion. In addition, the re-
sidual excess pore pressure ratio in the two rolling motions
is higher than that in the swaying motion. And as show in
Figure 23, the whole cargo is more likely to fluidize under
rolling motion. Therefore, the rolling motion is the most
critical ship motion that affects cargo fluidization.
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Figure 26 The pore water pressure curve of each monitoring point
in different ship motions
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3.4 Comparison of FINN and UBCSAND

As a FLAC embedded constitutive model, the FINN
model is a simple liquefaction constitutive, which is used to
solve liquefaction problems. Likewise, UBCSAND is also
widely used in numerical simulation of liquefaction. It is a
comprehensive liquefaction constitutive model, which has a
fully coupled effective stress procedure (Itasca, 2011).

In view of computational efficiency and convenience,
the FINN constitutive model is more suitable for the pres-
ent problem. The parameters of FINN model are directly
inherited for the static analysis. However, UBCSAND pa-
rameters need to be obtained additionally. And although
the parameters of UBCSAND can be acquired by the rela-
tive density of the cargo from the empirical formula, its
value is not accurate and calibration experiments are re-
quired when necessary.

For the accuracy of results, UBCSAND constitutive
model may have more advantages. The FINN model is
able to simulate changes in pore water pressure during ma-
terial liquefaction and can better capture the response
brought by changes of the above factors in prediction sim-
ulations. However, it does not capture the liquefied state at
the bottom of the actual sample in the verification.

4 Conclusions

The prediction model of cargo fluidization considering
ship motion forms, motion acceleration, frequency and rel-
ative density of cargo was established in this study. And
two different liquefaction models were used and com-
pared. Conclusions are summarized as follows:

« Generally, both the UBCSAND and the FINN consti-
tutive model can simulate the cargo behavior better dur-
ing cargo fluidization. The FINN model is relatively simple
and convenient. By comparing the experiment results,
UBCSAND model is more accurate for the present prob-
lems.

» Compared with sway and heave motion of the ship,
the rolling motion is the key motion that influences the flu-
idization of the liquefiable cargo during sea transportation.

» The possibility of cargo fluidization is increased
with the increase of acceleration. And it decreases with
the increase of the relative density of cargo. However,
the influence of frequency is not unique. In heave motion,
there exists a critical frequency for cargo fluidization
under the two constitutive models. In roll motion, the
frequency to trigger the fluidization of the whole cargo
in the UBCSAND model is smaller than that of FINN.
In sway motion, for UBCSAND, the possibility of fluid-
ization continuously reduced with the increase of the
frequency. Different from that, there exists a critical value
in the FINN.
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