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SUMMARY 
 
Sloshing impact loads can cause severe structural damage to cargo tanks in liquefied natural gas floating production 
storage offloading units (LNG-FPSOs or FLNGs). Studies of sloshing can be classified into two types, namely, 
hydrodynamics-related and structural mechanics-related studies. This study is a sequel to the authors’ previous studies 
(Paik et al. 2015; Lee et al. 2015), but is more related to issues of structural mechanics. In this study, a new method for 
probabilistic sloshing assessment, which has been previously developed by the authors, is briefly explained. The 
nonlinear impact structural response characteristics under sloshing impact loads are examined by a nonlinear finite 
element ANSYS/LS-DYNA method. An iso-damage curve, representing a pressure-impulse diagram, is derived for the 
self-supporting prismatic-shape IMO B type LNG cargo containment system of a hypothetical FLNG. The insights 
developed from this work can be useful for the damage-tolerant design of cargo tanks in FLNGs. 
 
 
NOMENCLATURE 
 
C  Cowper-Symonds coefficient 
D  Maximum deformation level (mm) 

aI  Impulsive asymptote (barxs) 

oI  Impulse (barxs) 
K  Spring stiffness (N/mm) 
T  Natural period (s) 

aP  Quasi-static asymptote (bar) 

oP  Peak pressure (bar) 
q  Cowper-Symonds coefficient 
dect  Decay time of an impact action (ms) 

durt  Duration time of an impact action (ms) 
'durt  Idealized duration time of an impact action (ms) 

ot  Rise time of an impact action (ms) 

maxx  Maximum dynamic displacement (mm) 
D , E  Constants 
H  Strain rate (mm/s) 

fH  Fracture strain under a static load (mm) 

fdH  Fracture strain under a dynamic load (mm) 
Q  Poisson's ratio 
U  Density of a material (kg/m3) 

YV  Yield stress under a static load (N/mm2) 

YdV  Yield stress under a dynamic load (N/mm2) 
Z  Natural circular frequency (rad/s) 
 
1. INTRODUCTION 
 
Tank sloshing is unavoidable in a liquefied natural gas 
floating production storage offloading unit (LNG-FPSO 
or FLNG), due to the continuous loading and unloading 
processes, together with the effects of winds, waves and 
currents (Paik and Thayamballi, 2003, 2007). In many 
cases, repetitive sloshing impact loads can cause severe 
structural damage to LNG cargo containment systems 
(CCS) and their sub-structures. 

Studies of sloshing can be classified into two kinds: 
hydrodynamics-related studies that aim to identify the 
impact pressure profile over time, and structural mechanics-
related studies that aim to calculate the dynamic structural 
damage. To quantify structural damage under sloshing 
impact loads, a number of extensive studies have been 
conducted over the last 50 years.  
 
Classification societies, shipyards and third-party 
authorities have proposed their own assessment 
procedures (ABS 2006; DNV GL 2006; LR 2009; BV 
2011; Hwang et al 2014; Ito et al. 2008; Nam et al. 2006; 
Pastool et al. 2005; Graczyk et al. 2007; Graczyk and 
Moan 2008; Kuo et al. 2009). In recent years, numerical 
and experimental studies on loads and strength of 
sloshing impacts have also been undertaken in the 
literature (Paik and Shin 2006; Nasar et al. 2008; 
Hirdaris et al. 2010; Brizzolara et al. 2011; Zhao et al. 
2013; Jiang et al. 2015; Kim et al. 2017; Liu et al. 2017; 
Xu et al. 2017; Zhang et al. 2017). 
 
It has been widely recognised, however, that the sloshing 
impact loads obtained from current procedures might not 
represent the entire set of credible sloshing scenarios, as 
these procedures have been conducted for specific 
environmental conditions or for limited ranges of tank 
resonant periods. 
 
To improve the sloshing scenario sampling, the 
authors have previously proposed a fully probabilistic 
design procedure that provides guidelines to be 
followed in all the tasks involved, from selecting 
credible scenarios probabilistically to determining the 
design sloshing loads (Paik et al. 2015), and 
conducting the nonlinear dynamic structural analysis 
under sloshing loads (Lee et al. 2015). As a sequel to 
that design procedure, this study applies a new 
approach as shown in Figure. 1 that utilises a pressure-
impulse (P-I) diagram for assessing the extent of 
damage to the cargo tanks in FLNG units. 
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Figure 1: Procedure of a probabilistic design approach to assessing structural damage under sloshing impact loads. 
 
 
In general, the P-I diagram is a useful design tool that 
structural design engineers are able to easily assess the 
response to applied loads. With defined damage level, 
the diagram indicates the combinations of load and 
impulse that will cause a specific damage level. In the 
early days, the P-I diagram method has most commonly 
been used for assessing animal and human injuries or for 
analysing structural damage from blast loads (Jarrete 
1968; Smith and Hetherington 1994; Baker et al. 1983; 
Mays and Smith 1995; Merrifield 1993; Li and Meng 
2002a, 2002b; Fallah and Louca 2007; Ma et al. 2007; 
Parlin et al. 2014; Lan and Crawfird 2003; Scheider 
1998; Wesevich and Oswald 2005; Shi et al. 2008; Sohn 
et al. 2013). This method involves applying a single 
degree of freedom (SDOF) model (Li and Meng 2002b; 
Fallah and Louca 2007; Ma et al. 2007; Parlin et al. 
2014; Lan and Crawfird 2003; Scheider 1998) and a 
finite element method (FEM) (Lan and Crawfird 2003; 
Scheider 1998; Wesevich and Oswald 2005; Shi et al. 
2008; Sohn et al. 2013). In this study, the authors 
examine the feasibility of using the P-I method to 

quantify structural damage to cargo tanks in FLNG units 
as shown in Figure. 2. 
 

 
 
Figure 2: A hypothetical FLNG (Lee et al. 2015). 
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Figure 3: An example of the pressure distribution inside 
the LNG tank (Paik et al. 2015) 
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Figure 4: identified sloshing impact locations from 30 
credible scenarios (Lee et al. 2015) 
 

 
Figure 5: An example of the FE model and the boundary 
conditions (Lee et al. 2015) 
 
 
2. PROBABILISTIC PROCEDURE OF 

SLOSHING ASSESSMENT 
 
This chapter briefly summarises the developed 
probabilistic procedure of sloshing assessment. It can be 
outlined as follows: 

Step 1 
x Selecting credible sloshing scenarios through a 

probabilistic sampling method 
x Finite volume method (FVM) mesh modelling for 

the wind and current loads 
x Estimating the wind and current loads for all 

directions by computational fluid dynamics (CFD) 
x Seakeeping analysis in the frequency- and time-

domains taking into account the wind, wave, and 
current loads 

x Selecting a range of motion for sloshing simulations 
x FVM mesh modelling of tank sloshing in full scale 
x Performing sloshing CFD simulation (Figure. 3) 
x Analysing the sloshing load characteristics for peak 

pressure, impulse and rise time 
x Identifying locations of the sloshing impact (Figure. 4) 
 
Step 2 
x FEM mesh modelling  
x Defining material modelling and boundary 

conditions (Figure. 5) 
x Analysing a series of nonlinear structural responses 

under parametric sloshing loads 
x Identifying the weakest location in a tank 
 
Step 3 
x Identifying the range of actual sloshing impact 

profiles from the CFD simulations 
x Nonlinear FEM (NLFEM) series analyses for the 

weakest location 
x Quantifying the extent of damage 
x Deriving the P-I diagram of maximum deformation 
x Estimating the impulsive and quasi-static asymptotes 
x Evaluating the unit’s structural capacity and safety 
 
 
3. CHARACTERISTICS OF THE P-I 

DIAGRAM 
 
For structural designers, the primary objective for 
assessing the loading capacity of a target structure can be 
either to determine the maximum deflection or to assess 
the stress level at the end of the loading state. However, 
in the structural design of a dynamic system, the time 
history of the dynamic responses is also very significant. 
For practical design purposes, structural behaviour in 
response to an impact-pressure event can be 
conceptualised within three domains, depending on the 
ratio between the duration of an impact event, and the 
natural period of the structure. This evaluation is 
conducted as follows (NORSOK 2009): 

x Quasi-static domain: /durt T  ≥ 3 
x Dynamic domain: 0.3 ≤ /durt T   < 3 
x Impulsive domain: /durt T  ≤ 0.3 
 
By plotting known responses, the spectra of maximum 
peak responses to the abovementioned three domains can 
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be illustrated, and the structural behaviour under a given 
loading can be clarified, as shown in Figure. 6. There are 
various forms of response spectra plots that can describe 
the relationships between the maximum value of a 
response parameter and characteristics of the dynamic 
system. Among these forms, the P-I diagram is widely 
used to represent the response spectrum for structural 
damage assessment, as illustrated in Figure. 7. 
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Figure 6: Typical response spectrum. 
 
 
 

0.0 0.5 1.0 1.5 2.0 2.5 3.0
0

5

10

15

20

Impulse (barxs)

Pr
es

su
re

 (b
ar

)

Impulsive
domain

Dynamic
domain Quasi-static

domain

Quasi-static
asymptote

Impulsive
asymptote

 
Figure 7: Typical pressure-impulse diagram. 
 
 
Unlike the typical response spectrum plot, the P-I 
diagram allows a simple differentiation between 
behaviour domains, in the form of impulsive and quasi-
static asymptotes. For estimating the structural safety of a 
dynamic system under combined pressure-impulse forces, 
plots in the diagram’s left area and below a basis level 
indicate no specified damage, but plots in the right area 
and above the basis level indicate damage in excess of 
that level. 
 

As shown in Figure. 8, if the dynamic system shows 
multiple plots of damage-level events in the P-I diagram, 
then each of these events represents damage, which may 
range from negligible to extreme, according to the 
damage criteria. In this regard, the P-I diagram method 
can serve as an efficient approach to quantifying 
structural damage levels, and this method can help 
structural engineers to systematically identify the safety 
limits and the structural capacity of a unit in response to 
expected impact pressure events. 
 
 
4. FINITE ELEMENT MODELLING 
 
4.1 GEOMETRY 
 
A hypothetical barge-type FLNG with a Self-supporting, 
Prismatic-shape IMO type B (SPB) tank was developed, 
as shown in Figure. 5. This target structure has the 
following dimensions: length 411 m, breadth 80 m, depth 
40 m, draft 15.1 m and total capacity 628 K. The details 
of the tank arrangement and a schematic drawing of a 
mid-ship section were presented in the authors’ previous 
study (Paik et al. 2015). 
 
 
4.2 MATERIAL MODEL 
 
In the dynamic structural response analysis using the 
NLFEM, material properties are the major factors of 
concern, as yield stress and fracture strain vary along 
with the dynamic effects, and specifically the strain rate 
effects. The Cowper–Symonds model is usually applied 
to evaluate strain rate effects (Jones 1970; Paik 2003). 
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where YV  and fH  are the yield stress and the fracture 

strain under static load; YdV  and fdH  are the yield stress 
and the fracture strain under dynamic load; H  is the 
strain rate; and C  and q  is the experimentally 
determined Cowper-Symonds coefficients. 
MAT_PIECEWISE_LINEAR_PLASTICITY in ANSYS 
/LS-DYNA is adopted to take the elasto-plastic 
behaviour and strain rate into account. This analysis 
characterises not only the nonlinear stress-strain 
relationships of the material, but also the yield stress 
with factors C  and q (ANSYS/LS-DYNA 2014). 
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Figure 8: Damage level of P-I diagram. 
 
The materials composing the tank and hull structures are 
aluminum and mild steel, respectively. The SPB tank and 
its supporting structures are assumed to be constructed of 
aluminum alloy at a temperature of -163◦C, and the hull 
structures are of mild steel constructed at room 
temperature. The effects of thermal loads within the 
cargo tanks are not considered because this study is 
focused on the dynamic structural behaviour. The applied 
material properties obtained by the material coupon test 
are shown in Table 1. The insulation system is not 
included in this study. 
 
Table 1: Material properties of cargo tanks 

Units Al. at -163℃ Mild steel at RT 
U  2700 7889 
Q  0.33 0.3 

YV  133.25 235.0 
C  6500 40.4 
q  4 5 

 

4.3 LOADING AND BOUNDARY CONDITIONS 
 
Characterising the sloshing impact load is one of the 
most challenging tasks in determining structural 
requirements. The actual sloshing loads can be 
conceptualised as impulsive loading, and characterised 
by the peak pressure, impulse and rise time, as shown in 
Figure. 9. In the parametric analyses, each sloshing load 
is conceptualised, and the results in terms of its ideal 
duration time, 'durt  are summarised in Table 2. 
 
To simplify the NLFEM computations, the boundary 
conditions are set as symmetrical around the centre plane, 
and fixed at both ends of the hull structure, as explained 
in the authors’ previous study (Lee et al. 2015). The total 
simulation time is set as three times the duration of an 
applied sloshing load, as a means to consider the 
dynamic stress propagation in the structural model. 
 
 
 
 
 
 
Table 2: Actual sloshing load profiles 
No. ot  oP  dect  oI  'durt  
Scenario-02 18 15.31 292 0.95 124 
Scenario-04 10 1.32 195 0.06 88 
Scenario-12 67 7.45 1,388 1.33 356 
Scenario-13 18 3.22 269 0.17 108 
Scenario-14 35 0.71 643 0.10 279 
Scenario-19 27 5.36 578 0.93 345 
Scenario-24 22 0.59 769 0.09 316 
Scenario-25 34 8.58 966 1.50 350 
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Figure 9: Idealisation of measured sloshing impact pressure characteristics applied in the dynamic structural analysis. 
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Figure 10: An example of the generated mesh model 
(Lee et al. 2015). 
 
 
 
Table 3: Calculated impulse for parametric studies 

oP  
'durt  

88 108 124 316 350 
0.592 0.026 0.032 0.037 0.094 0.103 
1.324 0.058 0.071 0.082 0.209 0.231 
3.225 0.142 0.174 0.199 0.510 0.564 
5.361 0.236 0.289 0.331 0.847 0.926 
8.587 0.378 0.463 0.530 1.357 1.502 
15.312 0.674 0.825 0.946 2.420 2.678 

 
 
 
Table 4: Impulsive conditions 

oP  oI  

0.250 0.500 
5.361 93 187 
8.587 58 116 

15.312 33 65 
20.000 25 50 

 
 
4.4 MESH CONVERGENCE STUDY 
 
In authors’ previous work (Lee et al. 2015), a mesh 
convergence study was performed for six types of mesh  
sizes under a sloshing load. As a result, the element sizes 
for the SPB tank and the hull structure were determined 
as 100 and 400 mm, respectively. For this study, the 
number of elements generated and applied is 
approximately 3.4 million as shown in Figure. 10. 
 

5. NUMERICAL RESULTS 
 
According to the author’s previous paper (Lee et al. 
2015), it was found that the location of Scenario-19 
(Figure. 4) was the weakest structural component in the 
SPB tank. Thus, the parametric studies to derive the P-I 
diagram is performed only for this location. 
 
 
5.1 PARAMETRIC STUDIES 
 
To derive the P-I diagram of the FLNG CCS, the peak 
pressure and the ideal duration time from the actual 
sloshing loads are selected as input parameters. 30 case 
series analyses are performed. The parameters considered 
in this part of the process are as follows: 
 
y oP : 0.592, 1.324, 3.225, 5.361, 8.587, 15.312 bars 
y 'durt : 88, 108, 124, 316, 350 ms 

 
The calculated impulse values, according to the selected 
peak pressures and ideal duration times, are summarised 
in Table 3. Furthermore, to capture the damage level 
near-impulsive domain in the P-I diagram, 8 more cases 
of series analyses are performed. The parameters 
considered in this part of the analysis are as follows: 
 
y oI : 0.250, 0.500 barxs 
y 

oP : 5.361, 8.587, 15.312, 20.000 bars 

 
The calculated duration of time for the various impulse 
levels and peak pressures are presented in Table 4. The 
dynamic structural response characteristics of the FLNG 
CCS are investigated using ANSYS/LS-DYNA (2014). 
Maximum deformation is defined as the maximum value, 
and the permanent deflection is the average value of 
event duration. 
 
Figure. 11 describes the deformation time histories for 
variations in the peak pressure and the ideal duration of 
pressure events. Figures. 12 and 13 illustrate the 
maximum and the permanent deformations of the FLNG 
CCS. It is observed that as the impulse and peak pressure 
increase, the maximum deformation increases. It is found 
that the level of permanent deformation is not severe 
when the sloshing peak pressure is under 6.0 bars. 
However, the damage level increases significantly when 
peak pressures rise to over 6 bars. 
 
Figure. 14 reveals the sensitivity of the maximum and 
permanent deformation to peak pressure and impulse. It 
appears that the main factor for increasing the maximum 
and permanent deformation is the peak pressure and 
impulse respectively.  
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Figure 11: Deformation time-histories of the FLNG CCS under sloshing impact loads. 
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Figure 12: Maximum deformation of the FLNG CCS with varying impact load profiles. 
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Figure 13: Permanent deformation of the FLNG CCS 
with varying impact load profiles. 
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Figure 14: Sensitivities of the peak pressure and impulse 
on the maximum and permanent deformation. 
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Figure 15: Pressure-impulse diagram of the FLNG CCS 
according to the damage level. 
 
 
5.2 DERIVATION OF THE P-I DIAGRAM 
 
To generate the P-I diagram for the FLNG CCS, a series 
of NLFEM analyses are conducted. The sloshing impact 
loads, such as the peak pressures and impulses that 
correspond to the LNG CCS damage levels, are plotted 
in the P-I space, based on the maximum deformation 
levels. Finally, the iso-damage curves, which are the 
boundary lines between different damage levels, can be 
obtained by using the curve fitting method.  
 
In the present study, the simple hyperbolic function 
recommended by Oswald and Sherkut (1994) was used. 
It has been applied some engineering studies (Shi et al. 
2008; Mutalib and Hao 2011) and the good results were 
achieved. The general form is written as follows:  
 

( )( ) ( / 2 / 2)a a a aP P I I P I ED� �  �  (3) 
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where aP  is the pressure asymptote for the maximum 
deformation level D ; aI  is the impulsive asymptote for 
maximum deformation level D ; and D and E  are 
constants that determine the shape of the hyperbola 
which can be obtained by numerical curve fitting.  
 
Figure. 15 illustrates the P-I diagram of the FLNG CCS. 
The estimated values of the asymptotes and constants are 
summarised in Table 5, along with the maximum 
deformation level. 
 
Table 5: Approximated asymptotes and constants 

D  aP  aI  D  E  

6 2.284 0.038 0.083 -5.989 
8 2.957 0.031 0.143 -1.131 
10 3.516 0.010 0.464 -1.183 
15 5.408 0.102 0.221 -0.135 
20 6.254 0.096 0.547 -0.150 
30 8.334 0.163 0.813 -0.303 

 
 
6. DISCUSSION 
 
Sloshing impact loads in cargo tanks such as LNGCs, 
FPSOs, FLNGs or VLCCs are among the most 
challenging issues for structural designers. For over the 
last 50 years, a number of design procedures have been 
proposed and applied for industrial purposes. 
 
Apart from the industrial use of existing design 
procedures, the issue of how to accurately determine the 
sloshing scenarios and to design for sloshing loads is still 
controversial. To resolve this issue, the authors have 
introduced a novel concept, utilising a probabilistic 
approach to sample sloshing scenarios and to analyse the 
sloshing impact load profiles. Previously, the feasibility 
of this approach had been fully reviewed through an 
applied example (Paik et al. 2015). 
 
In the present paper, the authors introduced a novel 
method to the assessment of the sloshing damage on the 
hypothetical FLNG tank structure and confirmed the 
feasibility of sloshing damage assessment. Once 
designers or engineers have the P-I diagram, they will be 
able to assess the damage level immediately. However, it 
is numerically very expensive to derive the P-I diagram 
which requires a full set of parametric simulations.   
 
 
7. CONCLUSIONS 
 
The aim of this study is to briefly introduce the 
developed probabilistic procedure for sloshing 
assessment in FLNG CCSs, and to derive a P-I diagram 
based on parametric studies of sloshing impact loads. 
The following conclusions can be drawn from the results 
obtained from this study. 
 

(1) A new procedure to generate a P-I diagram of an 
FLNG CCS under sloshing impact loads is 
introduced, based on a series of NLFEM analyses. A 
P-I diagram of a model FLNG CCS is successfully 
derived, indicating the iso-damage levels. 

 
(2) The effect of impulse and peak pressure is 

proportional to the maximum and permanent 
deformations. It was found that the peak pressure 
and impulse respectively play a primary role in 
increasing the maximum and permanent deformation. 

 
(3) Regardless of the duration of pressure, very similar 

levels of permanent deformation appear when the 
peak pressure is under 6.0 bars. 

 
(4) The probabilistic approach to assessing sloshing 

impact damage is fully presented. It includes a full 
series of steps, from selecting credible scenarios of 
tank sloshing to deriving the P-I diagram of tank 
structures. The feasibility of the developed 
procedure is confirmed by testing an applied 
example of a hypothetical FLNG. 

 
It is believed and hoped that the probabilistic procedure 
developed in this study will be helpful for engineers and 
designers in the shipbuilding and offshore industries. The 
authors will continue their research on sloshing-induced 
impact loads and design loads, as there is a need to 
further refine the industry standards for resolving these 
issues. It is noted that to improve the accuracy of the 
proposed procedure, the effects of insulation systems and 
of thermal loads in the cargo tanks should be considered. 
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