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ABSTRACT: Several accidences related with the liquefaction problem of cargoes, such as iron ore fines (IOF), nickel ore, bauxite etc. 
during maritime transportation cause severe concerns of International Maritime Organization (IMO) and its members. The fact that 
some liquefiable cargoes were not specified clearly by the International Maritime Solid Bulk Cargoes (IMSBC) Code urges IMO to 
take action on making amendments for those cargoes. In this study, based on the results of a series laboratory tests on one type of iron 
ore fines, such as undrained monotonic loading and undrained cyclic triaxial tests considering both the saturated and unsaturated 
conditions, seepage analysis and dynamic response analysis on the IOF heap were conducted to reveal the water distribution in the 
heap for a given initial degree of saturation and to evaluate the liquefaction potential of the IOF heap. As the primary results, this 
study found a line indicting the possible maximum water level form in the IOF heap for a given initial degree of saturation. Though 
the used numerical models may need to be improved further, this study suggested a significant effect of liquefiable unsaturated IOF on 
the overall liquefaction potential of IOF heap. 

RÉSUMÉ: Plusieurs accidents liés au problème de liquéfaction des cargaisons, telles que des fines de minerai de fer (FMF), le 
minerai de nickel, et de bauxite, etc. pendant le transport maritime, provoquent des préoccupations graves de l'Organisation maritime 
internationale (OMI) et de ses membres. Le fait que certaines cargaisons liquéfiables ne sont pas précisées clairement par le code 
maritime international des cargaisons solides en vrac pousse l'OMI à prendre des mesures sur la modification de ces cargaisons. Dans 
cette étude, en se basant sur les résultats d'une série de tests de laboratoire sur un seul type de FMF, telles que essais triaxiaux non 
drainés sous chargements monotones et cycliques en tenant compte à la fois les conditions saturés et non saturés, l'analyse 
d'infiltration et l'analyse dynamique de réponse sur le tas de FMF ont été effectués pour montrer la distribution de l'eau dans le tas 
pour un degré de saturation initial donné et aussi d'évaluer le potentiel de liquéfaction de ce tas. Comme les résultats préliminaires, 
cette étude a montré une ligne indiquant le niveau d'eau maximal possible formant dans le tas de FMF pour un degré de saturation 
initial donné. Bien que les modèles numériques utilisés peuvent avoir besoin d'être amélioré, cette étude suggère un effet significatif 
des FMF liquéfiable non saturé sur le potentiel de liquéfaction globale de tas de FMF. 
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1  INTRODUCTION 

In 2009 two vessels capsized and sank following reportedly the 
liquefaction of iron ore fines cargo (Isacson, 2010a). Several 
other vessels loaded with nickel ore, bauxite also experienced 
cargo liquefaction problems (Isacson, 2010b; Gard, 2012). On 
the issue of transporting liquefiable cargoes in the ocean, the 
International Maritime Solid Bulk Cargoes (IMSBC) Code 
gives provisions. However, some cargoes such as iron ore fines 
(IOF) have not been covered by the code.  

IOF is defined as the iron ore containing 10% or more of 
fine particles less than 1mm and 50% or more particles less than 
10mm by IMO (DSC.1/Circ.71, 2013). Figure 1 shows a typical 
IOF heap loaded on a Capesize type carriers (typically 150 
kDWT or more). The initial water content of the IOF heap may 
be regarded as uniform initially and changes due to seepage 
during maritime transportation. During maritime transportation, 
due to the ocean wave etc., a cyclic shear stress applies to the 
heap induced by predominately the rolling motion of vessel 
(Figure 2), which may induce liquefaction. In this study, based 
on the results of laboratory tests of a type of IOF, the seepage 
analysis and dynamic response analysis were conducted, and 
primary results of behaviors of the IOF heap were reported. 

2  GEOTECHNICAL PROPERTIES OF THE IOF 

The IOF simulated in this study was with maximum particle 
size of 9.5mm, median particle size of 0.72mm, coefficient of 
uniformity of 106, fines content of 23.6% and specific gravity 
of 4.444. The maximum dry density and optimum water content 
were 2.79 g/cm3 and 12%, respectively. Details on this material 
can be found in Wang et al. (2014 and 2016). 

3  SEEPAGE ANALYSIS 

A FEM program, Guslope, was employed for a two 
dimensional seepage analysis (Figure 3). The initial degree of 
saturation (Srini) and density distributions were assumed to be 
uniform in the model with an initial water table at the bottom of 
the heap, meanwhile, a transition phase with thickness of 0.1m 
was set above the initial water table. The top and bottom 
boundaries were set to be impervious, while they were pervious 
at two sides. Static seepage analysis was conducted with a 
maximum duration of 1000 hours considering a typical voyage 
from Brazil to China of about 40 days or from Australia to 
China of about 17 days (DSC 18/INF.11., 2013). 
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Figure 1. Photo of typical IOF heap Figure 2. IOF heap during voyage 
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Figure 3. Model of IOF heap for seepage analysis 
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Figure 4. Fitting of SWCCs by VG model 

3.1  Parameters and seepage analysis conditions 

As one of the key issues, permeability of the unsaturated IOF 
(kUns) was assigned in the seepage analysis by employing the 
VG model (Van Genuchten, 1980): = Θ1/2 1 − 1 − Θ /( −1) 1−1/ 2

 (Eqn. 1) 
where, =(r)/(s-r), s: saturated volumetric water content, 
r: residual volumetric water content, parameters a and n were 
obtained by using the Eqn. 2 to fit SWCC tests results. 

   (Eqn. 2) 

Three drying curves of SWCC tests with different densities 
were fitted as shown in Figure 4 to obtain parameters of the VG 
model. Three sets of seepage analysis were conduct using 
parameters corresponding to the three SWCC test conditions 
and a series of Srini values in each set were assigned as shown in 
Table 1. Since permeability of saturated IOF (ks) with dry 
density (d) of 2.55 g/cm3 was only available experimentally, it 
was assigned to all of the three sets of seepage analysis. 
 

Table 1 Seepage analysis conditions 
Case 
No. 

Corresponding 
SWCC test 

d 

(g/cm3)
s 

(%)
r 

(%)
ks 

×10-5 m/s 
a 

(/m)
n Srini

(%)
1 IOF_1 2.57 42.1 27.0 1.0 7.3 2.8 65-95
2 IOF_2 2.45 44.9 26.3 1.0 9.4 2.9 65-95
3 IOF_3 2.01 54.8 21.3 1.0 22.2 2.1 40-95

3.2  Seepage analysis results 

Figure 5 shows the typical water head distributions with red 
lines indicating the water tables. It can be seen that three zones 
were mainly formed due to the seepage, saturated zone under 
the water table of the heap, unsaturated zone with a relatively 
uniform water head (i.e. uniform Sr by employing SWCC test 
results) above the water table and hat-shaped unsaturated zone 

with a relatively low water head (i.e., low Sr) along two sides 
and top boundaries (see Figure 7 for their simplified shapes). 
Figure 6 summarizes the highest water level measured from the 
bottom of IOF heap during seepage for each Srini in the three 
sets of simulation. Though the data scattered, an envelope can 
be drawn, which shows the possible maximum water level for a 
given Srini regardless of the density of IOF. 

4  DYNAMIC RESPONSE ANALYSIS 

Based on the information of DSC 18/INF.11 (2013), sinusoidal 
rolling motions with a frequency of 0.1Hz were applied to a two 
dimensional heap model constructed by a specially upgraded 
commercial software (Figure 7). The model of the heap was set 
to roll around the origin, 1.6 m above the crest of the heap. This 
roll point was set based on the assumptions of the Lloyd 
Register of Shipping and the American Bureau of Shipping. 
The model was divided into 3 zones based on the results of the 
seepage analysis, Zone 1, the saturated zone with a maximum 
height of 3 m, Zone 2, the unsaturated zone with Sr of 84% and 
the hat-shaped Zone 3, non-liquefiable zone. A uniform dry 
density (d) of 2.56 g/cm3, fixed bottom boundary and free top 
and two sides’ boundaries were assigned.  

Two cases of simulation, Case 1, in which only Zone 1 was 
assigned to be liquefiable, and Case 2, in which Zone 2 was 
also assigned to be liquefiable, were conducted to find the effect 
of Zone 2 on the overall liquefaction potential of the IOF heap. 
In each set, a maximum number of rolling motions of 200 
cycles with roll angle of 5, 10, 15, 20, 25 and 30 degrees were 
applied to the model, respectively.  

4.1  Constitutive models 

The built-in constitutive model, PZ-sand model (Pastor et al., 
1990), was used for the liquefiable zones. The 15 parameters of 
the PZ-sand model as shown in Table 2 were determined based 
on the saturated undrained monotonic triaixal tests, saturated 
and unsaturated undrained cyclic triaxial tests of IOF. 

Figure 8 shows the simulation results together with the test 
results of IOF under the undrained monotonic loading with 
varying initial confining pressures (0’). It was found for the 
tested IOF that there were strength drops along the dilating 
effective stress paths and the strain softening in stress strain 
relationships, which were very unique compared with the 
regular soil behaviors in geotechnical engineering. Such unique 
behaviors would not be well simulated by the PZ-sand model, 
which was proposed for regular soils. It can be seen in Figure 9 
that the simulation could only match the overall trend of the 
behaviors of IOF. 

Figs. 9-10 show the typical simulation results under the 
undrained cyclic loading for saturated and unsaturated IOF with 
0’ of 100 kPa. It is worth mentioning that the PZ-sand model 
was essentially for saturated soils, and the current study thus 
only considered the effect of Sr on the liquefaction resistance of 
IOF. As compared with the test results, the simulation results 
showed less reduction of effective stress and less development 
of axial strain at the early stage and sudden liquefaction 
behavior with large strain development in the late stage. In 
addition, since the used software suspended the calculation 
when either the effective stress approached zero or the 
relatively large strain was developed as shown in Figs. 9 and 10, 
the total number of loading cycles in the simulation were 
counted as the number of cycles to trigger liquefaction. 

Figure 11 compares the liquefaction resistance curves based 
on the laboratory tests (liquefaction was defined as the 
development of double amplitude axial strain of 5% for the tests) 
and the numerical simulations for both the saturated and 
unsaturated conditions of IOF. It is shown that the simulation 
results generally matched with the test results and liquefaction 
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  resistance of IOF in unsaturated condition was about 1.6 times 
higher than that in the saturated condition. 

For the non-liquefiable zone, a linear-elastic model was used 
for simplicity. The Young’s modulus and Poisson’s ratio were 
set as 160 MPa and 0.45, respectively. 
 

  
Figure 5. Typical water head distributions 
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Figure 6. Srini versus maximum water level 

 
Figure 7. Model of IOF heap for dynamic response analysis 
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Figure 8. Simulation of undrained monotonic loading test by PZ-sand 

model (a) Effective stress paths, (b) Stress strain relationships 
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Figure 9. Typical simulation results of undrained saturated cyclic test 

by PZ-sand model (a) Effective stress paths, (b) Stress strain 
relationships 
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Figure 10. Typical simulation results of undrained unsaturated cyclic 

test by PZ-sand model (a) Effective stress paths, (b) Stress strain 
relationships 

 

Table 2 Parameters of PZ-sand model  

Parameters Mf Mg C f g Kevo Geso mv ms 0 1 H0 HU0  u

Saturated liquefiable zone 1.8 1.88 0.6 0.45 0.45 400 800 0.5 0.5 99 0.001 20000 3000 9 9 

Unsaturated liquefiable zone 1.8 1.88 0.6 0.45 0.45 400 800 0.5 0.5 99 0.001 20000 3000 30 30

Note, Mf : Slope of failure line in p’-q plane, Mg : Slope of the critical state line in p’-q plane, C: Ratio of Mg in the extension side of triaxial test to that in the compression 

side,f: Parameter related to yield,g: Parameter related to plastic flow, Kevo : Coefficient of bulk modulus, Geso : Coefficient of shear modulus, mv : Exponent of bulk 

modulus, ms : Exponent of shear modulus,0: Parameter related to soil softening,1: Parameter related to soil softening, H0: Coefficient of loading plastic modulus, HU0: 

Unloading plastic modulus (kPa),: Parameter related to reloading plastic deformation,u: Parameter related to unloading plastic modulus
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Figure 11. Liquefaction resistance curves obtained by PZ-sand model 

4.2  Shear strain development and reduction of effective stress 

Figs. 12 and 13 illustrate typical results of shear strain 
development and effective stress reduction ratio in the two 
cases of simulation, respectively. It can be seen that shear strain 
developed mainly at the toes of saturated zone and along the 
boundary of saturated and unsaturated zones in Case 1 which 
only regard Zone 1 as liquefiable. While, much larger areas at 
two sides of the saturated and unsaturated zones with extensive 
development of shear strain were observed in Case 2 which also 
considered Zone 2 as liquefiable. 

On the other hand, by comparing Figs. 13 (a) and (b), it is 
revealed that the area with extensive reduction of effective 
stress in the Zone 1 of Case 2 was broader than that in Case 1. 
More importantly in Case 2, the effective stress reduced in the 
Zone 2 (unsaturated zone) was about the same level as that in 
the saturated zone in Case 2, though the liquefaction resistance 
of IOF under unsaturated condition was assigned to be 1.6 
times higher than that under the saturated condition. The 
comparison suggests that it was very necessary to consider the 
liquefaction potential of the unsaturated zone when analyzing 
the responses of the heap under the rolling motion. 

5  CONCLUSION 

Based on the seepage and dynamic response analysis on IOF 
heap, the following conclusions can be drawn: (1) An envelope, 
which indicated the possible maximum water level in the heap 
formed due to the seepage of a given initial degree of saturation 

regardless of the density of the IOF, was obtained. (2) The PZ-
sand model could generally simulate the behaviors of IOF under 
undrained monotonic and cyclic loading, while the modeling 
may need to be improved to capture the behaviors of IOF more 
accurately. (3) The effective stress of unsaturated zone in IOF 
heap may reduce surprisingly to a similar level as that in 
saturated zone when the IOF heap is subjected to rolling motion, 
which implies that it is very necessary to consider the 
liquefaction potential of unsaturated IOF when evaluating the 
overall liquefaction potential of IOF heap. 
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Figure 12. Typical shear strain distribution (rolling angle of 15˚ at 99.5 cycle), a) Case 1 and b) Case 2 

Figure 13. Typical reduction ratio of effective stress distribution (rolling angle of 15˚ at 99.5 cycle), a) Case 1 and b) Case 2 
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