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Abstract
Importance of rare mineral metal resources is increasing currently. Therefore, the rare earth elements rich mud which exist on the
deep-sea floor has the potential to be developed to fulfill their demand. As one of the effective mining method, a suction mining
method is expected to apply to seabed mining. The seabed sediment containing rare earth element shows the very high water content,
more than 100%. And the sediment movement during the suction is greatly affected by the water content (W) and liquid limit (W)
of the material. Therefore, it is important to modify the liquid limit by adding a chemical agent to control the behavior of sediment.
We selected eight different surfactants which can be divided into three types. They are dispersant type, water retention type, and
thickener type. We carried out a liquid limit test and viscosity measurement of the sediment mixed with the agents. It is found that
the water-absorbing polymer and the hydroxyethyl cellulose increase the liquid limit and viscosity. Whereas, the alkyl ammonium
salt surfactant and the alkyl ammonium salt, alkyl aryl sulfonate blend decrease the liquid limit and viscosity. It is possible to control

sediment behavior by adding suitable surfactants.
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Introduction

In recent years, the demand for rare mineral resources has
grown and a lot of investigations have been conducted to dis-
cover new ore deposits all over the world. As a result, it was
discovered that abundant rare-earth elements-rich mud exists
on the deep sea floor (Kato et al., 2011, Hirai, 2014, Agen-
cy for Natural Resources and Energy, 2016). In recent years,
some seabed mining method by using road header, drum cut-
ter, or suction pump were developed all over the world (JOG-
MEGC, 2010). Especially, suction pump mining is considered
as one of effective methods for rare-earth elements-rich mud
mining because it needs smaller-scale machine and less cost
than other mining methods. However, it is required to eval-
uate the deformation behavior of rare-earth elements-rich
mud in seabed mining because it will cause suspension and
topographic variation (Ministry of the Environment, 2011)
though there are some researches to minimize the environ-
mental disturbance by adopting cement-based sealants (Saka-
moto et al., 2016, Takahashi et al., 2017). For this reason, it is
important to control the deformation behavior of rare-earth
elements-rich mud in order to evaluate environmental impact
in seabed mining. In the previous study, Tagami et al. (Tag-
ami et al., 2017) reported that the deformation behavior of
the mined seabed sediments is classified based on the ratio of
water content and liquid limit as shown in Figures 1 (a)~(c).
Therefore, if the liquid limit of the sediment can be varied by
adding materials such as surfactants agents, the deformation
behavior of the sediment can be controlled in order to obtain

more suitable behavior for mining. This paper discussed the
deformation behavior of seabed sediment by adding several
different types of surfactants agents and measure the liquid
limit and viscosity to evaluate the effectiveness.

Material and methods
Preparation of simulated sediment sample

Rare-earth elements-rich mud is classified as clay on soil
classification. However, liquid limit and water content of ra-
re-earth elements-rich mud are different depending on the
place and it is expected that these difference change the defor-
mation behavior of rare-earth elements-rich mud on suction
mining. The geotechnical properties of rare earth rich mud
are shown in Table 1. The simulated sediment samples which
had the liquid limit and water content were prepared and used
in the laboratory test. Those soil samples were prepared by
blending two types of bentonite clay in different mixing ratio.
Liquid limit and water content of the sample are 120% and
130% respectively.

The flowability of the particles suspended in the liquid
generally depends on the dispersion and aggregation of the
suspended particles. When a strong attractive force is gener-
ated between the particles and strongly aggregated primary
aggregates or secondary aggregates due to the weak attrac-
tion are formed, the water restrained between the particles
increases and the free water involved in the fluidity decreases
and the fluidity decreases. On the other hand, when a strong
repulsive force acts on the particles, the particles are dis-
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(a) Wc/Wi <1.3 (sharp)

(b) We/Wi <1.3~1.6 (cone-shape)(  ¢) W¢/Wi >1.6 (circular arc)

Fig. 1. Classification of deformation behavior of simulated soil based on the water content (W) amd the liquid limit (W)
Rys. 1. Klasyfikacja deformacji dla symulowanej charakterystyki gleby na podstawie zawarto$ci wody (W) oraz limitu cieczy (W)

Tab. 1. Properties of sample of rare-earth elements-rich mud (Agency for Natural Resources and Energy, 2016)
Tab.1. Wiasciwosci probki podtoza z pierwiastkami ziem rzadkich (Agency of Natural Resources and Energy, 2016)
A-1 A-2 A-3 A-4 B C

Density (g/cm®) 2.850 | 2.831 | 2.792 | 2.792 | 2.833 | 2.821
Liquid limit (%) 1163 | 111.1 | 98.7 | 105.4 | 117.1 | 109.8
Water content (%) 124.1 | 1389 | 156.3 | 140.3 | 128.8 | 146.1

Tab. 2. Surfactants used in this study
Tab. 2. Odczynniki powierzchniowe zastosowane w badaniu

Group Surfactant Addition ratio (%)

Low molecular weight polycarboxylic acid ethers 02 ] 05|10

Dispersant High molecular weight polycarboxylic acid ethers 02 ] 05 | 1.0
Alkyl ammonium salt 02 105 |10

. Hydroxypropylmethylcellulose 02 | 05 | 1.0

Water retention agent Water-absorbing polymer 02 | 05 1.0
Hydroxyethyl cellulose 02 | 05 | 1.0

Thickener Alkyl ammonium salt, Alkyl aryl sulfonate blend 02 ] 05| 10
Polyacrylamide 02 | 05 | 1.0

persed, restrained water is reduced, and fluidity is improved.
Considering those mechanisms above, the surfactants agents
which are classified as three groups as shown in Table 2 were
added with 0.2~1.0% by the weight of the simulated sediment
samples in order to control the dispersion and aggregation of
the suspended particles.

Liquid limit and viscosity were measured to evaluate the
properties of the sediment samples. Liquid limit tests were
conducted according to the test method for liquid limit and
plastic limit of soils (JIS A 1205:2009). Soil sample is put in
a brass dish with a thickness of 1 cm and cut a groove in the
sample in the cup. Turn the handle of the device at a ratio of
2 drops per second. Count the number of blows until the two
halves of the soil sample come in contact along a distance of
1.5 cm. Adding or evaporating water to collect the data. The
viscosity of the sample was measured by B type viscometer.
One cycle of changing the rotational speed in the order of 0.3,
0.6, 1.5, 3.0, 6.0, 12, 30, 60, 30, 12, 6.0, 3.0, 1.5, 0.6, 0.3 rpm.
The cycle is repeated for a total of 4 times. The interval of each
speed is 30 seconds. The average viscosity of the 60 rpm from
the 2nd to 4th cycle was calculated as the viscosity during suc-
tion pumping.

Suction pump test

In order to evaluate the deformation behavior of simu-
lated soil samples, suction quantity and influence range were
measured by a suction pump test. Conceptual diagram of a
suction pump test is shown in Figure 2. The suction force of
the pump was adjusted in 4.0 kPa (maximum suction force of
the pump is 21.4 kPa). The caliber of a suction pump was 10
mm and the suction time was 8 seconds. The suction area was

50 mm depth from the simulated soil surface. After the suc-
tion pump test, deformation behavior of simulated soil was
observed and the maximum vertical length (V) and horizon-
tal length (H) of the deformation area were measured. Influ-
ence range was defined as H/V. Furthermore, the ratio of wa-
ter content and liquid limit (W /W) was defined in order to
evaluate the fluidity of simulated soil samples quantitatively.

Results and discussion
Properties of sediment sample by addition of surfactant
agents

Figures 3 (a)~(c) show the relationship between the lig-
uid limit and addition ratio. When water retention agents
were added, liquid limit increased, whereas, dispersant type
agents tend to reduce the liquid limit. For the thickener type
agents, a specific trend was not observed. Further, when the
hydroxyethyl cellulose and the water absorbing surfactant
were added, a larger effect of increasing the liquid limit was
obtained as compared with other surfactants. On the other
hand, the alkyl ammonium salt and the alkyl ammonium salt,
alkyl sulfonate blend was used, the liquid limit decreased sig-
nificantly. Figures 4 (a)~(c) show the relationship between
the ratio of water content to liquid limit (W /W) and the
addition ratio of each surfactant when the water content of
sediment sample is 130%. As the water content is constant,
the trend of the variation of the ratio is similar to the trend of
liquid limit variation.

The viscosity test was conducted on each sample under
the same conditions of W /W indicated in Figure 4. Figures
5 (a)~(c) show the relationship between the viscosity and
the addition ratio of each surfactant. As shown in the figure,
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130 mi

Suction pump
Suction pressure : 4.0 kPa
Diameter of tube : 10 mm
Suction duration: 8 sec.

Fig. 2. Conceptual diagram of suction pump test
Rys. 2. Diagram koncepcyjny testu pompy ssacej
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Fig. 3. Relationship between liquid limit and addition ratio of each surfactant
Rys. 3. Zalezno$¢ pomiedzy limitem cieczy a stopniem dodania kazdego odczynnika powierzchniowego
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Fig. 5. Relationship between viscosity and addition ratio of each surfactant
Rys. 5. Zalezno$¢ pomiedzy lepkoscig a stopniem dodania kazdego odczynnika powierzchniowego
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Fig. 6. Definition of influence range for 3 types based on W /W, : circular arc, cone-shape, and sharp
Rys. 6. Definicja stopnia wplywu dla trzech typéw na podstawie WC/WL: tuk kolisty, ksztalt stozkowy oraz tuk ostry
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Fig. 7. Modification effect by suction test: circular to cone-shape

Rys. 7. Wptyw modyfikacji typu tuku kolistego na ksztalt stozkowy w tescie ssania
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(b) Alkyl ammonium salt, Alkyl aryl sulfonate blend

Fig. 8. Modification effect by suction test: sharp to cone-shape

Rys. 8. Wptyw modyfikacji ksztaltu ostrego na ksztalt stozkowy w teécie ssania

when the water absorbent polymer, hydroxypropyl methylcel-
lulose, and hydroxyethyl cellulose were added, the viscosity in-
creased more than the other surfactants. In addition, when the
alkyl ammonium salt, high molecular weight polycarboxylic
acid ethers, and the alkyl ammonium salt, alkyl sulfonate blend
surfactants were added, the viscosity decreased. These results
agree with those of the relationship between the liquid limit.

Considering the modification of liquid limit and viscosity,
the surfactants of water-absorbing polymer and hydroxyethyl
cellulose seem to be effective to change the deformation be-
havior from circular arc to cone-shape while alkyl ammonium
salt and alkyl ammonium salt, alkyl aryl sulfonate blend seem
to be effective for the changing the behavior from sharp to
cone-shape. Therefore, the actual deformation behavior ow-
ing to the suction mining is discussed in the next section.

Deformation behavior of sediment sample in suction pump test

In order to confirm the effectiveness to control the de-
formation behavior by adding surfactants, the suction pump
test was carried out. The deformation behavior was evaluated
by using the influence range defined as 3 types: circular arc,
cone-shape, and sharp. Figure 6 shows a definition of influ-
ence range in this study for 3 types based on W _/W,.

Figures 7 (a) and (b) show the results of deformation
behavior when water-absorbing polymer and hydroxyethyl
cellulose are added. From these results, both surfactants are
effective to change the deformation behavior from circular arc
to cone-shape because the influence range is reduced with the
increase of addition ratio. Additionally, the hydroxyethyl cel-
lulose is more effective to control the deformation behavior of
sediments because the less adding of the surfactant is enough
to change the deformation behavior. This result is inconsistent
with the fundamental properties of the sediment sample; the
WC/WL is higher and the viscosity is smaller in the sediment

sample added hydroxyethyl cellulose compared to that of wa-
ter-absorbing polymer. Therefore, a more detailed study will
be needed to conduct the quantitative evaluation of the effects
to change deformation behavior such as viscoelasticity prop-
erties and the viscosity under the different rotational speed.

Figures 8 (a) and (b) show the results of deformation be-
havior when alkyl ammonium salt and alkyl ammonium salt,
alkyl aryl sulfonate blend are added. These results indicate the
effectiveness of the addition of both surfactants to change the
deformation behavior from sharp to cone-shape. Additional-
ly, both surfactants have an almost similar effect to change the
deformation. However, the addition of alkyl ammonium salt
and alkyl ammonium salt, alkyl aryl sulfonate blend is less
effective to control the deformation behavior that that of wa-
ter-absorbing polymer and hydroxyethyl cellulose. This can
be explained by the fundamental properties of the sediment
samples; the changing of liquid limit, viscosity, and WC/WL
are less compared to the surfactants of water-absorbing poly-
mer and hydroxyethyl cellulose.

From the above results, in the modification of the suction
behavior of the simulated sediment, it is possible to select the
suitable surfactants agents. For example, if the behavior have
to be modified from a circular arc structure to a cone-shape
one, it is considered that the water-absorbing polymer and hy-
droxyethyl cellulose are applicable. When the behavior have
to be modified from a sharp structure to a cone-shape one, it
is preferable to use an alkyl ammonium salt surfactant and an
alkyl ammonium salt, alkyl aryl sulfonate blend.

Conclusion

In order to investigate the modification method of rare
earth sediment fluidity, a series of laboratory experiments
were conducted. We selected 8 different surfactants which can
be divided into 3 types. They are dispersant type, water reten-
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tion type, and thickener type. The fundamental properties of
the sediment mixed with the surfactants were measured by
the liquid limit test and viscosity measurement. Additionally,
the suction pump test was carried out to confirm the effective-
ness to control the deformation behavior during suction min-
ing. As a result, proper selection of surfactants can modify the
liquid limit and viscosity and lead to control the deformation
behavior of the sediments. In order to conduct the quantita-

tive evaluation of the effects to change deformation behavior,
a more detailed study has to be needed such as viscoelastici-
ty properties and the viscosity under the different rotational
speed.
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Badanie wplywu odczynnikéw powierzchniowych na poprawe wilasciwosci osadu pod kgtem

glebinowego gornictwa pierwiastkow rzadkich

Ztoza metali rzadkich sq bardzo wazne a ich istotnos¢ wzrasta w ostatnich latach. Zatem, dno morskie, ktére zawiera duze ilosci tego
typu pierwiastkéw posiada potencjat do zaspokojenia potrzeb w tym zakresie. Jako jedng z efektywnych metod gérniczych w tym
aspekcie nalezy traktowac ssanie. Osad denny z dna morskiego, ktéry zawiera pierwiastki ziem rzadkich wykazuje bardzo duzqg za-
wartos¢ wody. Ruch osadu podczas ssania jest uzalezniony w duzym stopniu od zawartosci wody (W) oraz krytycznego limitu cieczy
(W) materiatu. Zatem, waznym jest aby zmodyfikowac limit cieczy poprzez dodatek odczynnika chemicznego w celu kontrolowania
zachowania sig¢ osadu. Wybrano osiem réznych odczynnikéw powierzchniowych, ktére mogqg byc podzielona na trzy typy. Sg to od-
czynniki typu dyspergujgcego, typu retencji wody oraz typu zageszczajgcego. Przeprowadzono test limitu cieczy i pomiaru lepkosci
osadu wymieszanego z odczynnikami. Stwierdzono, ze polimer absorbujgcy wode oraz hydroksyetyloceluloza zwiekszajqg limit cieczy
oraz lepkosc. Z kolei, sél amoniowo-alkilowa oraz blenda alkiloarylosulfonianowa zmniejszajq te wielkosci. Mozliwa jest kontrola
zachowania si¢ osadu poprzez dodatek odpowiednich odczynnikéw powierzchniowych.

Stowa kluczowe: gérnictwo glebinowe, osad o duzej zawartosci wody, pierwiastki ziem rzadkich, odczynniki
powierzchniowe
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