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 The importance of rare earth resources is increasing and a lot of investigations are 
conducting all over the world. As a result, it was discovered that abundant deep-sea mud 
contained rare-earth elements on the deep-sea floor. The suction mining method can be one 
of the effective seabed mining methods to recover these seafloor sediments. However, it is 
required to evaluate the deformation behavior of the sediments in seabed mining in terms of 
environmental evaluation. For this reason, this study investigates the deformation behavior 
of sediments with different water contents by a laboratory suction test. In the test, the 
sediments filled in a box whose size is 155 mm× 50 mm×180 mm are vacuumed with a 
suction pump. The suction pressure of the pump is adjusted to 4.0 kPa, the diameter of the 
suction pump is 10 mm, and the duration of suction is 8 seconds. The results show that 
suction volume increases with an increase of water content/liquid limit ratio. In addition, the 
deformation behavior can be categorized as three shapes based on water content/liquid limit 
ratio; sharp, cone-shaped, and gentle circular arc when the ratio of water content/liquid 
limit is under 1.3, from 1.3 to 1.6, and over 1.6, respectively. Furthermore, the application 
of sealants on the sediment surface is effective to reduce the environmental disturbance 
although its density has to be the same level as the density of sediments to inhibit sinking the 
sealants. 
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1. Introduction  
The demand for rare mineral resources is growing day by day. 

Rare earth elements have an important role in modern industry and 
are used in recent technologies, e.g., electric vehicles, wind 
turbines, solar panels, rechargeable batteries, mobile phones,  a 
light-emitting diode (LED), and laser system. A lot of 
investigations are conducted to discover new ore deposits all over 
the world. The results of various surveys have confirmed the 
presence of abundant deep-sea mud which contains the rare-earth 
elements as the seafloor sediments [1, 2], meaning that it could be 
a promising option as a source of supply of rare-earth resources for 
the future if these untouched resources on the deep seafloor can be 
recovered. Some heavy machines/systems are introduced for the 
exploitation of resources of the seabed for digging, collecting, and 
transportation [3]. Regarding the deep-sea sediment contained the 
rare-earth elements, suction mining can be preferred as one of the 
effective methods because the sediments are the aggregation of 
fine particles and can be suctioned. In addition, the suction mining 

method has higher applicability than other mining methods using 
heavy machines when ore deposits exist on and under the deep 
seafloor. On the other hand, the development of these untouched 
seabed resources must be carried out considering the 
environmental impacts on the ecosystem in the sea to protect 
biodiversity. The development of deep-sea minerals does not still 
incorporate into society, and local communities care about the 
environmental impact on the ocean ecosystems due to the lack of 
investigations [4]. 

Mining developments in land-based mining such as surface and 
underground mining causes adverse environmental impacts 
historically: water pollutions, the impact on groundwater 
hydraulics and surface topography, the destruction of 
habitat/ecosystems, and the loss of diversity. These adverse 
impacts are often the results of poor planning, the inadequate 
process of environmental remediation, and insufficient inspection 
after mine closure due to the lack of standard regulations. The 
regulation of seabed mining is not established yet because there are 
insufficient baseline data of environment in the deep-sea is lacking 
[5]. Therefore, various researches have been reported recently in 
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terms of the regulations known as ‘Mining Code’ [5-9]. Several 
approaches suggested to establish the regulation of deep seabed 
mining such as adaptive management and utilizing the legal 
framework in the surface mining reclamation [10, 11]. 

Regarding the suction mining, the hybrid system of air-lift 
pump combined with the device of dredging using the jet pump is 
expected to adopt. The air-lift pump is an expected technology to 
transport the seabed minerals from the deep seafloor, but the 
extraction of the seafloor sediments with this system may be not 
efficient. Therefore, another mechanism to extract the sediments 
requires for the efficient mining system. Some devices have been 
developed for dredging using a jet pump in the civil engineering 
field [12-14]. The technology of dredging can be adopted for the 
extraction of seabed resources. However, it is required to evaluate 
the deformation behavior of the sediments in seabed mining 
because it causes suspension and topographic variation. For this 
reason, it is important to estimate and control the deformation 
behavior of the sediments in seabed mining. In addition, the 
impacts on the surrounding environment include the diffusion and 
redeposition of suspended particles caused by mining. In fact, 
sediments containing toxic metals such as arsenic have been found 
near seabed hydrothermal deposits [15, 16]. Thus, sealants are 
considered as one of the potential methods to reduce the 
environmental impact in seabed mining [17]. This study uses 
cement-based materials as sealants based on ground improvement 
technology in the civil engineering field. Ground improvement is 
often used to improve the stability of buildings by solidifying soft 
ground and making it strong by adding improvement materials. It 
is also widely used for additives and technologies to 
immobilization of toxic substances in contaminated soil/ground. 
Cement-based materials are also adopted to construct offshore 
structures using underwater concreting. Several kinds of research 
investigated the properties of cement-based materials in deep-sea 
conditions and showed the results of  the deterioration mechanism 
due to the microstructural changes with pressurization [18, 19] 

The authors invented an environment-friendly underwater 
mining method that aims to control the dispersion of seabed 
surface sediments and fill the extracted areas by sealing a 
submerged mine site with anti-washout cement-based sealants. 
That is to say, sealants can restrain suspension by covering the 
mining area in advance. Figure 1 illustrates the idea of the 
underwater mining method. This paper discussed the deformation 
behavior of the sediments which contain the rare-earth elements on 
the deep sea, and the application of sealants in the suction mining 
method by means of several laboratory tests. 

 
Figure 1: Environment-friendly Submarine Mining 

 

2. Preparation of Sediment and Suction Test 
2.1. Sediment Samples 

The sediments contained the rare-earth elements on the deep 
sea are classified as clay on soil classification according to the 
previous investigation results by Ministry of Economy, Trade and 
Industry. The state of sediments is saturated in the seafloor, 
indicating that the liquid limit and water content can be the related 
parameters to show their properties. However, the liquid limit and 
water content of the sediments are different depending on the place 
as shown in Table 1, indicating that it is expected that these 
differences affect the deformation behavior of the sediments on 
suction mining. Therefore, some sediment samples which had a 
different liquid limit and water content were prepared for the 
suction test. Those samples were prepared by blending two types 
of bentonite (see Table 2) in different mixing ratios. Liquid limit 
of each soil sample is 50%, 60%, 70%, 80%, 90%, 100%, 
respectively. Each mixing ratio is shown in Table 3. 

Table 1: Property of Sample of Deep-sea Mud 
(Ministry of Economy, Trade and Industry in Japan, 2016) 

 Density 
(g/cm3) 

Liquid limit 
(%) 

Water Content 
(%) 

A-1 2.850 116.3 124.1 
A-2 2.831 111.1 138.9 
A-3 2.792 98.7 156.3 
A-4 2.792 105.4 140.3 
B 2.833 117.1 128.8 
C 2.821 109.8 146.1 

Table 2: Property of Bentonite 

 Density 
(g/cm3) 

Liquid limit 
(%) 

Bentonite I 2.507 48.84 
Bentonite II 2.661 110.01 

Table 3: Mixing Ratio and Liquid Limit of Sediments 

 Liquid limit 
(%) 

Mixing ratio (%) 
I II 

WL=50 50 99.06 0.94 
WL=60 60 80.50 19.50 
WL=70 70 61.94 38.06 
WL=80 80 43.38 56.62 
WL=90 90 24.82 75.18 

WL=100 100 6.26 93.74 

2.2. Suction Test 

A conceptual diagram of the suction test is shown in Figure 2. 
The sediment samples which arranged the water contents from 
60~160% were filled into the plastic box. In the suction test, the 
ratio of water content and liquid limit (WC/WL) was defined to 
evaluate the fluidity of sediment samples quantitatively. The water 
content/liquid limit ratio of the sediment samples is from 
1.00~1.85. The length, width, and height of the sediments are 155 
mm, 50 mm, and 130 mm, respectively. The sediments are 
vacuumed with a suction pump from the center of the surface of 
the sediments. The suction pressure of the pump is adjusted to 4.0 
kPa (maximum suction pressure of the pump is 21.4 kPa). The 
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diameter of the suction pump is 10 mm and the duration of suction 
is 8 seconds. The suction target is 50 mm depth from the simulated 
soil surface, meaning that the pump moves downward in 6.25 
mm/sec from the surface of the sediments. At the end of the test, 
the suction volume and deformed shape were measured to evaluate 
the deformation behavior of the sediment samples. The deformed 
shape of sediment samples is identified by measuring the 
maximum vertical length (V) and horizontal length (H) of the 
deformation area. Besides, the span of influence was defined as 
H/V as a normalized parameter to show the deformation behavior. 

 
Figure 2: Conceptual Diagram of Suction Test 

2.3. Results and Discussion 
Figure 3 shows the relation of the ratio of water content/liquid 

limit and suction volume. Suction volume increases exponentially 
with an increase of the water content/liquid limit ratio: its volume 
is 18-70 mL when WC/WL is 1.0 while its volume increases to 194-
533 mL when WC/WL is 1.7. Figure 4 shows the relation of the 
water content/liquid limit ratio and span of influence. The span of 
influence also increases with an increase of water content/liquid 
limit ratio. It is seemingly categorized into 3 parts: H/L is around 
1.0 when the WC/WL is less than 1.3, H/L is around 2.0 when the 
WC/WL is from 1.3-1.6, and H/L is more than 2.0 when the WC/WL 
is more than 1.6. From the aspect of deformation behavior of 
sediment samples, the behavior can be classified into 3 types; sharp 
deformation, cone-shaped deformation, gentle circular arc 
deformation as shown in Figure 5. In comparison with the water 
content/liquid limit ratio and the span of influence, the deformation 
behavior can be defined with the water content/liquid limit ratio. It 
is respectively categorized as sharp, cone-shaped, and gentle 
circular arc when the ratio of water content/liquid limit is under 1.3, 
from 1.3 to 1.6, and over 1.6. In comparison with deformation 
behavior and suction volume, the suction volume is small when the 
deformation behavior is sharp. This result indicates that less 
sediments can be recovered in the limited area at one time, 
meaning that the efficiency of seabed suction mining is expected 
to be small although the environmental impact is also expected to 
be small because the span of influence is small. On the other hand, 
the suction quantity is large when the deformation behavior is a 
gentle circular arc. This result indicates that many sediments can 
be recovered in a wide range at one time, indicating that the 
efficiency of seabed suction mining is expected to be large whereas 
the environmental impact is also large. 

 
Figure 3: Relation of WC/WL and Suction Volume 

 
Figure 4: Relation of WC/WL and Span of Influence 

 

(a) WC/WL<1.3 (sharp) 

 

(b) WC/WL=1.3~1.6 (cone-shaped) 

 

(c) WC/WL>1.6 (gentle circular arc) 

Figure 5: Classified of Deformation Behavior of Sediment Sample 
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3. Application of Sealants as Surface Cover 

3.1. Sealants 

It is important to evaluate and consider the environmental 
impact properly. At present, deformation of seafloor and diffusion 
of the suspended particle is concerned while the environmental 
standard has not been established yet in seabed resources mining. 
Sealants are considered as one of the methods to reduce 
environmental impact in seabed mining. The sealants are based on 
ground improvement techniques and enhanced anti-washout 
ability under the water. The technique is commonly used to 
improve ground stability by injecting cement [20]. In addition, 
these materials are also utilized for restraining the elution of 
detrimental substances by covering mining areas as stated 
previously [21]. Figure 6 shows the conceptual diagram of seabed 
suction mining covered with sealants. These materials are, 
additionally, able to react along the line of deformation of 
landforms and cracks because of their viscosity. From these 
considerations, it is expected to prevent the diffusion of toxic 
materials on the seafloor and protect environmental effects and 
collapse of the ground by applying sealants as a surface cover in 
seabed mining [22]. In this study, slag-type sealants which contain 
slag, polycarboxylic ether, superplasticizer, and hydroxyethyl 
cellulose are used [23]. The water/powder ratio is 30%. 

 
Figure 6: Conceptual Diagram of Seabed Suction Mining 

3.2. Covering Test 

The sealants have to be covered on the surface of the 
sediments to reduce environmental disturbance. However, it is 
suspected to sink the sealants into the sediments due to their 
weight. Therefore, the covering test using sediment samples and 
sealants was conducted to investigate the effectiveness of surface 
covering with sealants. In this test, the sealants are poured into the 
surface of the sediment samples with a funnel. The thickness 
covered by the sealants was 10 mm. The sediment sample is 
prepared with a lower density; the density is 1.23 g/cm3 and 
WC/WL is 1.7. The conceptual diagram of the covering test is 
shown in Figure 7. The sealants which have the different density 
(1.25 ~ 1.60 g/cm3) were prepared in this test. The density of 

sealants was arranged with the modification of aggregate weight. 
The surface area of the container was 28.8 cm2.  Additionally, the 
surface coverage ratio is calculated with the binarization of image 
analysis. This study uses Image J for the image analysis [24]. 
Figures 8 show the relation of coverage ratio and the density of 
sealant. The images were taken from the top of sealants, meaning 
that the coverage ratio is 100% if the sealants remain above the 
sediment sample without sinking. It is clear that the coverage ratio 
can be improved by decreasing the density of sealants. The 
surface coverage is approximately 100% if the density of the 
sealants is below 1.4 g/cm3 while the surface coverage is 
decreased if the density of the sealants is more than 1.5 g/cm3, 
meaning that the sinking of the sealants occurs. Considering the 
density of the simulated sediment is 1.23 g/cm3, it is possible to 
suppress the sinking of the sealant by applying the sealant of the 
same level as the density of sediment samples. 

 
Figure 7: Conceptual Diagram of Covering Test 

 

 
Figure 8: Relation of Density and Coverage Ratio 

3.3. Suction Test with Sealants 

The suction test with sealants was conducted to evaluate the 
deformation behavior of sediment samples when sealants were 
applied on the surface. The suction volume and span of influence 
were measured in this test. The thickness of sealants is 10 mm. 
Other experimental conditions are the same as the test in the case 
of sediment samples only. Figure 9 shows the relation of the ratio 
of water content/liquid limit and suction volume. In either case, 
suction volume increases with an increase of water content/liquid 
limit ratio. The suction volume may be less affected with/without 
sealants while some cases show the decreasing trend: the suction 
volume shows from 44.76-337.63 mL without sealants and from 
61.19-270.14 mL with sealants. Figure 10 shows the relation of the 
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ratio of water content/liquid limit and span of influence. The span 
of influence also increases with an increase of water content/liquid 
limit ratio. Additionally, the span of influence decreases when the 
surface is covered by sealants: it shows from 1.44-3.54 without 
sealants and from 0.33-2.27 with sealants. This might be suspected 
that the adhesive force between sealants and sediments restraint the 
movement of sediments surface. As a result, it is indicated that the 
application of sealants can reduce the environmental impact like 
suspended particles and topographic variation. 

 

Figure 9: Relation of WC/WL and Suction Volume 

 
Figure 10: Relation of WC/WL and Span of Influence 

4. Conclusion 

The abundant deep-sea mud which contains rare-earth 
elements has been found as the seafloor sediments. The 
development of these untouched resources contributes to a 
diversification of the supply sources of the rare-earth resources. In 
this study, the recovery of sediments using seabed suction mining 
is discussed on a laboratory scale. In the results, the deformation 
behavior of the sediments with suction mining can be assessed by 
the ratio of water content/liquid limit. In addition, it is shown that 
the suction volume increases with the ratio of water content/liquid 
limit. In addition, the deformation behavior changes to sharp 
deformation, cone-shaped deformation, and gentle circular arc 
deformation based on the water content/liquid limit ratio. It is 
clarified that the coverage decreases when the density of sealants 
is larger than that of the sediments because the sealants sink into 
the sediments due to their weight. Therefore, the density of sealants 
should be arranged to the same level as the density of sediment 
samples by selecting the proper aggregate. Furthermore, it is 
indicated that sealants can reduce the environmental impact like 
suspended particles and topographic variation because adhesive 

force between sealants and simulated soil restraint the movement 
of sediments surface.  
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