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Abstract: Robotic subsa stratum drilling robot is a method for new subsea stratigraphic geological investigation and resource
exploration. Resistance at the front end is the main source of resistance to the robot's motion in the strata. Simeedtmere is
tinuous and strondownward drilling force as in conventional drilling rigs, robot movement relies heavily on the drill bit to reduce
the drilling resistance. In this paper we propose apselbelling drill bit that can discharge soil debris to provide propulsive force
andreduce the resistance. The key parameter of the drill bit design, the spiral blade lead angle, was determined by theoretical
analysis of the drill bit's soil discharging effect. To verify the structural advantages of tpeopelfing drill bit in reduaig
resistance, a comparative analysis with a conventional conical drill bit was conducted. The drilling process of botkitnits was
ulated using finite element simulation at various rotation speeds, the penetration force and torque data of bothverél bits
obtained, and tests prepared accordingly in subsea soils were conducted. The simulations and tests verified thatitime penetrat
force of the selpropelling drill bit was lower than that of the conventional conical drill bit. Thepselbelling dril bit can reduce

the resistance effectively, and may play an important role in the stratum movement of drilling robots.

Key words: Subsea stratum investigation; Stratum drilling robot;-Bedpelling drill bit; Penetration resistance

1 Introduction condition of the seabed environment, there is no
mature reatime monitoring equipment or technology
Natural gas hydrate is an important energyhat can be dily operated in a hydrate trial area to
source, with huge reserves worldwide. In the lastarry out environmental monitoring. Therefore,
decade, subsea natural gas hydrates have attractieloping a new tool for monitoring the geological
attention due to their broad energy prospects (Dai ebnditions of subsea sediment strata, such as a
al., 2008; Zhu et al., 2017). However, changes ideepsea stratum drilling robot, is imperative.
reservoi conditions due to excavation during the Autonomous excavatn/drilling robots were
exploitation of subsea gas hydrates, it will lead tdirst used in planetary exploration activities. These
destabilization and uncontrollable release of naturahclude screwtype robots, such as the Screw
gas hydrate. This can cause marine geologic8lubsurface Explorer and Digbot, which perform
disasters such as subsea landslides or changeslaw-torque drilling using rotating screws through
subsea tomraphy, and have serious damagingheir screw bladesnechanical struate (Nagaoka et
environmental effects (Mcconnell et al., 2012; Ledal., 2009a; Abe et al., 2010; Becker et al., 2016).
et al., 2021). Because of the complexity and unknowhhere are also bioinspired robots, including the
Mole-type Driling Robot and IDDS. Bionic
+ Jiawang CHEN, arwang@zju.edu.cn excavation is achieved through the cooperation of the
drill bit and other bionic structures (Rafe et al.,
2001; Kubota et al., 2005). With the development of
exploration robots, researchers have studied robots
© Zhejiang University Press 2Q applied to subsea exploration, such as RoboClam
from MIT (Massachusetts Institute of Technology) in
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the USA and the SEAVO series from Chuodesigned, and a theoretical mod®ialysis of the
University in Japan. RoboClam is a bionic robotselfpropelling drill bit was carried out. Furthermore,
inspired by the Atlantic razor clam that moveshe deformation of the surrounding soil caused by the
through soft soil by rapidly expanding its bodydrill bit was determined through theoretical analysis.
structure (Dorsch and Winter, 2014; Winter et al.The disturbance caused by the getipelling drill bit
2014). The SEAVO robot from Chuo University is aand a conventionatonical drill bit were compared
bionic robot irspired by earthworms, which usesthrough FEM simulation analysis. A comparative
artificial muscle as a support mechanism to work witlanalysis of torque and drilling resistance of the two
the drilling mechanism to complete the movement idrill bits was also conducted in an artificially prepared
the seabed stratum (Tadami et al., 2017; Isaka et aeabed soil test to verify the performance advantages
2019). However, since this is a new research fieldf the selfpropelling drill bit that can be applied to
none of thee robots has yet completed sea trials dhis low-disturbance, low forward resistance scenario
been deployed on the seabed. for deepsea stratum drilling robots.

Conical drill bits can provide good reaming and2 Design of the deep-sea stratum drilling
reduce resistance in soft soil environmentsiobot and the self-propelling drill bit
Researchers at the Japan Aeros_pace_ EXp'Ora“% Structural design of the deepsea stratum
Agency (JAXA) analyzed the relationship beéme drilling robot
drilling speed, rotation speed and penetration
resistance of a conical drill bit by testing in dry sand ~ The drilling robot was applied to the subsea
and fly ash (Nagaoka et al., 2008, 2009b). Througsediment gas hydrate trial area at a depth of more than
tests of a regolith simulant, researchers at the Harb#p00 m(Soloviev and Ginsburg, 1994Jhe structure
Institute of Technology, China, found thahe of the deegsea fratum drilling robot is shown in Fig.
Inchworm Boring Robot could penetrate easily whed- It comprises five units: a drill bit, front gu
the penetration rate (penetration speed/rotation spedtfjrtanchor unit, steering unit, propulsion unit, and a

of the conical drill bit was no greater than 0.33 (Tange@r Supportinginchor unit. In addition, artbtation
etal., 2015). plates are installed on the supportamchor unit of

In terms of theoretical and simulation analysis of'® robot to prevent its rotation during drilling. The

screw blades, Zhangdeloped a modified theoretical Modular structure of the robot provides highmeo
model based on the McKyesi model to calculate patlb_lllty and mterchan.geablllty. To adapt tp different
the cutting resistance of screw blade rotation (Zhan‘ﬁfOrklng strgtum 'enV|ronments, supportagchor
and Kushwaha, 1995). Finite element method (FEI\/f’)‘nd propulsion units can be added.
and MATLAB simulations were used to study the
torque and penetration faof the screw blades and
the relationship between torque and depth (Ben and M
Hesham, 2008; Zheng et al., 2013). The FEM is
suitable for analyzing the interaction problem
between soil and a drill bit, and the Coupling
EulerLagrange (CEL) method for anaing large
soil deformation in engineering (Chen, 2016). /
In particular, the CEL method is very effective in  Drill bit  Frontsupport
simulating the large deformation and material flow " "™ -
. . Fig. 1 Prototype and 3D structure of the deegsea drilling
problems of meshes caused by the pile penetration robot
and tunnel boring machine excavation processdy
soil. Results show good agreement with test data (Qiu During the drilling process, the drill bit
et al., 2009; Qiu et al., 2011; Zhang et al., 2018; Kingxcavates the seabed soil and makes space for
2021). locomotion. Through the periodic cooperation of the
In this study, a deepea stratum drilling robot front and rear supportirgnchor units and the
and a screvtype selfpropelling drill bit were propulsion uit, the robot can make peristaltic moves

Propulsion  Rear support

Steering unit
unit anchor unit
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in the seabed, guided by the steering unit. Thprovided that the parameters of drilling motion are

supportinganchor unit inserts into the soil throughspecific.

expansion to support t he 3IWhiedthe spisal biades trarspord thersal debrime n t .

The movement of the propulsion unit when thaupward, the conical rod squeezes the soil out laterally.

supportinganchorunit is contracted can effectively Since the cutting edge and spiral blade diameter are

avoid the influence of soil pressure. The locomotiogomparable to that of the robot body, the soil at the

principle of the robot is shown in Fig.(Zian et al., front can be completely cut and transported, creating

2021) a borehole roughly equivalenttothed | | rb-i t " s d
eter.

Fig. 2 The motion process ofhe stratum drilling robot

Fig. 3 A schematic diagram of the drilling process and

2.2 Analysis of the drill bit motion process drill bit (a) Drilling process (b) Soil debris transportation

The drill bitis driven by a hydraulic motooi
cated in the front unit cylinder of the robot, which . . I
provides the cutting force and torque required. Sinc%‘3 Design and parameter analysis of the drill bit
the role of the drill bit in the drilling process is to The theoretical model design of the drill bit is the
reduce the penetration resistance and avoid lardpasis foroptimizing the drill bit structure andyd
disturbane of the surrounding soil, the drill bit namic modeling of the drilling process. Based on the
should be designed to meet the following functions: drilling principle of a conical screw drill bit, the key

*Excavation of the front soil structural parameters of the bit include the half cone
*Backwards discharging of soil debris torrei angle € of the conical od, the lead anglé of the
force the borehole. spiral blades, and the pitch (Ve et al., 2013) A

The drill bit consists of a conical rod andneo parametric geometric model of the drill bit structure is
stant pitch spirablades, and the front end of the bit isshown in Fig. 4.
a cutting edge with a certain angle. The drilling-pr
cess of the bit is shown in Fig. 3a. The drilling motior
consists of three specific actions on the soil: cuttin
sediment soil, transportation of fore soil, and-di
charging soil debris:

1)The cutting edge of the drill bit cuts the front
consolidated soil and breaks it into debris. The cuttin
process can be equated to a feegyle rotary cutting

with a straight edge. [,—, \
2)The soil debris on the spiral blades move: «~ : —
along the axis direction under the combined action ¢ (b)

the conical rod and the surrounding soil. The helix
. 9 . .Fig. 4 Geometric model of the seHpropelling screw drill
angle of the spiral blade along the conical surface is g (a) Geometric model diagram (b) Spiral unfolding

defined asa (Fig. 3b). The transportation of soil is diagram
equivalenttothe ut ti ng’ s sl ippage on the inclined
surface with the lead angle. The efficiency of soil  'ne geometric model of the spiral Beaconsists

transportation is directly related to the lead anglec,’f a cylindrical helix and a conical helix. Setting the
Z axis as the central axis, is the distance from th&
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axis to the point on the drill biR, is the maximum
radius of the spiral blades, is the maximum radius

of the conical rod antlis the height of the drill bit.
The pitch is p,g is 0 at the front cutting edges of the
spiral blade,r, is the inner radius of thepiral

blades,ris the outer spiral radius(=R,)),r, is the "™

distance from the poirR to theZ axis, and the @
ordinate value of the point P in theZ coordnate
system is €, I). The outline of the cylindrical spiral

of the drill is shown in Fig. 4b. If the slope at the
point P on the spiral blades is equal to the lead angle
a, then

dz _ v

tang =—— =— D
rdg 2'Rn
The spiral bl ade’s wupper t he
drill bit interacts with the soil and is an important o  Soil debris unit
geometric featte of the dynamic model. The closed Spi
s Spiral blade
area fromg to g+ Dcon the upper surface of the - , o
. . . Fig. 6 A schematic of the force of soil debris unitove-
spiral blade is defined &3A (g) . It can be appre ment
imated as the difference in area between two triangles
as follows: We assumed that the soil moving along the spiral
blade is continuous, uniform, and isotropic. That is
RR-12 .. the soil moving upward along the spiral blade has the
C . . .
DA(9) ° > O ) same motion state. We define the spiral blade lead

angle asa , the angular velocity of the drill bit &,

Taking the soil debris unit at any point P on théhe tangential direction of the radius ofetispiral
spiral blade for motion anasis, the motion model blade a;, and the normal direction gsThe soil unit
can be shown schematically as in Fig. 5, wheris ~ ©On the spiral blade is at a distance r fromZkexis,
the line speed of rotation of the spiral blade ands and its mass isn, . The unit moves upward at speed

the vertical penetration speed of the drill bit. Thus, th@“th alead angle) . The centrifugl force on the soil
soil unit moves \ith the drill in an implicate motion unit FW, and the difference in frictional resistance
with velocity v, , v. is the velocity of the soil unit dP between the soil unit and the borehole and su

relative to the spiral blade, ang is the absolute rounding soil under the centrifugal force andneo
velocity of the soil unit. When the drbit rotates, the pression with the conical rod,sgectively are given

soil moving on the spiral blade is pressed against tlpé/:

borehole under the joint action of centrifugal force

and the conical rod. The friction between the soil unit ?Fr =m,rw* ©)

and the borehole prevents the soil from rotatimg t (dP=mmr

gether with the drilbit, which makes the soil rise at

the moving lead angle . A schematic diagram of the where m is the friction coefficient beteen the soil
force of soil unit movement is shown in Fig. 6.unit and the borehole.

Analysis and optimization of the spiral blade lead  With the soil debris in steady motion, the unit is
angle is based on the soil critical movemerdesh

model(Zhang et al., 2017) in force equilibrium, and decomposing the force on



J Zhejiang Univ-Sci A (Appl Phys & Eng) inpress | 5

the unit into thec andy axes givegLebedev, 2011) ~ (sina+ cos hy ©)
“\rm[cos(ar - ,Bin( &](1b4cot atan 4
‘|éN° ~ My geosa +dPS|.n(a +h 4 The speed of transport of soil debris by the drill
idPcos@ + b) =m gsin a +, Ky bit can be calculated from the moving lead angle
and the soil uni t’ 8. .\Websol ut

where N, is the pressure of thepiral blade on the
soilunitand mis the friction coefficient between the

soil unit and thespiralblade.
Combining Egs. (5) and (6) gives:

chosem=0.35 andm; =0.3 to plot the variation ra}

tionship between the drill bit rotation speedand
the spiral blade lead angke at different values of the
moving lead angleb (Fig. 7). At the same spiral

blade lead angle , increasing the rotation speed
increasesghe soil moving lead angle, and the transport
speed of the soil debris increases. At the same rotation
speed, the maximum moving lead angle or soll
(6) transport speed can be obtained at a specific spiral
blade lead angle. We also conclude from Fig. 7 that
when the lead angl@ of the spiral blade is small, a
When the rotatio speed of the drill bit is low, high rotational speed is required to achieve soil debris
the soil debris is not transported laterally or to th?ransport or discharging, and too large an angle may
rear of the bit. Only when the rotation speed reaches@nder the soil transport function ineffective, i.e, the

specific value can the soil overcome the resistancg)j| cannot rove upward along the spiral blade.
and move upwards relative to the spiral blade. The

minimum mootation speed that allows the soil to move 200

myg(sina + fgicos h
“cos@+ b) - gsin( at+)

©)

_ sina + [cos a
rm(cos(a+ p- ,8n( a)QA

——p=30°
upward relative to the spiral blade is called thé-cri 175 = = p=20°
ical speed. Wherb = 0, the soil debris rotatesrsy _ : 'EZ;?
£ 150 o
chronously with the spiral blade, in which case the £
soil is in a relatively statictate relative to the spiral ]
blade, and the critical speed is: 2 100
sina + /cos a Z 5]
w :\/ ,37 : g (7) 50
rm(cos & ¢min )a 25
Then it carbe obtained that the absolute welo "% o 02 03 o4 05 06
: . Spiral blade lift angle a (rad)
ity v, and the absolute angular velocity, of the Fig. 7 Curves of the rotation speed and spiral blade lead
soil unit are given by: angle
wrtan b To obtain an intuitive spiral blade lead angle

range, the soil transport lead andleand rotation

a

" sina+cosatan b
sna 8 speedw under different values of spiral blade lead
W, = J anglea are plotted (Fig. 8). If the lead angle of the

spiral blade is larger, the soil transport movement lead

angle is limited. Hence, a reasonable choice of spiral
blade lead anglis essential to improve soil transport

_ o efficiency. The analysis indicates that a suitable spiral
tained by combininggs. (8) and (10) as follows  pjade lead angle is between 10 and 30°

—) =) ——>—) D

sina + cosatan (

The relationship between the rotation speed
and the soil unit moving lead angte can be b-
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Ay S——r has conical spiral blades, the cone angle is the same as
I st) that of the conical drill rod, but the maximum mia

......... a=30° eter is the same as that of théySe bit. To minimize
| the influence of the container boundary on theusim

i lation proces, a columnar soil of 800 mm in diameter
300 and 1000 mm in height was selected to simulate the
: drilled seabed soil. To avoid extrusion of the Eulerian
elements, a 266hm void field was arranged above
100 Pl the soil material part. The mesh density of the range
N = within 400 mm diameter was twice that of the outer
W cosa o s | | area, and the mesh consisted of linear block units
0 Sofl rispakiation lifvaigle 1) o8 C3D8R with 8 nodes. Since the interaction forces
Fig. 8 Curves of the rotation speed andoil transportation ~ between the drill bit and the soil were the focus of this
lead angle numerical simulation, the stress path and the toénd
the strain over time could be ignored. Meanwhile, to
3 Comparison of drill bits based on finite  pe more consistent with engineering applications and
element simulation the characteristics of the ABAQUS/Explicit analysis,
3.1 Design of the simulation the soil material was given elastic and

. _ _ Mohr-Coulomb plasticity material characteristics that
To achieve the working effect and desigh a obey MohrCoulomb yielding criteria
vantages of the seffropelling screw drill bit (Sype

bit) visually, FEM was used to simulate and analyze
the drilling process. The plastic strain level and i
fluence range on the surrounding soil caused by the
bit’s movement were observed through visualization
results. A conventional conical drill bit {gpe bit)

with a similar volume and size to thetype bit was

set up for comparison. A-Gpe bit is frequenyl used

for reducing penetration resistance and has been used
in a variety of drilling robots. The advantages of the
Stype bit in reducing penetration resistance were
revealed by comparing the penetrating force and
torque.

In the simulation, the coupled EwlLagrange
(CEL) method was used because the drill bit causes
large deformation of the meshes. Lagrange and E
lerian elements were used to discretize the drill bit
and soil domain, respectively. The Eulerian mesh can
be void domain, or part or all oféan be occupied by
more than one material, and its volume fractigqn re
resents the part of the mesh filled with a specific
material. The Sype bit has a blade diameter of 180
mm, length of 180 mm, drill rod cone angle of 407
and spiral blade pitch of 120m. To exclude other
influencing factors in the comparison as much as
possible, the @ype bit had the same spiral blade
pitch and drill rod size as thet$pe bit. The spiral
blade, which plays the main role in transporting soll,
differs between the twgypes of bit. The @ype bit

200 4

Rotation speed @ (r/min)




200mm

1000mm
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FEEFEFFREEEE i i Fig. 9 Meshesof S-type bit drilling simulation usedin CEL
Void field a analysis
""" The soil material’s base

and it was assigned a predefined field of geostatic

stress to balance additional strain caused hyity:

By means of a reference point bound to a rigid body

drill bit, different rotation speeds and downward

penetration speeds were applied to the drill bit as a

Fine mesh zone whole. The penetration force and torque of thd-dril

ing process were obtained through therefice point

after the drill bit reached the specified depth. The

material parameters and motion parameters are shown

in Table 1.

Lagrangian
art (drillbit)

Eulerian part
(soil)

Table 1 Parameter setting in Abaqus

Setting Part Parameteifype Data
MassDensity 1440kg/m?
Young s Modu 5 10PPa
Soil Poissoh s Ra't 0.32
CohensiveYield Stress 5 10°Pa
Friction Angle 20E
. , MassDensity 7800kg/m?®
Selfpropellingdrill Young s Mo d u 21! 10°Pa
Penetration 20mm/s
Velocity/Angular vele- 60 rpm
ity Settings Rotation 120rpm
180rpm

3.2 Results and analysis

20 mm/s, which is reasonable as the drilling robot
moves in a peristaltic motion. The soil disturbance
and stress caused by both drill bits were analyzed at

The drilling speed of both drills was chosen agour rotation speeds. Figl0 shows the Je
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umeaveraged stress at 60 rpm and 180 rpm for ea 4
type of bit. The soil stress caused by the drill eitd
creased as the speed increased. The range of ¢
stress response induced by they® bit was 2 and %1
1.6 times the maximum drill bliameter at 60 and

180 rpm, respectively. The corresponding value
induced by the @ype bit were 2.6 and 2.2 times. The
same results were achieved at all three speeds, so

the 60 rpm and 180 rpm results are shown in Fig. 1(
-1200
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Fig. 11 The penetration forces of Stype and C-type bitsin
the drilling simulation.

According to the comparison of the torque
curves of the two drill bits shown in Fig. 12, the
torque of the Sype bit hardly increased with the
= T increase of rotation speed: the variation of torque with
180rpm 180rpm depth wa basically the same for the three rotation
speeds, and the max torque was between 110 and 116
Nm. The torque of the €/pe bit increased with the
rotation speed, and the max torque ranged from 97 to
113 Nm. Typically, the torque of a drill bit is related
mainly to the contact area and the soil stress. The
Stype bit has larger spiral blades, so the torque

By extracting the reaction force at the reference ,
y g should theoretically be greater than that of-&yi2

point on the drill bit, curves of the penetration forcebit However, the torques of the-tgpe bit were
were obtained (Fig. 11). In Fig. 11, positive values ' q

indicate the direction of the upward force, which isoverall the same as those of theye bit. Thisshows

the resistance force, and negative values indicate tﬁhat as the bit is able to provide more propulsion, the

e . e
direction of the downward force, which is theopr torque increases. The advantage of tHgp bit is
pulsive force. The $ype bit showed propulsive

that the torque does not increase significantly with the
forces of 1090 to 1350 N when drilling to a depth o

lincrease in propulsive force.
96 cm, while the @ype bit showed propulsive fas
of only 770 to 1100 N. Although these propulsive
forces include the earth pressure at that depth, the
force difference between the two drill bits is still
meaningful, especially at the three lower rotation
speeds, showing the advantage of thiyp® bitin
providing propulsive force. At a rotation speed of 180
rpm, the Stype bit also provided 250 N more than the
C-type bit, and the $ype bit had a significantda
vantage in penetration force over thaéyPe bit.

Fig. 10 Volume averagestressof the soil caused
by the drilling
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Fig. 12 The torques of theS-type and C-type bitsin the S1a

simulated drilling process

As the specific energy of the drilling process is
related mainly to the drilling pressure, torque and the
crosssectional area of the drill bit, according to the
penetration force and torque data of the simulation
processit can be calculated that the maximune-sp
cific energy of both drill bits was almost the same:
about 0.4 MJ/m3at a speed of 180 rpfheale, 1965;
Pessier and Fear, 1992; Chen et al., 2014)

Fig. 13 The test bed ofthe drilling process

A speed of 20 mm/s, which is closest to the m
tion speed ofthe drilling robot during peristaltic
drilling motion in the seabed stratum, was chosen to
simulate the down drilling speed of these two types of
drill bits in the soil bucket. Rotation speeds of 60, 120
Hd 180 rpm were selected, and the soil depth @as 7

. To avoid boundary property changes in the soil
near the bucket wall, the drilling depth was about 55
tm. The test was carried out three times to ensure the

13. The test rellgs on a lead sc . .er to provide credibility of the test results. The test procedure is
the speed and distance of the drilling process and A g
shown in Fig. 14.

hydraulic motor to provide the rotation motion of the
drill bit. The simulated soil in the soil budkevas
prepared according to the parameters and campos
tion of the subsea sediment stratum soil at a depth of
200 m near the coast in the South China Sea area:
65% by mass of bentonite with a particle size of about
48 um and 35% by mass of quartz sand wigfarticle

size of about 300 um were added with a sufficient
amount of water, mixed uniformly and solidified for
three days before each experiment.

4 Comparison analysis of the drill bits based
on tests

To further verify the advantages of the drilling
effect of the Sype bit, a test device capable afnsi
ultaneously measuring the penetration resistance an
torque of the drill bit during its drilling process was
designé. The structure of the device is shown in Fig.
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Fig. 15 The penetraion forces of Stype and Gtype
bits in the drilling test

- '~ %

Fig. 14 Test procedure for two type of drill bits o
The torque of the two types of drill bits also had

The penetration force curves of theype and the same changing trend (Fig. 16). The maximum
C-type bit drilling process were obtained from theforque of the @ype bit was 1.6, 1.8 and 2.1 respe
drilling tests (Fig. 15). In Fig.15, the se¥eight of tively, and that of the $/pe bit was 2.8, 3.6nd 3.8
the drill bit has been excluded, i.e., the penetratiofgspectively, at the three rotation speeds. Thus, the
force is O wien the drill bit is in the static state. Thetorque of the Sype bit was 1.7& times that of the
penetration force of both drill bits decreased with th&-type bit at the same rotation speed. The area of
increase of rotation speed, and the trend of the curvé@ntact between the-tgpe bit and the soil was 1.84
for the same rotation speed was similar. The panetrlimes the contact area of thetype bit, i.e., the torque
tion force of the @ype bit was about 19, 16:@ 12 N, of both drill bits was proportional to the surface area
respectively at the maximum depth, while that of thét the same rotation speed.

Stype bit was 32, 23 and 11 N respectively, at the
three rotation speeds. Thus, the resistance of tr ‘ \
Stype bit was greater than that of theype bit at the T [ -
lower rotation speeds. This isdaisethe $ y pe b
overall shape is cylindrical, while thet@pe bit has a i
conical shape, and the cavity expansion caused by tlg
C-type bit is smaller than that of thetygpe bit. 3
However, as the speed increases, the advantage of 1 % 24
Stype bit emergg, and the propulsive force brought ©
about by the larger blade area to discharge the sc
debris offsets the penetration resistance, and the pe
etration force of the -8/pe bit becomes smaller than

! A
PR w = T g & -

A s
,"’:.:tj;.::g:lztliltﬁip‘-:-'
a2 —=— S type 60rpm
1 A/ ';" |—e—S type 120rpm
‘o’ —4—S type 180rpm

)% 4 [--m--C type 60rpm
__‘_’.l’ --®--C type 120rpm

. ] B
that of the Gtype bit at 180 rpm. o (] e Oupe iiina
0 5 10 15 20 25 30 35 40 45 50 55 60
Depth (cm)
Fig. 16 The torques of Stype and Gtype bits in the
drilling test

In the drilling tests, the torque of thetype bit
was always greater thahat of the Gtype bit at the
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same speed, resulting in a specific energy 1.8 timékarmakar ad Kushwaha, 2006; Lin et al., 2019)
fComparing the simulations and tests, it can be seen
that the trends of propulsive force and torque of the

180 rpm. Stype bit were similar, and there was still a
propulsive advantage. In the actual application
scenario, as thdrilling depth increased, the soll
strength increased, and the ability of thgye bit to

5 Discussion discharge debris became significant as the soil
showed solid behavior.

The effectiveness and advantages of the |n simulations and tests, thetgpe bit has a
selfpropelling drill bit in reducing penetratio disadvantage in terms of specific energy cared to
resistance were verified through simulations and tesfe Gtype bit. However, considering the urgent need
but there are some points that need further discussiag; robots to overcome the penetration resistance due
to the lack of a continuous and stable drilling pressure,
like in a drilling rig, more power consumption is

The Stype bit can provide propulsive force by gcceptable in reducing the pergion resistance to
discharging soil debris. In the FEM simulations, the,gme extent.

Stype bit always had better penetration force at the . o
same rotation speed. Although the penetration forc3 Environmental pressure of the drilling process

of both drill bits showed resistance in the tests, the  The tests in this study were conducted under
larger crosssectional area of the-tgpe bit gave it atmospheric pressure conditions. The structural
greater penetration resistance than tHgp@ bit ata strength and shear modulus of the soil under real
lower speed. However, at a speed of 180 rpm, thgbsea strata are greatemtitizose of irsitu sampled
penetration resistance of thetype bit was lower, reconsolidated soil or prepared sofRen, 2021)
indicating that its structure was beneficial forHowever, the Change in soil properties with depth is
propulsion at higher rotation speeds. similar, which means that the advages of the drill

In the tests, the deep drilling depth required it revealed by the simulations and stiig tests are
long dive shaft, so the drive shaft from the torquesti credible. Subsequent lonterm
sensor to the bit was 1 m. The long drive shaft limitedyperconsolidation of the test soil by applied loads or

any further increase in rotation speed, which reduceg-sity tests are needed to obtain accurate test data.
the richness of the drilling test data. In future research,

the test bed needs to be improved toréase the
rotation speed and obtain abundant test data fgr conclusions
comparing rotation speed, penetration force, and

torque. A subsea drillag robot needs to break the soil at
5.2 The torque of drill bits the front end to redupe resistance whgn mqving ina
seabed stratum. In this study, a getbpelling drill bit

The torque of both bits in the simulations wasyas designed that has the ability to convert the soil
significantly greater than that in the tests, but in th@epyis discharging process into propulsive force while
simulations the torque did not increase with thegyjlling. The key parameters of the drill bit design and
rotation speed. This may have been due to the entry @ftion process were determined by theoretical-ana
overlying water into the soil during the drilling ysis of the lead angle of soil transport. Analyses based
process in the tests, causing fluidization of the soiby, the FEM simulation software Abagqus were carried
The soil shows rheological behavior, thereforgyt to verify the reduction in penetraticesistance of
fluidization would reduce the viscosity as well as thgne designed drill bit. Finally, drilling tests were
shearing force of the soil, resulting in a lowerconducted in simulated subsea soil to obtain time pe

penetration force and torque of the bits. In thyration force and torque curves of the bits. \We- co
rheological state, the rotation speed will affect thg,de that:

viscosity, and therefore the torque of the drill bit

higher than that of the-@pe bit at a rotation speed o

5.1 The propulsive force of drill bits
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1. The range of soil stress response caused by the and tensile loadingCanadian Geotechnical Journal

. . e 45(8):11421155.
selfpropelling dril bit is smaller than that of a ne https://doi.ora/https:/doi.org/10.1139/T0B4

ventional conical bit. The cylindrical setfopelling  chen 1, 2016. Finite element alysis on the operation of
drill bit can discharge the soil debris and reduce the submarine mowén-soil robot based on cel algorithm.
range of disturbance. The range of soil stress response Master Thesis, Tianjin University, Tianjin, China (in

. . . . Chinese).
induced by the conical bit was more than 1.3 times, . XY, FaZI HH, Guo BY, et al., 2014. Réiae prediction

that of the selfpropelling bit at the speeds tested in  and optimization of drilling performance based omeav
this research. mechanical specific energy moddélrabian Journal for

; T Science and Engineering  39:82218231.
2. The selipropelling drill bit can reduce pen https://doi.org/https://doi.org/10.1007/S13386%4-1376

tration resistance by discharging. Its propulsive forces
in the simulations at three rotation speeds werBaiJC, Snyder F, GillegpD, et al., 2008. Exploration for gas

1.281.46 times those of the coniddrill bit. In the hydrates in the deepwater, northern gulf of mexico: Part i.
: ) : A seismic approach based on geologic model, inversion,
te,St a_t 240 rpm, the resistance OT the P‘m’_e”'”g and rock physics principlesMarine and Petroleum
drill bit was 80% of that of the conical drill bit. Geology 25(9):830844.
3. The propulsive force of the sgifopelling https://doi.org/https://doi.org/10.1016/J.MARPETGEO.2

drill bit increases with the rotation speed. The speegorS%?mer AG, 2014. Design of a low energy, self

of soil debri.s transport meas?s with the rOtatiPn_ contained subsea burrowing robot based on localized
speed, causing a greater reaction force to the drill bit. fluidization exhibited by &antic razor clams.
4. The torque of selfropelling drill bit was International Design Engineering Technical Conferences

. _ and Computers and Information in Engineering
greater than that of the conical drill bit. The torque of Conference 46360:VO5SATOSAQLG.

the selépropelling drill bit was 1.11.14 times that of https://doi.org/https://doi.orgfl1115/DETC20184953
the conicadrill bit in the simulations, rising to double Isaka K, Tsumura K, Watanabe T, et al., 2019. Development of

when the rotation speed was 180 rpm in the test, due underwater drilling robot based on earthworm locomotion.
P P leee Access 7:103127103141.

to soil fluidization. https:/toi.org/https://doi.org/10.1109/ACCESS.2019.29
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