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Abstract

The current study identifies the critical design considerations for the universal joint of a cutter suction dredger. The cutter
suction dredger is modelled as a hybrid two subsystems consisting of hardware-in-the-loop (HIL) and Software-in-the-loop
(SIL). HIL, consisting of Dredge hull, spud and soil embedment, is modelled experimentally. System identification is carried
out, and a single degree of freedom (SDOF) system is determined for HIL. The identified dynamic parameters are interfaced
with the SIL. SIL consisting of the cutter shaft is modelled numerically. The primary and secondary shaft of the cutter shaft
is coupled using springs to emulate the universal joint. A sensitivity analysis of the acceleration amplification based on the
spud location relative to the hull is carried out. It is observed that the spud position relative to the hull has less influence on
the acceleration amplification. A soft universal joint produces a higher response transmitted to the Dredge hull. Further, the
influence of the universal joint on the fatigue life of the shaft is analyzed. The results from the fatigue analysis indicate that
higher coupling stiffness reduces the fatigue life of the cutter shaft. Therefore, while designing the universal joint, both the

impulsive and the fatigue loading must be considered.

Keywords Acceleration amplification - RAO - Morison force - Fatigue life - Hybrid scaling - Hardware in the loop

1 Introduction

Inrecent years there has been an increased demand for dredg-
ing due to the requirement for the development of coastal
shipping inland waterways in India. Dredging removes sedi-
ments and debris from the bottom of lakes, rivers, harbours,
and other water bodies. Deepening channels and waterways
increases channel flow capacity and allows larger vessels to
navigate safely. It is a routine necessity in waterways because
sedimentation gradually fills the channels and harbours.
Therefore, there is an increased demand for understanding
the response of a dredger to operate it efficiently with reduced
downtime. In the current study, a cutter suction dredger
(CSD) s considered, used in India for various operations such
as beach reclamation works in Puducherry and the develop-
ment of national waterways. A typical schematic of a cutter
suction dredger is shown in Fig. 1.
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Previously researchers have developed an experimental
prototype of scale 1:6 for the CSD at Texas A&M University
to measure the cutting force using the dredge/tow carriage.
The flume was equipped with a sediment pit measuring with
an observation well where the sediment pit can be viewed
when a test is in progress. A carriage was positioned on top
of two guide rails (at the top of the dredge/tow flume) (Glover
2002; Glover and Randall 2004; Randall et al. 2005; Young
2009). Koning et al. (1983) focused on the effect of wave
loading to predict the dynamic behaviour of the cutter head.
The predicted theory indicated that low swing velocities and
high cutter revolutions could reduce the load on the cutter
head. It showed that the surge force, the heave force and the
cutter torque were increased by the oscillating movement of
the cutter head in the heave direction. The interaction of the
dredge hull with the spud is similar to other offshore struc-
tures, such as spar platforms (Soeb et al. 2017) and offshore
wind turbines (Sclavounos et al. 2019), which are moored or
anchored to the soil. Soeb et al. (2017) analyzed a moored
Spar hull using ABAQUS/AQUA for surge, heave, and pitch
response. Mooring tensions variation with water depth and
load for different sea state conditions was investigated. It has
been observed that the platform response decreases due to
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Fig. 1 Schematic overview of the
cutter suction dredger
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increased damping of mooring lines, and the current reduces
the dynamic fluctuation.

Wave loading on the offshore cylindrical structures which
has diameter to wavelength ratio less than 0.05 can be
estimated using Morison’s equation. Various authors have
numerically estimated the wave forces on slender structures
(Wolfram and Naghipour 1999; Arena and Nava 2008) using
the Morison equation. The response of offshore structures
could be nonlinear due to the material (Jameel et al. 2017)
or the forcing conditions (Mockuté et al. 2017). Najafian
et al. (2000) carried out an experimental study on a flexible
cylinder subjected to wave loading. The nonlinearity in the
Morison force on a flexible structure was mainly due to the
nonlinear drag force. Various authors (Stansberg 1997; Chap-
lin et al. 1997; Wolfram 1999) have attempted to develop an
equivalent linear model of the system using techniques such
as statistical linearization.

The forces and torque generated during excavation are
critical for dredger operation. For calculating these forces
and torques, it is essential to know the characteristics of the
sea bed surface (like sand, clay and rock) where the dredg-
ing operation is carried out. Adequate cutting theories are
required to determine the forces required for the excava-
tion (van Os and van Leussen 1987; Miedema 1992, 2009;
Yasheng et al. 2006; Helmons and Miedema 2013; Chen
et al. 2014, 2015; Helmons et al. 2014). During the mid-
80 s, Miedema (1986) carried out experiments to validate
the cutting theory models using compacted sand of high
and low density with and without considering the inertial
forces, water resistance and gravitational force. The results
from experiments indicated that the cutting force model was
a function of underwater pressure, cutting forces and shear
angles. Miedema (1989) derived the expression for forces
and torques appearing on the excavating elements. With some
basic assumptions, such as the cutter head is conical and the
blades have an angle with the cutter head axis, the cutting
force on the straight blade was determined by considering
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the cutting theory of water-saturated sand, which applies to
the cutter head.

The random forces from the water environment and the
cutting action can generate random stresses on the struc-
ture leading to fatigue damage. Several researchers (Yigang
et al. 1993; Amzallag et al. 1994; Lagoda 1996; Ariduru
2004; Baek et al. 2008; Shen et al. 2010; Marsh et al. 2016;
Salvinder et al. 2016) have developed methods to character-
ize the fatigue damage of the structure. Rédl (2018) analyzed
fatigue using the rainflow counting method on the experi-
mental stress obtained during agricultural ploughing. Prasad
and Sekhar (2018) experimented on a rotating shaft to ana-
lyze fatigue life using both the time and frequency domain
approaches. The fatigue life was estimated using the time
domain approach using the rainflow count method and Palm-
gren—Miner rule and the frequency domain approach using
narrow-band approximation and Dirlik’s empirical solution.

The maintenance of the required depth in the meander-
ing and braided waterway requires the complex operation
of the cutter suction dredger. Based on the literature, mod-
elling and analysis of such a complex structure as CSD can be
carried out using a hybrid approach. For numerical simula-
tion using the hybrid approach, the substructuring technique
(Wagg and Stoten 2001; Plummer 2006; Bursi and David
2009; Londofio et al. 2012) is adopted. The method involving
dividing the structure into multiple substructures (Przemie-
niecki 1968) was developed to reduce the computational cost.
The concept of substructuring can also be used to formu-
late a model wherein one (or more) part of the structure is
a physical test specimen called the hardware in loop. In this
case, the emulated structure combines experiment and the-
ory. The theoretical substructure is the Software in the loop.
This type of combined modelling is mainly suitable for struc-
tures wherein critical design element within the system can
be identified. Critical elements generally have unpredictable
or nonlinear behaviour. In the real time dynamic substruc-
ture implementation, the physical and numerical model is
interfaced using actuators and sensors. The main source of
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vibration would be the cutting action in the cutter shaft. The
cutter shaft assembly is modeled as a software in the loop
(SIL). The dredge hull with spud subjected to wave loading
is modelled as a hardware in the loop (HIL). The interaction
of the hull and spud is a complex phenomena. Therefore, this
is modelled as the hardware in the loop. Induced forces act-
ing on the cutter head are transmitted to the ladder support
from the cutter head to the vessel deck. The current work
focuses on the vibration transmission of the soil-spud-hull
combined system to the dredge cutter shaft system subjected
to wave loading. For the fatigue life, it is crucial to under-
stand the vibration transmission on the cutter shaft when it
is subjected to dynamic loading. Therefore, fatigue analysis
of the cutter shaft is carried out for various conditions of the
universal joint coupling.

2 System description

Modelling the effects of various system parameters on the
vibration of the cutter suction dredger is carried out using
a hybrid approach. The dredger hull assembly is analyzed
as two subsystems. The first subsystem consists of the spud
embedded in the soil and attached to the hull. This subsys-
tem is modelled experimentally, forming the Hardware in
the loop (HIL) (Bayati et al. 2013; Giberti and Ferrari 2015).
The second subsystem is the cutter shaft assembly which
is modelled theoretically, forming the Software in the loop
(SIL). The purpose of choosing SIL for the cutter shaft sub-
system is to explore a wider design parameter space. The
coupled analysis of these subsystems (HIL and SIL) repre-
sents the hybrid modelling. The soil-spud-hull assembly is
experimentally analyzed at the in-house towing tank facility
at the Indian Institute of Technology Kharagpur. The cutter
suction dredger (CSD) system is developed using a geomet-
ric scaling factor of 1:4, considering the constraint imposed
by the towing tank dimensions.

2.1 Hardware in the loop subsystem

The HIL consists of the spud, soil embedment and dredge
hull. The hull is attached with two spuds provided at the bow
of the vessel. The central spud is the working spud, and the
spud away from the centerline of the hull is the auxiliary spud.
The auxiliary spud is active during the shifting of the cutting
location. The basic layout and model scale dimensions of the
hull are shown in Fig. 2.

Dynamic scaling of the system is carried out using a mixed
approach by considering both Froude and Cauchy scaling for
the system. The Froude scaling is adopted for the dredge hull
and the Cauchy scaling is adopted for the cutter shaft sys-
tem. The approach is adopted considering manufacturing and
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Fig.2 Geometry of dredge hull

Fig. 3 Fabricated dredge hull model

Table 1 Material properties and hull dimensions

Parameter Value
Length of hull 2.75m
Beam of hull I m
Depth of hull 0.305 m
Draft of hull 0.2m
Material of hull Acrylic
Hull groove length 1.5m
Hull groove width 0.25m

Table 2 Spud material and dimension

Parameter Value
Height of the spud 2.5m
Outer diameter of the spud 0.083 m
Inner diameter of the spud 0.069 m
Spud length inside the soil 0.5m

Spud material Composite of aluminium and PVC
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Fig.4 Spud fabricated using
PVC and Aluminium placed in
the free-free condition
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Fig.5 Experimental frequency response function of the Spud in the

free-free boundary condition
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Fig.6 Comparison of Experimental and theoretical natural frequency
of the spud along with the line of equality

cost-effectiveness, and there is no loss of accuracy in the sys-
tem characteristics. It is assumed that the dredge hull mainly
undergoes rigid body motion with negligible flexural motion.
When subjected to external waves, the dredge hull undergoes
rigid body motion in the six degrees of freedom. Therefore,
Froude scaling is adopted in modelling the dredge hull, con-
sidering the hull dimensions are a reasonable approximation.
The dredge hull model is shown in Fig. 3. A raised forecastle
is provided on the main deck of the dredge hull to restrict
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green water loading during the experimental operation. The
dredge hull model is made of Acrylic and a forecastle of ply-
wood. The hull particulars are provided in Table 1. The hull
is stiffened using Aluminium frames for sufficient strength.
The weight of the bare hull is 197 kg. Ballast weights are
added to the hull to attain the design draft displacement of
475 kg. The ballast weights are added to emulate the model
scale longitudinal center of gravity (LCG), vertical center of
gravity (VCG) and the pitch radius of gyration (Biran and
Lépez-Pulido 2014).

During the operational condition, only the working spud
anchors into the soil and the auxiliary spud are kept idle.
Therefore, the working spud is only considered for inves-
tigation in the present model. The spud connected to the
dredge hull restrains the motion of the dredge hull. The
dynamic forces on the spud are scaled, assuming that the
spud undergoes flexural motion. The spud of the CSD system
is modelled and designed using the same geometric scaling
as the dredge hull. For selecting the spud material, Cauchy
scaling criteria are considered assuming that the spud under-
goes flexural motion. According to Cauchy scaling criteria,
the relation between the model and prototype is given by:

(&), (&)
Er), \El),

where M = Bending moment, y = Distance to the outer
surface from neutral axis and EI = Flexural rigidity
Accordingly, Young’s modulus scales as:

E, = )\Ey, 2)

where E}, = Elastic modulus of prototype, £, = Elastic mod-
ulus of model and A= Geometric scaling Ratio

The working spud is designed to maintain the scaled mod-
ulus of elasticity of the spud system. The elastic modulus of
the prototype and model are 190 GPa and 47.5 GPa, respec-
tively. The equivalent material is designed by the rule of
mixture using Aluminium and PVC. According to the rule of
mixtures, the density and Young’s modulus of the composite
system are estimated using:

Pm = PpVp+paVa 3

Emi = (EpEq)/(VpEq + V4Ep) )
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where p,,, = density of whole model, p, = density of PVC,
pa = density of Aluminium, V, = volume fraction of PVC,
V. = volume fraction of Aluminium, E,,; = elastic modulus
in the transverse direction, E;, = elastic modulus of PVC, E,
= elastic modulus of Aluminium.

The spud dimensions and material are provided in Table 2.
The hollow PVC pipe is bonded to a hollow Aluminium pipe.
Due to the bonding, there could be a slight difference in the
material properties. The actual Young’s modulus of the fabri-
cated model is determined by updating the theoretical model
using Modal testing. Modal testing is carried out on the fab-
ricated model in free-free boundary conditions, as shown in
Fig. 4. An impulse hammer test is carried out where the ham-
mer is impacted on the spud at a location given in Fig. 4. The
response is measured using an accelerometer at the location
given in Fig. 4. The resultant frequency response function
obtained is shown in Fig. 5. The peaks in the FRF plots cor-
respond to the natural frequencies of the spud.

Using a heuristic approach, the theoretical natural fre-
quency of the spud is obtained using ANSYS. The modulus
of elasticity of the spud is varied to reduce the error between
the experimental and theoretical natural frequencies. After
minimizing the error between the experimental and theoreti-
cal natural frequency, the equivalent Young’s modulus of the
spud is obtained as 45.7 GPa. A comparison of natural fre-
quencies between experimental and theoretical is shown in
Fig. 6.

2.2 Soil-spud and dredge hull assembly

The spud is placed in a cylindrical enclosure at an embedment
depth of 0.5 m. The soil embedment is fixed on the towing

156 0 0 0 22L 54 0 0 0 —13L7[ 3

0 156 0 -2L 0 0 54 0 13L 0 4]

0O 0 140J/A 0O 0O 0 0 -70J/A 0 0 by,

0 —-22L 0 42 0 0 —-13L 0 -=3L7 0 by,

. pAL| 22L 0 0 0 4L 13L 0 0 0 3L |6,

Finertia = Metement] X = “5 51 00 0 0 13L 156 0 0 0 -22L y21
0 54 0 —13L 0 0 156 0 22L 0 &

o 0 -70/J/A 0 0 0 0 140J/A O 0 b,

0 13L 0 3.2 0 0 22L 0 417 0 by,

| —13L 0 0 0 —3L>-22L 0 0 0 4L || 4., |

tank base using a framed structure. Attachment of the framed
structure to the dredge hull alters the mass distribution and,
hence, the radius of gyration in the pitch. However, for the
current study, the variation is considered less significant to
influence the wave loading or the Hull response. To reduce
the effective frame weight, buoyancy elements of foam are
added in the hollow I-sections of the frame. The axial motion
of the spud is restrained using a through bolt on the cylindrical
embedment. The spud is connected to the dredge hull using a
V-frame. The spud is located at different locations along the
length of the V-frame using a movable collar/sleeve arrange-
ment, as shown in Fig. 7. The collar forms a clearance fit
with the spud, and the clearance is lubricated to allow free
relative movement between the hull and the spud. The pur-
pose of choosing such a clearance fit is also to emulate an
impulsive loading from the dredge hull, which could occur
during the dredging operation while pumping mud or debris.
The impulsive loading can excite the different modes of the
spud. The next step is to model the cutter shaft section of the
system.

2.3 Software in the loop

The cutter shaft of the CSD, which forms the Software in the
loop, is theoretically modelled using finite element analysis
(Paz and Leigh 2004). The cutter shaft consists of two shafts
coupled using the universal joint. The primary shaft does the
cutting action, and the one connected to the dredge hull is
called the secondary shaft. The primary and secondary shaft
is modelled as an Euler—Bernoulli beam with five degrees of
freedom per node, as shown in Fig. 8.

Corresponding elemental inertia and restoring force terms
are.

)
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Fig. 7 Details of dredge
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where p is the density of the element, A is the area of the ele- agk coshk(H + z)
= 28T T osthx — wi) )

ment, L is the length of the element, E is the Elastic modulus
of the element, / is the moment of inertia of the element,
G is the Shear modulus of the element, and J is the polar
moment of inertia of the element. The universal joint is mod-
elled as a discrete spring element. The structural damping
is considered as Proportional Rayleigh damping with o and
B as 0.01 and 0.0002, respectively. The forces acting on the
cutter shaft system due to wave loading are estimated using
the Morison equation (Sarpkaya 2010). The effect of relative
velocity between the wave and structure is neglected. The
wave force is given by:

F(t) = 1ppCyDLU\U| + pC ALU (7
where, based on the linear wave theory water particle accel-
eration is obtained as

coshk(H + z)

U = agk
a4 coshkH

sin(kx — wt)

®)

and water particle velocity is obtained as

@ Springer

w coshkH

whereC,, is the inertia coefficient,Cy is the drag coefficient, p
is the density of water,A is the projected area of the cutter
shaft,D is the diameter of the cutter shaft,L is the length of
the cutter shaft,k is the wave number,H is the depth of water,z
is the specific depth below the free surface of the water, anda
is the wave amplitude.

3 Experimental analysis of the HIL

A dynamic analysis is carried out for the dredge hull and
dredge hull-spud assembly using a back paddle-type DHI
wave maker. The dredge hull spud assembly with different
positions of the spud is shown in Fig. 9. The wave input is
provided using DHI wave synthesizer, and the wave gener-
ated is measured using two wave probes located upstream
and downstream of the dredge hull. Generated waves require
a minimum 15 m (two-wavelength) from the paddle of the
wave maker to achieve fully developed conditions; therefore,
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Element

Node

Fig. 8 Two-Noded element with five DOF

the upstream wave probe is fitted 18 m away from the paddle
of the wave maker. The dredge hull model is subjected to a
linear sinusoidal wave of height 10 cm with periods ranging
from 0.67 to 2.5 s under head sea conditions for 90 s.

The temporal response of the hull subjected to wave load-
ing is recorded using Motion Reference Unit (MRU) (2019),
which is attached at an accessible location within the hull.
The center of gravity (CG) of the dredge hull is determined
using a swing test (Hinrichsen 1991; Onas and Datla 2009).
Since the MRU is located offset from the CG, the response

is transformed to CG using an in-built Kalman filter within
the unit. An accelerometer is connected at the top of the free
end of the spud to record the temporal response of the soil-
spud-hull assembly using the OROS (2020) data acquisition
system.

When subjected to external waves, the dredge hull exhibits
rigid body motion in six degrees of freedom. It is observed
that due to wave loading heave and pitch motions are rela-
tively higher compared to other rigid body modes of the Hull.
The spud restraints motion of the hull in the vertical plane
and acts as a pivot point. Therefore, among the rigid body
modes of the hull heave and pitch is the one which is most
restrained by the spud. Therefore, the response amplitude
operators (RAO) of only these two motions are considered
and analyzed for the complete investigation of the system.
RAO is the heave and pitch response ratio to the wave height
and wave slope, respectively. The natural frequency of the
heave and pitch motions are evaluated for the dredge hull. The
experimental results are compared with those obtained from
MAXSURF (2013, 2014) using Panel Method. MAXSURF
motion module analyses the dredge hull response assuming
the potential flow solving the first order radiation diffrac-
tion problem using constant panel-based boundary element
method (BEM). The heave and pitch natural frequencies

’ /
e

Position 2 (middle)

(c) Position 3 of the spud

Fig.9 Dredge hull-spud assembly of different spud locations subjected to wave loading in the towing tank
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Fig. 10 Experimental and numerical comparison of the hull for different wave excitation frequencies under head sea condition
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Fig. 11 Experimental comparison of the hull for different spud locations and wave excitation frequency under head sea condition

comparisons are shown in Fig. 10. The slight difference in
heave and pitch natural frequencies and magnitude could be
due to approximations in the numerical modelling the groove
in the hull provided for the spud. Also, a restraint is provided
to the hull to avoid drifting of the hull using a rope which is
not considered in the numerical model. Next, the variability
in the hull response with change in the effectiveness of the
restraint imposed by the spud is analyzed.

The response of the dredge hull by varying the position of
the spud relative to the dredge hull is analyzed. The dredge
hull-spud system is subjected to regular waves for the same
wave parameter as the bare dredge hull. The variation in
heave and pitch Response amplitude operator (RAO) shown
in Fig. 11 indicates that the presence of spud reduces the
pitch RAQO, and there is a slight shift in the heave and pitch
frequencies.

@ Springer

4 Coupling the hybrid system

From the previous theoretical study (Vijayan et al. 2021)
carried out on the vibration transmission of the cutter shaft,
it was observed that the maximum acceleration amplifica-
tion (Vijayan 2012; Vijayan and Woodhouse 2013, 2014)
occurs for the same length between the primary and sec-
ondary shaft. Therefore, for further analysis of the system,
the relative lengths of the two shafts of the cutter shaft sys-
tem are kept the same to represent the maximum vibration
transmission.

In the practical scenario, coupling between HIL and SIL
is bound to have issues due to delay in the response from
the numerically emulated system (Wallace 2006). Assum-
ing the SIL to be an SDOF system which in the system is
assumed to the lowest natural frequency of the SIL system.
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Fig. 12 Time response of hull with spud at different wave excitation frequencies
The state of the system is represented by ze,,, which indi- The roots of the equation are given by:
cates the dynamics of the emulated system. A substructured
model of the system is created by isolating the spring k.,
to re‘present. the actuator dynamics. The resultant equation of QB —at) £ \/(2§ B —ar)? — 4 w% T )
motion is given as A2 = (16)

mi+cz+kz=F (10)

where the feedback force F is the substructure response given
F = —kuery with y=1z(t—r1).

The actuator system cannot react instantaneously to the
change of state of the numerical model and thus induces a
delay in the response. Thus the equation of motion reduces
to

mZ+cz+kz+kyzt—1)=0 (11

The equation of motion is given by
mZ+cz+kz+kgery =0 (12)
which reduces to
F+26Bz+wiz+ay =0 (13)

where £ is the damping ratio, and w,, is the natural frequency,

kae
a = -2 and B = w/wy,.

Assuming the solution of the form z = Ae*’ we obtain

A H2EBA+ w0l +ae T =0 (14)
Assuming delay 7 to be small, we can approximate e 47 ~

1 — At. Eq. reduces to:

A4 28BA+ @l +a(l — A7) =0 (15)

2

The system stability is determined by the real part of the
root. The change in damping from a positive to a negative
value based on the delay as a bifurcation parameter can lead
to sustained oscillations. This results in hopf bifurcation. The
stability criteria are obtained as:

ot <28 = 1. < % (17)

The delay can be compensated using a feed-forward con-
troller. The feed-forward controller predicts the actuator
response based on the SIL response and compensates for
the delay induced in the system. Since the prediction cal-
culation time needs to be small, this can be complemented
using a n’" order polynomial function based on the present
and n previous calculated values given by

n
x' = Zaix,- (18)
i=0

where 7 is the order of prediction, xy is the present calculated
displacement, x; is the calculated displacement § + x; unit
time ago, and g; is the constants.
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Fig. 13 Flowchart of the system analysis coupling Hardware in the loop
and Software in the loop
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In the current study, HIL is not tested in real time using
embedded SIL system. The process flowchart is shown in
Fig. 13. It is assumed that the desired response from the
numerical model is the same as the actuator response, i.e. Z
= x. Therefore, in the current study controller is not designed
which is used to accommodate the actuator delay. Similarly,
in the measured response, the sensor dynamics are not con-
sidered, i.e., F, = F. System identification is carried out
on the HIL using the accelerometer response. The purpose
of using an accelerometer for identifying the system is to
include the frequency response of the spud. The typical tem-
poral response of the dredge hull with spud at two different
wave excitation, namely 0.47 Hz and 0.74 Hz, is shown in
Fig. 12. At0.74 Hz, both heave and pitch motions are coupled
as indicated by the temporal response. Therefore, for further
analysis, this frequency of excitation is chosen (Fig. 12, 13).

To pass the dynamic parameters across the HIL and SIL,
a system identification on the HIL system is carried out. The
system is identified using the System identification toolbox
in MATLAB. The identified forced SDOF in the lateral direc-
tion is coupled to the lateral DOF of the cutter shaft, as shown
in Fig. 14.

System identification is carried out for three different con-
figurations of the spud relative to the hull. The equation of
motion of the system is transformed into the state space. The
equation of motion of the system is given by:

[(M +M,)spr, (19)
+ MurLX(#) + [C1x(#) + [K gy, +*KuiL]x(t) =F

where M is the global mass matrix of the cutter shaft system,
M, is the added mass of the cutter shaft system, Kgyy, is
the global stiffness matrix of the cutter shaft system, My,

@ Springer

and Ky, are the mass and stiffness of SDOF identified HIL
system, C is the proportional Rayleigh damping using o and
B values 0.01 and 0.0002, respectively, and F is the force
vector of the system.

Furthermore, the state-space transformed equation is:

i

_ 0 I X N 0
—KHybria/ Muybria —C/MHuybria | | X F / MHybria

(20)
where
[Maybria| = [(M + Ma)gpy, + Man] (21)
[Kuybria] = [KsiL + Knr] (22)

The system is subjected to a transient loading using an
initial velocity in the lateral and torsional direction with a
bandwidth of 500 Hz. The universal joint is modelled using
coupling springs of high and low stiffness. The maximum
acceleration obtained along the cutter shaft is determined.
An acceleration ratio is determined by taking the ratio of
maximum acceleration corresponding to low coupling to the
high coupling stiffness. The coupling strength of the univer-
sal joint is varied, and the maximum acceleration observed
across the cutter shaft assembly is noted (Vijayan et al. 2021).
Acceleration amplification for the three different configura-
tions is determined, and the results shown in Fig. 15 indicate
that the acceleration amplification is less sensitive to the spud
position.

The results from the acceleration amplification study indi-
cate that high coupling strength reduces the acceleration
amplification for the same length ratio between the primary
and secondary shaft. Since the cutting action and wave load-
ing cause periodic loading on the cutter shaft, whether the
design is better for fatigue life needs to be verified.

4.1 Fatigue analysis

The fatigue response of the cutter shaft is analyzed by sim-
ulating the response for 10 min. Periodic wave excitation is
provided at the same frequency for which the HIL system
is identified. The variation in wave force along the length of
the cutter shaft is determined using the Morison equation.
A periodic force of 15 N at 0.5 radians/s corresponding to
the prototype periodic force of 1 kN at 1 rad/s is provided
to emulate the cutting action. Assuming five blades each is
exciting the cutter shaft at a phase difference of 36 degrees.
The cutter excitation is provided at the last node in the lateral
DOF along the wave excitation direction. This assumption
is valid for a continuous cutting action; however, in reality,
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Fig. 15 Variation of acceleration ratio for different positions of the con-
nectivity between spud and hull

this could be discontinuous and requires a delay differential
equation (Balachandran 2001) to solve the system. The dis-
placement response and the stiffness of the cutter shaft give
the forces exerted on the cutter shaft system. These forces
upon the projected area of the cutter shaft lead to generate
stress on the cutter shaft system. The rainflow cycle count-
ing is performed in MATLAB by considering the 10-min
stress time history of the cutter shaft system. Two positions
are critical in the cutter shaft system to analyze the fatigue,
i.e., (a) the bottom of the primary shaft at the cutting loca-
tion and (b) the location of the universal joint. The current

iy )

// —_— A
7 # Hull =

44— Roller
F

Identified
SDOF system

Secondary shaft

—

2 Universal joint

Primary shaft—"

s
Q

Schematic of the equivalent SDOF of the HIL coupled to the cutter shaft assembly (SIL)

study location of the universal joint is analyzed for fatigue
life. The rainflow matrix obtained in each cycle contributes
to a certain amount of fatigue damage. The universal joint
controls the vibration transmission from the primary shaft to
the secondary shaft. The previous study (Vijayan et al. 2021)
indicated that a high coupling strength reduces acceleration
amplification. The rainflow matrices for the low universal
joint coupling strength of the universal joint of different parts
of the cutter shaft system are shown in Fig. 16, and Fig. 18,
and the rain-flow matrices with high universal joint coupling
strength are shown in Fig. 17 and Fig. 19. The results from the
rainflow counting indicate a high-stress cycle level observed
for high coupling strength. Therefore, even though high cou-
pling strength reduces the acceleration amplification, it need
not result in good fatigue life (Fig. 16, 17, 18, 19).

5 Conclusions

The critical design consideration for a cutter suction dredger
is analyzed using a hybrid approach of HIL and SIL. From the
experimental analysis carried out on the HIL system consist-
ing of dredge hull and spud, the system frequency response
of the heave and pitch response is determined. To model the
dredge hull and spud, a geometric scaling of 1:4 is consid-
ered. For dynamic scaling, it is assumed that the dredge hull
is mainly subjected to rigid body motion and the spud embed-
ded in the soil is subjected to flexural loading. Therefore, the
dredge hull fabricated using Acrylic and Aluminium frames
is scaled following Froude scaling. Spud is designed as a
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Fig. 16 Rain flow matrix of cutter end of the primary shaft with low
coupling strength of the universal joint
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Fig. 17 Rain flow matrix of cutter end of the primary shaft with high
coupling strength of the universal joint
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Fig. 18 Rain flow matrix at the universal joint position of cutter shaft
system with low coupling strength of the universal joint
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Fig. 19 Rain flow matrix at the universal joint position of cutter shaft
system with high coupling strength of the universal joint

composite cylinder of Aluminium and PVC using the rule
of mixture. The equivalent spud satisfies the Cauchy scal-
ing with reasonable accuracy confirmed using modal testing
on the structure. The dredge hull is analyzed in MAXSURF
motion and compared with the experimental pitch and heave
RAOs. The analysis of the spud attached to the dredge hull
indicates that the RAO reduces with the attachment of the
spud. System identification is carried out on the HIL sys-
tem for three different positions of the spud relative to the
hull. The HIL system is identified as an SDOF in the lateral
direction coupled to the SIL. Analysis of the hybrid sys-
tem comprising HIL and SIL is carried out in state space
by coupling the lateral DOF of the identified HIL and lat-
eral DOF of the FEM model of the SIL cutter shaft. Based
on the previous studies on acceleration amplification in cou-
pled structures (Vijayan et al. 2021), a high coupling stiffness
causes less acceleration amplification along the cutter shaft.
A sensitive analysis of the acceleration amplification based
on the relative spud location is carried out. The results from
the sensitivity analysis indicate that the acceleration amplifi-
cation is insensitive to the spud location relative to the hull.
Next, a fatigue analysis is carried out on the hybrid system by
simulating the response for 10 min. The system is subjected
to wave and periodic loading due to cutting action. Based on
the fatigue analysis carried out using rainflow counting, it is
observed that the stress cycle levels are higher for high cou-
pling stiffness. Hence even though a high coupling reduces
acceleration amplification, it can reduce the fatigue life of the
cutter shaft. Therefore, at the design phase of the cutter shaft,
the coupling of the universal joint should be designed opti-
mally to satisfy moderate acceleration amplification, shaft
length and fatigue loading.
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