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Abstract: The analysis of the influence of hull deformation on shaft alignment is predominately
conducted using the finite element method (FEM), which is time-consuming, labor-intensive, and
challenging to use for iterative hull design optimization. In this paper, hull deformation is separated
into two parts—global deformation and local deformation, simplified to a single-span beam model
and a grillage beam model, respectively—then solved using the matrix displacement method (MDM).
Compared to FEM, the proposed method has a small calculation error, proving its correctness, while
the calculation time is greatly reduced. The proposed method has been used to calculate the hull
deformation of a ship under various conditions and evaluate its influence on shaft alignment. The
results indicate that under certain conditions, the bearing reaction forces are constant, whereas the
bearing pressure changes as a consequence of the change in shaft-to-bearing angle. The comparison
between local rotation and shaft-to-bearing angle reveals that bearings in various positions follow
distinct laws. We suggest that the shaft-to-bearing angle be used as an additional parameter in the
evaluation of shaft alignment calculations. Moreover, when optimizing bearing pressure, bearings in
different positions are affected differently by global and local deformation, and their optimization
priorities are distinct.

Keywords: hull deformation; global deformation; local deformation; shaft alignment; matrix dis-
placement method; bearing pressure

1. Introduction

With increasing hull scale, hull deflection has a greater effect on shaft alignment.
The use of high-strength steel and the tendency toward growing ship scale, on the one
hand, increase the hull’s flexibility, which, in turn, increases the change in shaft support
displacement as a result of hull deformation [1,2]. A longer and larger shaft, on the other
hand, results in a larger scale of bearings and a heavier load, increasing the thrust force to
meet the power needs of larger ships. This raises two issues. The first is how to calculate
the impact of ship deformation on shaft alignment. The second is whether the influence of
the higher bearing scale can be captured by the bearing load alone.

For ship deformation calculations, the ship hulls are three-dimensional shell structures
for which direct theoretic calculations are nearly impossible to perform [3]. In the past, the
ship hull was simplified to a beam [4], and only the global deformation was considered.
The disadvantage of this treatment is, on the one hand, low accuracy, as the deformation
of the hull cross section [5] is disregarded. Additionally, it is detrimental to the optimal
design of the hull structure. Regarding the effect of hull deformation on the shafting, the
bearing support is only located at a specific location on the hull. The optimal design only
requires reinforcement of the local structure near the bearing, but the calculation of the hull
beam cannot account for the local structural changes.
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With the development of computer technology, FEM has become a popular method
in engineering [6]. Some researchers have utilized FEM to analyze the impact of hull
deformation on shaft alignment [7–10]. The method divides the complex three-dimensional
hull structure into discrete elements [11]. When the elements are of high quality, the results
are accurate. Nevertheless, there are several drawbacks associated with utilizing FEM. First,
hull structure modeling is time-consuming and labor-intensive. However, the actual re-
quired deformation value is limited to only a few specific points. Secondly, FEM calculation
is a post-design evaluation method because the construction of the structure model in the
FEM analysis requires precise information. In addition, the results of FEM are still unable
to distinguish between global and local deformations. Although the results include the
amount of local deformation, the effects of global deformation and local deformation on
the shaft alignment remain unclear. When considering optimal design, a better structural
form can only be found by the exhaustive method.

Some scholars have attempted to analyze the effect of hull deformation on shaft
alignment using direct measurements. There are three main measurement methods. The
first is the load method [12], which employs the jack-up method to measure the bearing
load. In the second method, the wireless strain method, strain gauges are positioned
on the shaft, and data are transmitted wirelessly [13,14]. The idea of this method is to
calculate the bearing displacement by observing the variation in the shaft moment. The
third technique is the laser measurement method [15,16], which gauges bearing offset using
laser calibration. However, the measurement methods do have significant limitations, and
they are not yet widely employed. The load method can only be employed statically, the
strain measurement method cannot be employed for an extended period of time, and the
laser measurement method requires an unhindered optical channel. Furthermore, none of
the three methods can be used to measure bearings underwater.

For the second issue, there is an increasing number of cases of bearing damage leading
to shaft failure as the bearing scale increases [17]. For example, three advanced offshore
patrol vessels belonging to the Indian Coast Guard have found the same excessive bearing
wear [18]; four of the six ships built by a Chinese shipyard suffered frequent bearing
failure [19]; and 11 out of the 17 ships constructed in a single shipyard were subjected to
issues related to bearing faults [15]. In the shaft alignment calculation, the bearing load, or
mean pressure, is the sole parameter used to evaluate bearing failure [20–23]. However, it is
unlikely that all bearings on the same type of ship are overloaded. As the scale of the entire
shaft system increases, the distance between bearings increases, making individual bearings
less sensitive to offset, whereas the increase in bearing size complicates the interaction
between bearing and shaft. Therefore, additional quantities must be introduced to evaluate
the impact of the alignment change on the bearing’s operating condition. Analysis of the
bearing failure form demonstrates that side abrasion with an angle between the shaft and
the bearing also occurs frequently. An increasing amount of research [24–26] has discovered
that the relative angle influences the load area and pressure distribution of a single bearing
significantly. As the scale of the bearing increases, it becomes inappropriate to analyze the
bearing’s operating condition by simplifying the bearing to a simple point and ignoring
the relative position relationship between the shaft and the bearing. Consequently, it is
essential to consider the relative angle between the shaft and the bearing, which indicates
the distribution of the loaded region of the bearing.

The contribution of this paper is that the hull deformation affecting shaft alignment is
separated into two parts—global deformation and local deformation, simplified to a single-
span beam model and a grillage beam model, respectively—then solved using the MDM.
This is advantageous for optimizing the hull structure to alleviate the high bearing pressure
caused by misalignment. On the one hand, the proposed method has a substantial labor
and time consumption advantage over FEM. The proposed method can be modeled and
solved within a few hours. In contrast, modeling and analyzing the structural deformation
of an entire ship using FEM typically takes several weeks. Comparing the results of the two
methods, however, reveals that the error introduced by the simplification in the proposed
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method is minimal. The high efficiency and accuracy of the proposed method allow
iterative optimization to be used in hull structure optimization. In addition, the proposed
method makes it possible to evaluate the degree to which each bearing is influenced by the
two components and to make targeted adjustments when optimizing. Particularly, bearings
that are primarily affected by local deformations can achieve substantial pressure relief
advances with very minor structural modifications.

This paper is organized as follows. Section 1 reviews the effect of hull deformation
on shaft alignment. Section 2 describes the simplified modeling of the global and local
hull deformations and the computation process using the MDM. Section 3 compares the
proposed method with FEM to compute the deformation of a box beam model. Section 4
presents a case study using the proposed methodology to calculate the effect of global and
local deformation on the bearing pressure of ships under different conditions. Section 5
concludes the study and provides suggestions for further work.

2. Hull Deformation Calculation Using the MDM

As one of a ship’s many systems, the propulsion shaft system is borne in the hull
structure, is affected by the deformation of the hull structure, and operates relatively in-
dependently. In this section, the main parameters of the hull deformation calculation are
determined for the shaft alignment calculation based on the hull–bearing–shaft structure
form. The global deformation and local deformation of the hull are then calculated accord-
ing to the beam theory, and the combined results are used to analyze the influence of hull
deformation on shaft alignment.

2.1. Hull–Bearing–Shaft Interaction Analysis

A schematic diagram of the hull–bearing–shaft coupling structure is shown in Figure 1.
The propulsion shaft system is typically located at the stern end of the vessel bottom,
beginning at the thrust bearing or main engine and terminating at the propeller. The
rotating elements are unified into a shaft system, and ancillary structures such as couplings
that rotate with the shaft system can be considered to be intrinsic to the shaft. The shaft
system is only weakly constrained by the bearing. Comparing the length of the bearing to
the length of the shaft reveals that the bearing can be simplified to a point restraint when
analyzing the shaft deformation. The bearing constraints on the shaft system are reflected
in both the vertical and lateral dimensions, but the lateral load is significantly less than
the vertical load, so the vertical force is typically considered. Therefore, the function of the
bearing in the shaft system can be reduced to a single-point force opposing gravity [27].
From the forces of the shaft system, it can be seen that the main loads are in the longitudinal
plane, i.e., the OYZ plane, as shown in Figure 1.

Moreover, unless otherwise specified, the coordinate systems in this paper correspond
to those in Figure 1, i.e., the ship’s length is in the Z direction and is positive toward the
bow. The direction of the ship’s height is Y, and upward is positive. The breadth of the ship
is measured in the X direction, which is positive toward the port side. The directions of
positive displacement, rotation, force, and moment correspond to those specified for the
coordinate system.

As depicted in Figure 2, the structure of the bearing is that of a sliding bearing, which
consists of a bearing holder and a bearing bush. The holder is typically fixed directly to the
hull, and its thickness is significantly greater than that of the hull shell, so its deformation is
minimal. The bearing bush and the shaft journal constitute a friction pair. There is a small
gap between them, which is filled with lubricant to reduce friction. The majority of bearing
failure is caused by damage to the bush, which can be caused by a variety of factors, but
its working condition can be determined by its internal pressure distribution. Both the
contact pressure under the dry friction condition and the hydrodynamic pressure under the
hydrodynamic lubrication condition can directly reflect the bearing’s operating condition.
This pressure parameter is influenced primarily by the relative position of the shaft journal
and bearing bush. The bearing’s upper and lower positions influence the magnitude of its
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reaction force, while the fore and tail trim angles (rotation angles around the OX axis) and
the left and right swing angles (rotation angles around the OY axis) of the bearing influence
the internal pressure area and the distribution of pressure values. The research conducted
by Zhang [28] demonstrates that the effect of the trim angle is significantly greater than that
of the swing angle. Therefore, the parameters to be considered are the bearing’s vertical
position and the trim angle.

Figure 1. Schematic diagram of hull–bearing–shaft structure.

Figure 2. Schematic diagram of the bearing structure.

In terms of the hull structure, the hull is subject to the same gravitational force as
the bearings due to the propulsion shaft. The change in reaction force resulting from a
change in bearing position is negligible compared to the load that causes hull deformation.
Therefore, the effect of the change in reaction force on global hull deformation is negligible,
but it does have some effect on local plate deformation when the bearing offset is large. In
addition, analysis of the shaft system and bearings from the front reveals that the vertical
position and bearing trim angle (both in the OYZ plane) are the critical quantities for
analysis of the shaft alignment. As a long, thin-walled beam structure, the ship is also
primarily loaded by gravity and buoyancy, and longitudinal section deformation is still
superior to other forms of deformation. Consequently, the analysis of hull deformation can
also be focused on the OYZ plane.

2.2. The Global and Local Deformation Calculation Using the MDM

Ship deformation varies with internal and external loads, such as loading and waves,
resulting in various offsets of bearings in different locations. Bearing offset consists of two
components. First, global deformation is calculated by corresponding the hull to a non-
uniform beam and ignoring the cross-sectional deformation, assuming that the deformation
at each point of the cross section is the same as the neutral axis of the hull beam. The second
part is local deformation, which is the cross-sectional deformation, usually caused by the
local load acting on the shell near the bearing.
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2.2.1. Global Deformation Calculation

Similar to the calculation of the ship’s overall strength, the global deformation calcula-
tion simplifies the hull into a thin-walled hollow beam of variable section [29], assuming
that the ship is placed statically on the waves and that the change in buoyancy resulting
from hull deformation is disregarded. The loads in deformation are calculated in the same
way as the strength, considering the balance between gravity and buoyancy. The global
deformation calculation can be performed simultaneously with the strength calculation,
which is necessary during the design process, thus reducing the workload.

The calculation of global deformation is simplified to the mechanical model depicted
in Figure 3. The distributed load (q(z)) is the combined forces of gravity and buoyancy
(including hydrostatic buoyancy and wave additional buoyancy). F represents the concen-
trated mass load at various locations. For instance, the weight of bulkheads and equipment
corresponds to the concentrated load acting on the hull beam. The head and stern con-
straints shown in Figure 3 are imposed so that the calculation can be performed. In actuality,
the calculated hull beams are in equilibrium, and the reaction forces of the two constraints
are both zero.

Figure 3. Schematic diagram of the hull beam.

In this paper, the MDM [30] is used to calculate the non-uniform beam—one of several
methods available. Initially, the non-uniform hull beam is equated to multiple uniform
beams of various dimensions, and Figure 3 becomes Figure 4. ei represents an element
divided according to a certain length, 1 − n + 1 represents the number of displacement
nodes, RF represents the restrained reaction force, and F is the concentrated force at the
nodes. The length of the rib spacing is the length of an element, so that concentrated forces
can be approximately assigned to the nodes at the end of the element. The distributed loads
can be equated to uniform loads.

Figure 4. Schematic diagram of the single-span beam model.

The MDM employs nodal displacement as the fundamental unknown quantity and de-
rives equations from the nodal static equilibrium conditions. The crucial step is determining
the element stiffness matrix and the global equilibrium equation.

In MDM, the ends of the elements are assumed to be clamp-constrained as shown in
Figure 5a. The resultant end force of the element consists of two components: the force due
to displacement and the force due to external load, as shown in Figure 5b. According to the
static equilibrium condition, the resultant shear force and the resultant bending moment of
the nodes are equal to 0. Thus, The equilibrium equation for node i can be expressed as
Equation (1).

Ni−1
i + N

i−1
i + Ni

i + N
i
i = Ni−1

i + Ni
i = 0

Mi−1
i + M

i−1
i + Mi

i + M
i
i = Mi−1

i + Mi
i = 0

(1)
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where N stands for the shear force, M stands for the bending moment, the subscripts
indicate node number, and the superscripts indicate element number. Ni

i and Mi
i are the

force and bending moment caused by the external load, respectively. N
i
i and M

i
i are the

force and bending moment caused by the displacement, respectively.

According to the beam theory, the relationship between the force (N
i
i M

i
i) and the

displacement can be expressed as Equation (2).

N
i
i =

12EIi

l3
i

vi +
6EIi

l2
i

θi −
12EIi

l3
i

vi+1 +
6EIi

l2
i

θi+1

M
i
i =

6EIi

l2
i

vi +
4EIi

li
θi −

6EIi

l2
i

vi+1 +
2EIi

li
θi+1

N
i
i+1 = −12EIi

l3
i

vi −
6EIi

l2
i

θi +
12EIi

l3
i

vi+1 −
6EIi

l2
i

θi+1

M
i
i+1 =

6EIi

l2
i

vi +
2EIi

li
θi −

6EIi

l2
i

vi+1 +
4EIi

li
θi+1

(2)

where Ei is the elasticity modulus of ei, Ii is the moment of inertia, and li is the unit’s length.
vi represents the nodal displacement along the Y axis, and θi represents the nodal rotation
about the X axis.

(a)

(b)

Figure 5. Schematic diagram of deformations and forces in elemental coordinates. (a) Deformations;
(b) forces.

According to Equation (2), the element stiffness matrix (Kei) of element ei is shown in
Equation (3).

Kei =
Ei Ii
li



12
li

2
6
li

−12
li

2
6
li

6
li

4 − 6
li

2

−12
li

2 − 6
li

12
li

2 − 6
li

6
li

2 − 6
li

4


(3)
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The remaining four force components on the left side of Equation (1) due to external
loads are still unknown. The external load of each element consists of a uniform line load
and a concentrated force at the right end, from which the other four unknown quantities
can be expressed as Equation (4). Additionally, the influence of the reaction forces (RF1 and
RFn+1) must be considered for elements e1 and en.



Ni
i

Mi
i

Ni
i+1

Mi
i+1


=



qili
2

−
qil2

i
12

qili
2

+ Fi+1

qil2
i

12


(4)

Substituting Equations (2) and (4) into Equation (1) yields the force equilibrium
equation about node i. Figure 6 depicts the node displacement relationship between
multiple elements. Obviously, the force equilibrium equation of a node includes the
displacements of two adjacent nodes. By iteratively listing all equilibrium equations for
nodes 1 − n + 1, the final solution equations can be obtained in matrix form, as shown in
Equation (5).

pTotal = KTotalδTotal (5)

where KTotal is the total element stiffness matrix, pTotal is the tatal force vector, and
δTotal is the total displacement vector. They are displayed as Equations (6)–(8).

pTotal =



− q1l1
2

+ RF1

−
q1l2

1
12
...

− qi−1li−1

2
− Fi −

qili
2

qi−1l2
i−1

12
−

qil2
i

12

− qili
2

− Fi+1 −
qi+1li+1

2

qil2
i

12
−

qi+1l2
i+1

12
...

− qnln
2

− Fn+1 + RFn+1

qnl2
n

12



(6)
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δTotoal =



v1

θ1

...
vi
θi

vi+1

θi+1

...
vn+1

θn+1



(7)

KTotal =



Ke1
11 Ke1

12 Ke1
13 Ke1

14

Ke1
22 Ke1

23 Ke1
24

. . .
Kei−1

33 + Kei
11 Kei−1

34 + Kei
12 Kei

13 Kei
14

Kei−1
44 + Kei

22 Kei
23 Kei

24

Kei
33 + Kei+1

11 Kei
34 + Kei+1

12 Kei+1
13 Kei+1

14

Kei
44 + Kei+1

22 Kei+1
23 Kei+1

24

. . .
Ken+1

33 Ken+1
34

Ken+1
44



(8)

Figure 6. Schematic diagram of relationship between nodal displacement and multiple elements.

In Equation (5), there are two unknown quantities in the force vector on the left, namely
RF1 and RFn+1, whereas v1 and vn+1 correspond to the positions of the simple support
points, whose values are both 0, and the remaining 2n values are unknown. Consequently,
the problem consists of solving 2(n + 1) equations for 2(n + 1) unknown quantities using
2(n + 1) equations, which is plainly straightforward. Using the beam’s general solution,
other quantities are easily determined after the displacement values of the nodes have
been solved.
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In terms of the calculation process, the MDM and FEM share many similarities, but
they are not identical. First, in terms of the fundamental principle, the MDM solves the
displacement linearly by listing the equilibrium equations of force, whereas the FEM
solves displacement by assuming the shape function to list the energy equations, solving
displacement by the variational method. Second, the MDM is generally applicable to
the solution of simpler structures, and the solution speed is rapid, whereas the FEM is
applicable to both simple and complex structures, although its modeling and meshing
limitations make its computational process relatively complex and time-consuming.

2.2.2. Local Deformation Calculation

In the calculation of global deformation, it is presumed that the deformation of each
point of the cross section is identical to the neutral axis of the beam. The local deformation
calculation corrects for this assumption. The cabin between two bulkheads is chosen as the
range of local deformation analysis, and its load diagram is depicted in Figure 7. Water
pressure deforms the bottom plate and a portion of the side plate, while the deformation
of the bulkhead position is negligible. Thus, when contemplating local deformation,
the bulkhead can be viewed as a form of constraint for the cabin section’s intermediate
shell. Due to the bulkhead’s slight inward compression, the three displacements can be
approximated as 0. Considering that the bulkhead is primarily loaded by water pressure,
its bending moment does not change abruptly, so the rotation angle can also be regarded as
being close to 0. Therefore, the bulkhead can be equated to a clamped support.

Figure 7. Schematic diagram of the loaded cabin.

The objective of the calculation is to determine the offset and rotation of the bearing
on the bottom plate. According to Figure 7, the local deformation can be divided into
two parts: the first part is the deformation of the plate with four edges clamped under
the transverse pressure load, as depicted in Figure 8a; the second part is the action of the
transverse frame when a certain bending moment exists, as depicted in Figure 8b.

The solutions to the two local deformations depicted in Figure 8 are not easy. The
FEM [31] is the main method for resolving the first part due to the presence of longi-
tudinal and transverse stiffeners, the non-uniformity of their size and spacing, and the
non-uniformity of the load. In the second section, it is challenging to define the section’s
scope and moment. The local deformation must therefore seek alternative solutions.

The solution does not require the deformation distribution of the entire plate shell
but the deformation of the longitudinal and transverse stiffeners, as bearings are typically
arranged at the intersection of the longitudinal and transverse stiffeners. Figure 9 illustrates
how the plate and shell in the cabin section can be calculated as the equivalent of a grillage
beam model.



J. Mar. Sci. Eng. 2023, 11, 1495 10 of 24

(a) (b)

Figure 8. Schematic diagram of the local deformation. (a) Four edges clamped plate underwater.
(b) Transverse frame under bending moment.

Figure 9. Schematic diagram of the grillage beam model for local deformation calculation.

Model simplification is guided by the following principles:

• The length is bounded by the bulkheads, the breadth by the sides, and the height by
the bottom and the deck plate above the waterline;

• Both strong and weak stiffeners need to be established. Because the actual load on
the strong stiffeners is closer to the actual circumstances, if both are established, the
deformation result is more accurate;

• The bottom frame is only considered to be loaded by the longitudinal stiffeners, and
the transverse stiffener load is transferred from the longitudinal stiffeners; the side
frame is only considered to be loaded by the transverse stiffeners, as this part primarily
affects the transverse bending moment;
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• The function of the bulkhead for longitudinal stiffeners is to provide clamped sup-
port; the horizontal and vertical intersection nodes of the transverse frame provide
simple support;

• When the model is symmetrical, half of the model can be extracted, and symmetrical
constraints are applied to the symmetrical surface.

For the solution calculation of the grillage beam model, there are two methods: the
FEM and the MDM. The MDM is used in this paper. The spatial location of the beam units
in the frame differs from the calculation of the hull beam in the preceding section, resulting
in two discrepancies in the calculation. One is that the element stiffness matrix must take
into account torsion. In addition, for the global stiffness matrix, the influence of the beam
units at various spatial locations must be taken into account.

The beam elements in the space plate frame of Figure 9 have three principal directions—
longitudinal along the ship’s length, transverse along the ship’s width, and vertical along
the ship’s height—which correspond to the directions of elements e1, e2, and e3, respectively,
in Figure 10. Element e1’s rotation around the OX axis at node 2 is equivalent to element
e2’s torsion, so the effect of torsion must be accounted for in the element stiffness matrix.
As a result, Equation (3) becomes Equation (9).

Kei =
Ei
li



Jzi
2(1 + µi)

0 0 − Jzi
2(1 + µi)

0 0

4Ii −6Ii
li

0 2Ii
6Ii
li

12Ii

l2
i

0 −6Ii
li

−12Ii

l2
i

Jzi
2(1 + µi)

0 0

4Ii
6Ii
li

12Ii

l2
i



(9)

where µi is Poisson’s ratio, and Jzi is the polar moment of inertia.

Figure 10. Schematic diagram of the local coordinates of the beam unit.

The element’s spatial location and local coordinates are distinct. The trajectory of the
local coordinates for the longitudinal, transverse, and vertical beam units is depicted in
Figure 10. The local coordinate of element e1 is aligned with the global coordinate, whereas
the local coordinates of elements e2 and e3 have an angle with the global coordinate.

Take element e2 as an illustration of the relationship between the element stiffness
matrix and the coordinate transformation matrix (Tei). The elemental coordinate of e2
is rotated by αy = +90◦ about the OY axis relative to the global coordinate, with ’+’
representing the positive direction of the right-handed coordinate. Then, the transformation
matrix (Te2) is:
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Te2 =



cos αy 0 − sin αy

0 1 0 0

sin αy 0 cos αy

cos αy 0 − sin αy

0 0 1 0

sin αy 0 cos αy


=



0 0 −1

0 1 0 0

1 0 0

0 0 −1

0 0 1 0

1 0 0


(10)

As a result, the element stiffness matrix of e2 in the global coordinate can be expressed as:

Ke2 = Te2Ke2Te2T (11)

where Te2T is the transpose matrix of Te2, and the two are inverse matrices of each other.
The subsequent calculation then follows the same procedure as the previous section,

i.e., the element stiffness matrices are assembled into the total stiffness matrix; then, the
solution is calculated using Equation (5).

In general, when the local coordinate has αx, αy, and αz angles with the X, Y, and Z
axes of the global coordinate, respectively, the coordinate transformation matrix can be
expressed as Equation (12).

Tei = TαzTαyTαx (12)

where Tαx, Tαy, and Tαz represent the transformation matrix corresponding to αx, αy, and
αz, respectively.

3. Verification of Hull Deformation Calculation

To verify the accuracy of the proposed method, a static floating box beam model
is calculated using both the FEM and the proposed method. Table 1 demonstrates the
parameters associated with the box beam. The box beam model includes three bulkheads
in the middle and employs a longitudinal system of framing. All the strong stiffeners are
uniformly made of flat steel with dimensions of 8 mm × 250 mm, and the weak stiffeners
are made of flat steel with dimensions of 8 mm × 100 mm. It is assumed that the box beam
is statically floating on the water, and its total weight is 269 tons with a draft of 336.2 mm.

Table 1. Geometric parameters of the box beam.

Parameter Number Parameter Number

Length (m) 100 Strong stiffener (mm) 8 × 250
Breadth (m) 8 Weak stiffener (mm) 8 × 100
Height (m) 8 Frame spacing (m) 2.5

Thickness (mm) 8 Longitudinal spacing (m) 1.0

The box beam depicted in Figure 11 was established in ANSYS with the length in the
Z direction, the width in the X direction, and the height in the Y direction. The SHELL281
element is utilized for both the plate and stiffeners. The element size is set to 250 mm, and
Figure 12 depicts both the geometry and the mesh model of the local structure. When the
division of elements is finished, there is a total of 88,200 elements. Checking the quality
of the elements revealed none to be defective, indicating that the FEM calculation yields
an accurate result. At the midpoint of the bow deck, three directional degrees of freedom
are constrained in X, Y, and Z directions; at the midpoint of the stern deck, two directional
degrees of freedom are constrained in the Y and Z directions; and at the side point of the
stern deck, Y directional degrees of freedom are constrained.
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Figure 11. Geometric model of the box beam.

(a) (b)

Figure 12. Diagram of the local structure of the box beam. (a) Geometry model. (b) Mesh model.

After the calculation is complete, the longitudinal keel’s displacement (Uy) and rotation
angle (Rx) are extracted and contrasted with the calculation results of the proposed method.
Figure 13a depicts a comparison of Uy, where the dashed line represents the FEM result
and the solid line with red circular symbols represents the sum of the global and local
deformations. The results of the two methods are comparable in both magnitude and trend.
The displacement of the middle longitudinal keel exhibits a periodic half-sine waveform
along the longitudinal axis. The period is 0.25 L, and the three positions of 0.25 L, 0.5 L,
and 0.75 L correspond to the three bulkhead positions, thereby validating the assumption
of using the bulkhead as the boundary of local deformation.

The solid blue line in Figure 13a represents the global deformation, which has an
arch shape with a maximum value of 1.25 mm and is significantly less than the result of
the sum of the displacements (local + global). This is due to the shallow draft of the box
beam and the small global longitudinal moment. Compared to a typical ship, the box
beam’s stiffeners are sparse and tiny in size, so the local deformation is greater. This is done
on purpose because global deformation calculations using the single-span beam model
are widely used, whereas local deformation calculations using the grillage beam model
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are uncommon. By enlarging the local deformation, the accuracy of the method used to
calculate the local deformation can be more clearly observed.

Figure 13b depicts a comparison of the results of the rotation angle. It shows that the
FEM results are very similar to those obtained with the proposed method. In one cycle, the
rotation angle of the longitudinal keel demonstrates a complete sinusoidal wave pattern,
with the bulkhead serving as the boundary. This demonstrates that when considering the
influence of local deformation on the bearing’s angle, the results vary depending on the
position of the bearings in the cabin. The comparison demonstrates the reliability of the
proposed method.

(a)

(b)

Figure 13. Results comparison with the FEM. (a) Displacement comparison. (b) Rotation comparison.

The difference in the results presented the two figures above is mainly due to the
simplification of the hull deformation into two beam models when using the MDM. How-
ever, the small deviation shows that the result is acceptable. Although the FEM calculation
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may be more accurate, the MDM method requires only a few hours for modeling and
calculations, whereas the FEM calculation requires several weeks to create a complete hull
model. Therefore, MDM has a distinct advantage for extensive computational work like
optimizing hull structure.

4. Case Study of the Effect of Hull Deformation on Shaft Alignment

In analyzing the impact of hull deformation on shaft alignment, the internal pressure
change of the bearing is the main concern. The entire calculation consists of three stages,
with the calculation flow depicted in Figure 14. The first step is to calculate the hull
deformation under various loading and wave conditions; the second step is to input the
bearing offset and rotation into the shaft alignment calculation in order to calculate the
bearing reaction force and shaft deflection curve; and the third step is to calculate the
internal pressure of the bearing based on the bearing load value and the relative angle
between the bearing and the shaft. The second section of this paper describes the first-step
calculation of the hull deformation. The method of calculation for the second and third
stages can be found in Ref. [22] and Ref. [24], respectively. In the third stage, there are
two pressure cases corresponding to the initial start/stop and continuous operation of the
shaft system, namely static contact pressure and dynamic hydrodynamic pressure. This
paper focuses primarily on the contact pressure and uses it as a parameter to evaluate the
bearing’s response to hull deformation.

Figure 14. The calculation flow chart for the effect of hull deformation on shafting bearings.

4.1. Introduction of the Ship Layout and the Calculation Working Conditions

As the subject of analysis, a vessel with bearing failure is selected. Figure 15 depicts the
stern layout of the vessel. The propulsion shaft system is located in the middle longitudinal
section. There are seven bearings in this ship, and the rear three are water-lubricated
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Thordon bearings. The material parameters of Thordon bearings are referred to in Ref. [24].
The front four bearings are white alloy bearings that are lubricated with oil, and they are
all located inside the cabin. The bearing parameters are shown in Table 2.

Figure 15. Stern layout of the vessel.

Table 2. Table of bearing parameters.

Bearing No. Material Length-to-Diameter Ratio

B1 Thordon 1:2
B2 Thordon 1:1.5
B3 Thordon 1:1

B4–B7 White metal 1:1

Ship loading and waves are two key factors that affect hull deformation. Many
combinations of the two exist, and several typical working conditions are selected for
analysis, as listed in Table 3. Initial consideration is given to the loading variation in
still water, including the variation from light load to constant load to full load. Then,
distinct wave conditions are considered, assuming that the loading is always constant. It is
presumed that waves are two-dimensional cosine waves with a wavelength equal to the
ship’s length and the crest-to-trough height variation. The ship is hogging when the wave
phase of 0° is located at the stern and is sagging when the wave phase of 90° is located at
mid-ship.

Table 3. Table of the working conditions.

Wave Loading Nominal Wave Height

Still Light/Constant/Full 0.0 (m)
Hogging Constant 0.1/0.5/1.25/2.5/4.0/6.0 (m)
Sagging Constant 0.1/0.5/1.25/2.5/4.0/6.0 (m)

4.2. Comparison of Different Loadings in Still Water

A comparison of the global hull deformation for different loadings in still water is
shown in Figure 16. The vertical lines in the picture show the locations of bearings B1–B7
from left to right. When the loading changes, the hull deforms significantly. The bearings
in different positions are correspondingly deflected and rotated. From the light load to
the full load, the offset value of the B1 bearing changes the least, and the rotation value
changes the most, reaching 1.5 × 10−3 rad. The rotation value of the B7 bearing changes
the least, and the offset value changes the most, reaching −50 mm.
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(a)

(b)

Figure 16. Comparison of the global deformation at different loadings in still water. (a) Vertical
displacement. (b) Rotation angle.

The local deformation results for the three loads in still water are shown in Figure 17.
The local deformation is calculated over four cabin lengths, covering seven bearings and
containing five bulkheads. The long vertical lines are used to identify the bulkhead lo-
cations, and the short vertical lines are used to identify the bearing locations. The local
deformation results exhibit periodicity according to the bulkhead boundary. The displace-
ment results show a periodic half-sine waveform, and the rotation results show a periodic
sine waveform. The results indicate that there are variations in the local displacement
and rotation based on the bearing’s positioning within the cabin. Although the results
presented in Figure 17 correspond to still-water conditions, it is reasonable to infer that the
local deformation trends would be analogous in wave conditions, given the fact that water
pressure remains relatively consistent within the same cabin.
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(a)

(b)

Figure 17. Comparison of the local deformation of the hull at different loadings in still water.
(a) Vertical displacement. (b) Rotation angle.

By comparing Figures 16 and 17, it is found that the global deformation exhibits a
displacement change magnitude of 10 mm and a rotation change magnitude of 10−4 rad.
However, the local deformation displays a displacement change magnitude of 1 mm, which
is 1/10 of the global deformation, and a rotation change magnitude of 10−4 rad, which is
comparable to the global deformation. However, the difference in displacement values
does not indicate that the local deformation has a minimal impact on the shaft system
because global deformation includes rigid body displacement, which has no influence on
the shaft system.

According to the bearing offset and rotation values, the shaft alignment calculation
and bearing pressure calculation can be carried out according to step 2 and step 3 in
Figure 14, respectively. The analysis primarily focuses on the three stern bearings, namely
B1, B2, and B3, due to their nearness to the propeller, resulting in a relatively larger load.
The results are listed in Table 4. The base condition is required in the shaft alignment
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calculation, since the results of the hull deformation are relative values rather than absolute
values. Considering the process of shaft installation, it is necessary to perform a secondary
adjustment of the shaft system while it is in a floating condition with a light load during
the installation process. The base condition is the light load condition, in which the bearing
offset is 0mm and the shaft-to-bearing angle is 0 rad. All the shaft alignment and bearing
pressure calculations are based on the base condition.

Table 4. Results of bearing reaction force and pressure at different loadings in still water.

Work Condition Bearing No. Offset (mm) Reaction Force
(kN)

Shaft-to-Bearing
Angle (rad)

Maximum
Contact Pressure

(MPa)

Light load
B1 0.0 50.69 0.0 1.98
B2 0.0 38.89 0.0 2.14
B3 0.0 29.05 0.0 3.30

Constant load
B1 −5.61 50.81 7.8 × 10−5 2.85
B2 −12.21 38.76 4.4 × 10−5 2.48
B3 −19.05 28.94 5.3 × 10−5 3.76

Full load
B1 −11.23 50.94 1.7 × 10−4 3.74
B2 −24.43 38.62 9.8 × 10−5 2.89
B3 −38.10 28.83 1.0 × 10−4 4.19

It can be seen from Table 4 that although there is a large offset of the bearing, the change
in the reaction force of the bearing is small. There are two causes for this phenomenon.
The first is that the deformation of the entire shaft is primarily rigid body-like translation
and rotation as demonstrated by the nearly straight line of the hull–stern deflection curve
in Figure 16a. The second reason is that the three bearings are separated by a significant
distance, resulting in a small load variation caused by bearing deflection.

The maximal contact pressure of the three bearings increases as the load increases from
light to constant to full. The pressure that changed the most doubled in magnitude. This is
due to the change in shaft-to-bearing angle. From the load change and pressure change
of the bearing, it is evident that the single load parameter cannot accurately represent
the influence of hull deformation on shaft alignment. In order to account for the change
in bearing condition during this procedure, another quantity, i.e., shaft-to-bearing angle,
is required.

4.3. Comparison of Different wave Conditions

The results depicted in Figures 18–20 can be derived by calculating the wave conditions
listed in Table 3. Among them, Figure 18 depicts the variation curves of the three bearings’
reaction forces under various wave conditions. It can be observed that as the nominal
wave height increases, the change in reaction force of the B3 bearing is the greatest, the
change of the B2 bearing is relatively small, and the change of the B1 bearing is the smallest.
The bearing reaction force is influenced by the bearing’s offset, which consists of two
components: the global deformation offset and the local deformation offset. Since the
displacement of the shaft in the global deformation includes rigid body translation and
rotation, it is difficult to directly compare the effect of global and local deformation on the
bearing reaction force.

Figure 19a depicts the variation of the maximum contact pressure inside the bearing
when hogging occurs. The curve of the three bearings can be divided into three stages. In
the first stage, when the wave height is 0 m–0.5 m, the pressure decreases; in the second
stage, when the wave height is 0.5 m–4.0 m, the pressure increases; and in the third stage,
when the wave height is 4.0 m–6.0 m, the pressure varies steadily. Comparing Figure 19a to
Figure 18a, it is evident that the change in reaction force and the change in bearing pressure
are not synchronized. For instance, the reaction force of bearings B1 and B2 remains



J. Mar. Sci. Eng. 2023, 11, 1495 20 of 24

essentially unchanged, whereas the bearing’s pressure continues to vary with the wave
height, and the pressure of bearing B3 increases when the reaction force decreases. This
also indicates that in the shaft alignment analysis, the reaction force alone is not sufficient
to reflect the change in the bearing condition.

Figure 20 shows the variation curves of the shaft-to-bearing angles and local rotation
angles of the three bearings under different wave conditions. The shaft-to-bearing angle
depicted in Figure 20a, represented by the three labeled lines (B1, B2, and B3—shaft-
to-bearing angle), can explain the cause of the bearing pressure variation depicted in
Figure 19a. When the wave height is 0 m–0.5 m, the three bearings’ shaft-to-bearing angles
transform from negative to positive values. A negative value of the shaft-to-bearing angle
indicates that the bearing is aft trim and that the maximum pressure is located at the
rear end, whereas a positive value indicates that the bearing is forward trim and that the
maximum pressure is located at the front end. When the wave height is between 0.5 m
and 4.0 m, the angle of the three bearings progressively increases, which is caused by the
wave-induced increase in hull deformation. When the wave height is between 4.0 m and
6.0 m, the B1 and B2 shaft-to-bearing angles remain relatively unchanged, while the B3
angle continues to increase at a decreasing rate. This indicates that the shaft-to-bearing
angle does not always increase as the hull deformation increases.

(a) (b)

Figure 18. Bearing reaction force variation curve with different wave heights. (a) Hogging condition.
(b) Sagging condition.

(a) (b)

Figure 19. Comparison of the bearing maximum pressure with different wave heights. (a) Hogging
condition. (b) Sagging condition.
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(a) (b)

Figure 20. Comparison of local deformation rotation and shaft-to-bearing angle with different wave
heights. (a) Hogging condition. (b) Sagging condition.

The three dashed lines in Figure 20a represent the local rotation curves of the three
bearings, i.e., the three lines labeled B1, B2, and B3—local rotation. The local rotation values
are obtained in the local coordinate system and are independent of the rigid body’s rotation.
The shaft-to-bearing angle is also independent of the rigid body displacement. Conse-
quently, these two values are comparable. The influence of the effect of local deformation on
shaft-to-bearing angle can be seen from the closeness of the two curves at the same bearing
position. The closer the two curves are, the greater the influence of local deformation, and
vice versa, the greater the influence of global deformation. In Figure 20a, the two curves of
bearing B1 are very close, the two curves of bearing B2 are closer but have some differences,
and the two curves of bearing B3 have a significant difference. This indicates that bearing
B1 is primarily affected by local deformation, bearing B2 is affected by both global and
local deformation, and bearing B3 is primarily affected by global deformation.

Figures 19b and 20b represent the results of the sagging condition, which lacks the
first and third stages observed in the hogging condition. The reason for the absence of
the first stage is that the shaft-to-bearing angle does not alternate between positive and
negative values as the wave height increases in the sagging condition. The absence of a
third stage is due to the fact that in the sagging condition, the water line of the bow and
stern is higher than the water line of amidships, so the water pressure of bearings B1 and
B2 corresponding to local deformation can always increase with the height of the wave.
During hogging, the waterlines of the bow and aft are lower than the mid-ship waterline.
As the wave height increases, the ship’s bottom is elevated above the water for a period of
time, resulting in constant local deformation. Comparing the shaft-to-bearing angle curve
and the local deformation rotation curve in Figure 20b, it can be seen that the two curves
are closest for bearing B1, followed by bearing B2, and have the greatest difference for
bearing B3, which is similar to the hogging condition.

From the magnitude of the influence of local deformation and global deformation
on bearing pressure, it is easy to draw conclusions for optimization of bearing pressure.
For the bearings affected by large local deformation, such as the B1 and B2 bearings, it is
necessary to strengthen the local structural stiffness; for the bearings affected by large global
deformation, such as the B3 bearing, it is necessary to strengthen the global stiffness of
the hull structure. When contemplating the optimization of bearing pressure by adjusting
the arrangement, the local deformation-affected bearings can be reduced in this manner.
Referring to Figure 17b, the change in the local deformation angle corresponding to various
cabin positions differs. For example, the rotation angle in the middle of the compartment is
always close to 0, and the greatest change in position occurs near 1/5 of the cabin’s length.
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Adjusting bearings B1 and B2 to a position close to the compartment’s midsection can
reduce the local deformation angle, thereby achieving the goal of reducing bearing pressure.

5. Conclusions

This paper studies the effect of hull deformation on shaft alignment. The global
deformation and the local deformation are separated, simplified to a single-span beam
model and a grillage beam model, respectively, and solved with the MDM. First, the
proposed method is applied to a box beam and contrasted with the FEM to evaluate its
effectiveness. Then, it is used in a case study to analyze the hull deformation of a ship under
various conditions and its effect on the shafting bearings. The conclusions are as follows:

1. Comparing the results of the proposed method and the FEM in the calculation of the
box beam reveals that the displacement and rotation trends are highly consistent, and
the maximum error of both quantitative values is approximately 10%, demonstrating
the validity of the method. In addition, the proposed method omits the FEM’s complex
modeling, which can substantially reduce workload and time consumption.

2. The influence of hull deformation on shaft alignment is calculated for a ship subject to
varying loads and wave conditions, and it is found that with varying hull deformation,
some of the bearing forces remain constant while the pressure varies. This indicates
that the bearing reaction force is insufficient for evaluation of the bearing condition.

3. The variation in the bearing pressure is consistent with the trend of the shaft-to-bearing
angle, indicating that the pressure is affected by the angle. The shaft-to-bearing angle
is proposed as an additional evaluation parameter in shaft alignment analysis.

4. Comparing the local rotation and shaft-to-bearing angle reveals that bearings in
various positions produce distinct results. This indicates that global and local de-
formations have different effects on bearings in varying positions. This is crucial
for optimizing the design of the vessel structure and bearing arrangement to reduce
bearing pressure.

5. The displacement results for the longitudinal local deformation at the cabin bottom
exhibit a half-cosine waveform, while the rotation angle results exhibit a full-sine
waveform. This suggests that the influence of local deformation can be diminished on
bearings that are primarily affected by local deformation by adjusting the longitudinal
location of the bearing in the cabin.

In future work, the effect of hull rigidity on shafting vibration can be analyzed, and the
effect of hull deformation on the hydrodynamic pressure distribution within the bearing
can be discussed.
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