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ABSTRACT

The prediction of fatigue crack initiation or crack growth in a structure can be accomplished
most accurately if the time history of loads is known and can be used to predict the time history
of the structural response. In the case of ship structures the load history is usually only known
in terms of the time spent at combinations of different ship speeds and headings in various sea
environments. The sea environment may only be known in ferms of a wave frequency specirum
which in combination with a given ship speed and heading can be used to derive a frequency
spectrum of the local structural response (stress, strain or stress intensity factor) at a location
or region of the ship. The resuliing response specira can then be applied in a fatigue damage
assessment based on either spectral crack initiation or crack propagation analysis methods. This
paper outlines a method for calculation of the frequency spectrum of the structural response based
on the use of regular wave hull pressure loads and rigid body accelerations provided by PRECAL
(a linear frequency domain hydrodynamics code based on 3D potential flow) and a top down quasi-
static structural analysis procedure implemented in the VAST suite of finite element codes. The
finite element quasi-static analyses are conducted for unit pressure loads on each hydrodynamic
mesh facet and for unit rigid body acceleration load cases. This reduces considerably the number
of quasi-static load cases required compared fo using a direct method which applies a set of wave
pressure loads and rigid body accelerations for each combination of regular wave frequency, ship

speed and heading needed to represent a short term or long term ship operational profile.

INTRODUCTION

Traditional ship structural analysis, based on a
static equivalent beam analysis of the ship hull girder
balanced on a design wave, has worked reasonably well
for design of conventional ship structures, but greatly
oversimplifies a complex loading-response process and
does not provide the rational means to assess through-
life safety or develop more efficient designs. Recent ad-
vances in computing technology have resulted in im-
proved methods for modelling the loads acting on a
ship operating in a defined seaway and the correspond-
ing response of the complex ship structure. Both naval
and commercial sectors are developing analysis tools
based on these physical modelling approaches. The
major development project, Improved Ship Structural
Maintenance Management (ISSMM) [1], and other
Canadian Forces (CF) hull system life cycle manage-
ment initiatives, require the capability to predict real-
istic structural response to sea loads for CF vessels.

The Hydronautics Section at the Defence Research
Establishment Atlantic has been developing methods
for prediction of sea loads and their application to fi-

nite element models of the hull structure to predict fa-
tigue and ultimate strength performance. Through co-
operative research with the NSMB (Netherlands Ship
Model Basin), Cooperative Research Ships organiza-
tion, a linear three-dimensional proprietary seakeep-
ing code, PRECAL [2], has been developed to predict
pressure loads for the ship hull operating in a seaway.
The PRECAL code has been used in conjunction with
the Department of National Defence structural finite
element code VAST [3] to predict stress spectra at crit-
ical details in the ship hull for a single ship speed and
heading in a seaway defined by one wave energy spec-
trum [4] and the hull pressure predictions from PRE-
CAL have been validated through full scale measure-
ment [5, 6]. The structural response in terms of stress
spectra, strain spectra or stress intensity factor spec-
tra can be used to predict fatigue and crack growth
behaviour for a given operating profile of a vessel.

A realistic ship operational profile involves a large
number of combinations of sea environments, ship
speeds and ship headings (defined as operational cells),
each of which produces a different hull pressure spec-
tral load case. Application of classical random re-




sponse methods for a full ship finite element model
and the large number of wave load cases is imprac-
tical due to the large computational effort required
to determine the structural response to all load cases.
For crack propagation the finite element mesh must be
changed after a certain increment of crack growth, and
the structural response re-determined, further multi-
plying the computational effort required.

This paper proposes a new practical method for
calculation of the structural response frequency spec-
trum based on the use of hull pressure response and
rigid body acceleration response in regular waves (pro-
vided by PRECAL) and a top-down finite element
structural analysis procedure.

CLASSICAL RANDOM LOAD METHOD

The classical equation for considering the forced
response of a linear deterministic system subjected to
stationary random loading is given by

[Soo(@)] = [Hop(@)] [Srr@)] [H:pw)T (1)

where [Sy5] is the cross spectral density of the struc-
tural response, for example the components of stress
at a particular location on the structure, and [Srr] is
the cross spectral density of applied random loads as a
function of the forcing frequency w. The symbol * in-
dicates the complex conjugate and [X]T indicates the
transpose of the matrix [X]. [Hyr] is the determin-
istic transfer function between loads {f} (harmonic
with time £ and represented by {F} exp(éwt)) and the
harmonic response {0} exp(¢wt) defined by

{o(@)} = [HorW) {F(w)} )

where { } represents a column vector and i represents
v/—1. The elements of {s}, {F} and [H,F] are com-
plex numbers which account for phase differences be-
tween the harmonic quantities. Each harmonic quan-
tity, for example the force component f;, may be spec-
ified in terms of an amplitude ﬁ’j and phase angle «;.
In this case the complex force amplitude F; used in
Equation 2 is given by

Fj = F; cos(ay) + iFj sin(a;). 3)

A procedure has been developed in the VAST fi-
nite element code [7, 8] using the modal frequency re-
sponse method or direct frequency response method
to determine the response cross spectral density ma-
trix [S,o] for a given cross spectral matrix of applied
nodal forces [Spr]. A method has also been developed
to calculate this cross spectral density matrix of nodal
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Figure 1: Convention for the the relative heading an-
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forces [Srr] for a given directional wave spectrum Sy,
and ship speed V based on the equation

[Ser(w, 0)] = {Hry(@,8)} Sy (w,8) { Hp(w, 9)}7("4

where the transfer function vector {Hry,} between the
nodal forces {F'} and a regular wave of amplitude 7 is
calcnlated using PRECAL and algorithms to transfer
between PRECAL hydrodynamic mesh hull pressures
and the finite element mesh nodal forces. Since a di-
rectional wave spectrum is considered, the matrices
shown in Equation 4 are considered as function of the
wave frequency w and the relative heading angle ¢ be-
tween the wave direction and ship heading. The rela-
tive heading angle can be defined as shown in Figure 1
based on the convention used in PRECAL. The result-
ing response spectral density [Sse] from Equation 1
also becomes a function of wave frequency and head-
ing angle. For a given ship speed, heading angle and
wave frequency, a dynamic analysis can be conducted
at the encounter frequency w,, the forcing frequency
seen by the structure, to determine the structural re-
sponse.

When applied to a full ship finite element model,
the above method is computationally intensive. Also
the entire finite element analysis would have to be re-
peated for each ship speed, heading angle and reg-
ular wave frequency combination (potentially 500 to
1000 load cases for linear wave loading and possibly
combined with several wave heights if nonlinear sea
loads are considered resulting in several thousand load
cases). In a top-down modelling scenario it would
be desirable to compute and store the global model
displacement response spectra Syy(w) for each op-
erational cell. Using the classical random response
method the cross spectral density of displacement




would have to be stored for each of the degrees of free-
dom (DOF) in the global model for each operational
cell. If the global model contained 10000 DOF this
would require storage of 10% spectral values Syy(w)
for each operational cell. Clearly the method is likely
to be impractical based on the computation time re-
quirements and disk storage requirements.

Since most of the wave spectral energy is usu-
ally at frequencies well below the lowest hull vibra-
tion mode, the low frequency response can be consid-
ered in a quasi-static analysis outlined in the following
sections to calculate the transfer function [H,p] be-
tween the hull loads and structural response. Since
the cross spectral density matrix of loads is derived
from a single wave spectrum it is also not necessary to
use this transfer function explicitly. Combining Equa-
tion 1 and Equation 4 gives

[Soo] = [Horl{Hrn} Spn {Hpp} [Hipl"  (5)

((Hor] {HFn}) S (Hor] {HFy })**
= {Han}sﬂfi {H;n}T' (6)

Thus, if the transfer function {Hzy} from regular wave
to the structural response is calculated from

{an} = [HoF] {HFn} (7)

then the cross spectral density of the response [Syo]
can be obtained using Equation 6 above without calcu-
lating the cross spectral density of loads matrix [Srr]
explicitly. It is implicitly included by the middle three
terms in Equation 5.

GLOBAL MODEL ANALYSIS

In the proposed method a top-down modelling
procedure is employed involving a global coarse finite
element model of the entire ship and a local detailed
finite element model of the area of interest. The global
model is used to calculate global displacements which
are subsequently used in the local analysis. This sec-
tion will consider analysis of the global model only. In
the previous section the transfer function from wave
to structural response {H,,} was calculated based on
Equation 7 which requires the transfer function [H,pz]
between hull nodal forces (or element pressures) and
the structural response. Each column of [H,r] repre-
sents the global response calculated from a finite ele-
ment analysis with a unit force applied to one of the
wetted hull nodes (or alternatively with a unit pressure
applied to one of the finite elements on the wetted sur-
face of the hull). Since the number of hull elements is
smaller than the number of nodes, using pressure loads
on each element would result in fewer finite element

runs required to determine [H,p] than if nodal forces
were used. Since the number of facets in the PRE-
CAL hydrodynamic mesh is likely to be significantly
lower than the number of wetted hull structural finite
elements, further reduction can be obtained by formu-
lating the transfer function between the regular wave
and the structural response as

{Huy} = [Hup] {Hpy} (8)

where [Hpy,] is the transfer function between the
regular wave and the hydrodynamic mesh facet pres-
sures, which can be computed by PRECAL, and [Hy p]
is the transfer function between the hydrodynamic
mesh facet pressures and the structural response which
in this case is taken to be the displacements {U} at all
nodal DOF in the global model. Each column of [Hyp]
represents the complex displacement amplitudes cal-
culated from the global finite element model with a
unit amplitude harmonic pressure applied over the fi-
nite elements of the hull corresponding to one of the
hydrodynamic mesh facets. Since the forcing frequen-
cies from wave loading are well below the first natural
frequency of vibration of the structure, a quasi-static
approach can be employed.

In the quasi static approach the real and imag-
inary components of the hull pressure loads and ac-
celeration forces due to rigid body motion are applied
to the global finite element model and the real and
imaginary components of the resulting deformation
displacements are calculated from static finite element
analyses. PRECAL can be used to provide the am-
plitudes and phase angles for both the hydrodynamic
mesh facet pressures {P} and the six components of
rigid body acceleration {A} (surge, sway, heave, roll,
pitch, or yaw) of the ship center of gravity (CG) for
a unit amplitude regular wave at a given wave fre-
quency, heading angle and ship speed. Conversion of
the amplitudes and phase angles to complex ampli-
tudes yields the transfer function from wave height to
hydrodynamic facet pressures and rigid body acceler-

ations {H,’ln} For a given wave amplitude n, the

complex facet pressures and acceleration of the ship
CG are then given by

()=t o

The wave to global model nodal displacement
transfer function can then be defined as

{on} = [tuy] {#y, } (10)

where [H U.g] is the transfer function relating the hy-

drodynamic facet pressures and CG rigid body ac-
celerations to the displacements of the nodes of the
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Figure 2: Example unit facet pressure and unit accel-
eration load cases for quasi-static global analyses

global finite element model. Each column of [HU;;]

can be determined by running a static finite element
analysis with either a unit pressure over one hydrody-
namic facet or a unit rigid body acceleration load (a
translational acceleration component or a rotational
acceleration component about the CG). The number
of facets in the PRECAL hydrodynamic mesh is likely
to be on the order of 200. This method would re-
quire, in the case of 200 hydrodynamic facets, running
quasi-static finite element analyses for 206 finite ele-
ment load cases and storing the nodal displacements
for each case. Typical load cases are given in Figure 2
including one hydrodynamic facet unit pressure case, a
rigid body translational acceleration in the vertical di-
rection and a rigid body rotational acceleration about
the vertical axis. Six finite element nodal displace-
ment DOF have been constrained to eliminate rigid
body modes. -

The application of translational acceleration loads
is relatively straight forward. A rigid body accelera-
tion in the z direction a,, for example, would result
in inertial static loads of —m;a, applied at node %, for
i =1 to Ng (the number of nodes in the global model)
where m; is the nodal mass. VAST incorporates an
option to specify the acceleration component and will
automatically generate the translational inertial loads

required.

The application of rotational accelerations is not
as straight forward. Assume a harmonic rigid body
rotation about one of the global axes, for example ¢,
about the z axis, given by ¢z(t) = @, cos{w,t). Also
consider the plane perpendicular to the axis of rotation
through node i (at rectangular coordinates x;,y;,2;)
and the projection of the line between the CG and
node ¢ in this plane. The length of the projected line
will be called R, (see Figure 3). Application of the
rotational acceleration about the CG results in a ro-
tational acceleration at node ¢ of the same value and
a translational acceleration in the plane perpendicu-
lar to the axis of rotation which can be considered in
terms of a radial acceleration component a, along the
projection line and a tangential component a; perpen-
dicular to the projection line. If the amplitude ¥, of
the rotation is small compared to one radian then

a(t) = —Rp@mwf cos(w.t) ::Rp&)'x

= RpAg cos(w.t) (11)
ar(t) = Rpéiwz cos(2w,t)

= —Rp®, Az cos(2w,t) (12)

where ¢,, is the angular acceleration about the z axis
through the CG with amplitude A;. The radial cen-
trifugal component is a non-linear component propor-
tional to the square of the rotational amplitude and oc-
curs at twice the frequency of the CG angular rotation.
Comparing equations 11 and 12 shows that the ratio
of radial acceleration amplitude to the tangential ac-
celeration amplitude A,/A: is equal to the amplitude
of the angle of rotation ®, in radians. Given a rota-
tional amplitude of 5 degrees the radial acceleration
component amplitude is 9 percent of the tangential
component. The tangential component is easily in-
corporated into the quasi-static approach since VAST
includes an option to supply a constant rotational ac-
celeration about a specified point and calculate the re-
sulting structural deformation and stresses. The non-
linear radial component resulting from the harmonic
rotational accelerations about the ship CG supplied
by PRECAL will not be included in the method, al-
though it is acknowledged that it could be significant
compared to the tangential component in severe seas,
especially in conditions giving large roll angles.

As previously indicated, to run a quasi-static fi-
nite element analysis, the model must be constrained
from rigid body motion which requires constraint of six
displacement DOF. If the hull pressure and inertial ac-
celeration loads balance, as ideally they should, then
the reaction forces at the constrained DOF should be
zero. Differences between the discretization of mass
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Figure 3: Translational accelerations @; and a, at
point (z;, y;, 2;) due to a rigid body rotational accel-
eration about the z axis through the ship CG

and how loads are applied in the structural finite el-
ement model compared to the hydrodynamic model,
may lead to some unbalance of quasi-static forces. The
balance of forces can be checked or adjusted with the
following method. During running of the VAST static
analyses with unit load cases, the six reaction forces
at constrained DOF can be used to form the trans-
fer functions TH Rij‘ relating rigid body accelerations
and facet pressures to the six reaction forces at the
constrained DOF. These can be combined with any
PRECAL wave pressure and acceleration load case to
give the wave to reaction transfer function:

{Hro} = [Hra| {Hy,}- (13)

Thus for any PRECAL regular wave load case, the
reaction forces {Hp,} can be checked to see if they
are close to zero.

It is possible to calculate the accelerations re-
quired to achieve zero reactions for a given set of PRE-
CAL facet pressures. This can be done by partition-

ing [H Rg] between reactions due to unit acceleration
loads and reactions due to unit facet pressure loads as

[HR;;] =[ Hra Hzp | (14)

and partitioning the facet pressures and CG accelera-
tions due to a unit amplitude wave as

Hy}= { gﬁz } (15)

Setting the reactions to zero (the LHS of Equation 13)
then gives the following equation for the required rigid

body accelerations,

{Han} = — [Hral™" [Hrp] {Hpy} . (16)

This can be checked against the original PRECAL
rigid body accelerations for each load case. In theory
the location of the six constrained DOF is not critical
as long as only rigid body modes are constrained and
there is no constraint of deformation of the structure.
Some unbalance could likely be tolerated as long as the
resulting reaction forces are not too large and are not
close to areas of the model where the local analysis
is to be undertaken. Some calculations will be car-
ried out to determine the degree of unbalance likely to
occur based on typical hydrodynamic and structural
models and to quantify the effect of the unbalance on
structural response predictions.

In summary, prior to conducting any local re-
sponse analysis, separate global static finite element

- analyses would be conducted with either a unit pres-

gure load on each of the hydrodynamic mesh facets
or a unit rigid body acceleration load. The resulting
displacements at all global model DOF would form,
for each load case, a column of the transfer matrix

[H U;] (real elements) relating applied facet pressures

{P} and rigid body acceleration components {A} to
the global displacements {U}. The transfer matrix

[HU;;] would be calculated once and stored. At the

same time transfer functions |H RA relating the ap-

plied facet pressures and rigid body acceleration com-
ponents to the six reaction forces providing rigid body
motion constraints would be calculated and stored.
Also prior to conducting the local response analy-
sis PRECAL would be run for each regular wave load
case (a combination of wave frequency w;, heading an-
gle 8; and ship speed V;), likely to occur in the cells
of wave spectra, ship heading and speed forming the
ship operational profile, to determine the the transfer

functions {Hg,’} relating the hydrodynamic pres-

ijk
sures and ship CG rigid body accelerations to unit

amplitude regular waves. {Hg would be stored

KPRTH

for each ws, 85, Vi combination. (J)nce the PRECAL
and global finite element runs are completed and the
information stored then any number of local analyses
could be conducted at any location in the ship without

having to repeat the global finite element analyses or
PRECAL analyses.

LOCAL FINITE ELEMENT ANALYSIS

A local finite element analysis will be used to de-
termine the stress or strain spectra at a location (or



locations) for a given cell of wave spectrum, ship speed
and heading which can be used in a fatigue crack ini-
tiation calculation or to determine the stress intensity
factor spectra to be used in the calculation of an in-
crement of crack growth. When the crack increment
reaches a length which is likely to cause a significant
change in the stress intensity factor, then the local
model will have to be re-meshed and the local finite
element analysis repeated. The following discussion
will consider the local response in terms of the stress
components {c} but will also apply to strain {¢} or
stress intensity factor components { K'}. The nodes on
the boundary of the local model common to the global
model will be considered as master nodes where global
displacement boundary constraints will be applied to
the local model. All other nodes of the local model on
the common boundary but which are not in the global
model will be treated as ‘slave’ nodes and constraint
equations used to define the slave node displacements
in terms of master node displacements.

The overall approach involves determining trans-
fer functions {Hoy};;, between wave amplitude and
the local stress components for all combinations of
wave frequency w;, heading angle §; and ship speed
Vi that are in the cells forming the ship operational
profile. The directional wave spectral density S, (w, 0)
will be defined discretely as 57}, over a number of wave
frequencies w; and headings 6; for a cell of the ship op-
eration at speed V. The corresponding cross spectral
density of local response [So,];; is then given by

[Seolss = {Honbiys Siy {H2 Y0y (D)

There are several approaches that can be taken to
compute the transfer function component {Hop}, ;.
These include a direct approach involving a local fi-
nite element analysis for each regular wave load case
and two methods involving either application of unit
displacements to the local model boundary master
nodes or application of unit pressures to hydrodynamic
facets. The efficiency of the three methods will depend
mainly on the number of local finite element static
load cases that must be employed in each method in
the process of obtaining {Hsy},;; for all the PRECAL
load cases (combinations of discrete wave frequency
w;, heading angle 8; and ship speed V3. The number
of PRECAL load cases ny is given by

Ny =m0y XNg X ny, (18)

the product of the number of discrete wave frequencies,
heading angles and ship speeds needed to represent
the operational profile. The direct method requires
2n; load cases since separate analyses are required for
the real and imaginary components. The local unit

load method requires ny, + np + 6 load cases where n,
is the number of local model boundary master node
DOF and n, is the number of hydrodynamic facets
intersecting the local model (likely 0 to 4). The unit
facet pressure method requires np +6 load cases where
np 1s the number of the facets used in the PRECAL
hydrodynamic mesh.

If the ship operational profile is very simple, de-
fined for example, in terms of a single operational cell
for long crested waves (one heading angle, one ship
speed and perhaps twenty discrete wave frequencies),
then the direct method would require 40 load cases. A
realistic short term or long term operation could in-
volve perhaps 8 headings, 20 frequencies and 5 ship
speeds resulting in 1600 load cases. Even if opera-
tional cells are defined in terms of § headings (head,
bow, beam, quartering, following seas) dividing these
headings between port and starboard would result in
8 heading angles.

Based on a typical hydrodynamic mesh contain-
ing perhaps 200 facets, the unit facet pressure method
would require 206 local load cases (200 unit pressure
load cases plus 6 unit rigid body acceleration load
cases). If the global finite element model is relatively
coarse then the local model could contain a relatively
small number of boundary master nodes, perhaps 40,
giving 240 DOF which would result in about 250 load
cases if the local unit load method is employed. This
would indicate that the unit facet pressure method
would likely require the fewest local finite element
analyses. Since the unit facet pressure method is an
extension of the global analysis method and will use
similar algorithms for applying facet pressures it is
likely to require less effort to implement. In the de-
tailed computer implementation of either method fur-
ther advantages or disadvantages may be discovered
and in the end it will likely be desirable to implement
both the local unit load and unit facet pressure meth-
ods. Only the unit facet pressure method will be pre-
sented in detail in this paper.

In the global model analysis the transfer functions
[ o]
represents the global model nodal displacements for ei-
ther a unit acceleration component applied at the ship
CG or a unit pressure applied over a hydrodynamic

mesh facet. Extraction of the rows of HUQ] corre-

are to be stored. Each column of this matrix

sponding to the local model boundary master node
displacements {u} gives the matrix [Hu;;] . The trans-

fer function [H Ug] relating the facet pressures and CG
accelerations to the local response can be obtained by
applying in turn each column of Hu;g] as boundary
digplacements on the local model in conjunction with




the unit CG acceleration if the column is associated
with a global unit acceleration load or a unit facet
pressure if the column is associated with a facet pres-
sure and that facet is completely or partially contained
in the local model. The local model load cases are il-
lustrated in Figure 4 and a flow chart of the method is
shown in Figure 5. The resultant structural response
for each load case forms a column of the transfer func-
tion TH oA ]awhich can be used inconjunction with tran-

fer function {Hén}--k obtained with PRECAL to cal-
ij

culate the transfer function {Hoy},;, for a given PRE-
CAL load case using the equation
{Ho’r]}ijk = I:nggjl H‘;n}ijk . (19)

ENCOUNTER FREQUENCY SPECTRA

For use in fatigue and crack growth analysis it is
desirable to consider the local response in terms of
encounter frequency w, (the actual frequency seen by
the structure) based on the response specira [Syy(we)]
for each operational cell. The encounter frequency is
given by

we = |w —w?V cos(8)/g| (20)

where ¢ is the acceleration of gravity and V is the ship
speed.

For an operational cell with ship speed V}, and
wave directional spectral density Sy,(w,8), defined
over discrete frequencies w;, i = 1,n, and heading
angles §;, j = 1,np as Sif, Equation 17 can be
used to calculate the local response [S,o(w,6)] again
defined discretely as [Sool;;. [Soo(we)] can be ob-
tained by integrating the response spectral energy den-
sity Syo(w, 8) between lines of constant encounter fre-
quency with spacing é,,_. Figure 6 shows plots of a hy-
pothetical spectrum in terms of contours of constant
Sso overlaid with lines of constant encounter frequency
0.01 Hz apart centered at 0.05, 0.10, and 0.20 Hz for
a ship speed of 15 knots. Integration of the spectral
energy density in the shaded area between each set of
lines would give the spectral energy in a bandwidth
of 0.01 Hz about the specified center frequencies. The
figure shows that wave energy over a broad range of
wave frequencies can contribute to the response energy
in a narrow band of encounter frequency.

The energy spectra [S,,(we)] can be obtained
numerically by simply calculating terms [So‘o];'j 6.6
where 8, and &y are the wave frequency and heading
angle point spacing. This response energy is added
to the appropriate frequency bin based on the en-
counter frequency w¥ (w;,8;). For experimental wave
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analyses with the Unit Facet Pressure Method to de-
termine structural response at internal node A
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Figure 5: Flow chart for the Unit Facet Pressure
Method of calculating the transfer function relating
the hydrodynamic facet pressures and rigid body ac-
celerations to the local response
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Figure 6: Plot of directional spectra Sy, {w, #) overlaid
with 0.01 Hz wide bands of encounter frequency at
0.05 Hz, 0.1 Hz, and 0.2 Hz; -- - contours of response
spectral density, — bounds of shaded frequency bands

directional spectra this approach tended to produce
‘jagged’ spectra [5]. Smooth spectra were obtained if
bilinear interpolation of the [S,;];; points was used to
make 6, and &y smaller. Reducing the angular and
frequency spacing to 8,/4 and 83/4 and maintaining
bins of encounter frequency of width é,, equal to the
original wave frequency spacing 6, produced smooth
spectra. It is possible to employ higher order integra-
tion schemes but it was found that this did not work
well for measured directional spectra which tended to
have sharp spikes with high energy at some points and
low energy at surrounding points.

If the cell wave spectra are unidirectional then ob-
taining [Sss(w.)] is simpler. This may be the case
in ISSMM where a cell is planned to be defined in
terms of the Bretschneider two-parameter model for
long crested waves with spectral density Sp,(w) de-
fined by the modal period and significant wave height.
In this case, for a given ship speed Vi, heading angle
8;, and wave spectral density 5',"7?1 defined at discrete
wave frequencies w;, ¢ =1, n,, the response spectral
density is given by

; . 1T .
[See); = {Hdﬂ}ijk S {Horn}ijk i=ln, (21)

While it is simpler to convert [Sgq(w)] to [See(we )]
than converting [S,q(w,8)] to [Syo(we)] it is not triv-
ial since at some headings three values of wave fre-
quency can confribute energy to the same encounter
frequency. A numerical method similar to that pro-
posed for treating [Sys(w,8)], but reduced to one di-
mension, could be employed. An overall flow chart
summarizing the global and local analyses is shown
in Figure 7 for the case where the operational cell is




(START GLOBAL ANALYSIS)
1

PRECAL CALCULATION OF
FACET PRESSURES AND

SHIP CG ACCELERATIONS
{HAn};jx FOR EACH
COMBINATION OF @, 8,
AND V;

| J
USE Hgg AND {Haq};; TO CHECK LOAD BALANCE
FOR EACH COMBINATION OF @, 8;, AND Vj

GLOBAL FE
CALCULATION OF
DISPLACEMENTS Hya
AND REACTIONS HR;;:

(END GLOBAL ANALYSIS)

(START LOCAL ANALYSIS)

. REMESH | Jrrmsmrmsmes - NOTE:
LOCAL LOCAL FE MODEL | Referto
MODEL FOR | | CALCULATIONS OF | Figure 5 for
NEW CRACK RESPONSE Ho# o
INCREMENT analysie

I

USE Hg4 AND {Hin};; TO
CALCULATE {Hgnlijk FOR ALL a;,
85, AND V; USED IN ALLCELLS

DEFINING THE OPERATION

-
——
loop USE tH—1 AND NOTE : cell
e Honlije defined here with
times S-nn((x),) TO CALCULATE ejy Vkl and wave
RESPONSE SPECTRUM spectrum

[ [Soo(@)] FOR CELL | 5, 0(a,), i =1, ng
alt |
celis |

COMPUTE ENCOUNTER
FREQUENCY SPECTRUM Sgo{w.)

APPLY CELL RESPONSE
SPECTRA IN FATIGUE ANALYSIS

(END LOCAL ANALYSIS)

Figure 7: Overall flow chart for global and local anal-
yses for the case where an operational cell is defined
for a single heading angle 8, ship speed V, and a uni-
directional wave spectrum Sy, (w)

defined for long-crested seas. A loop is shown for re-
meshing the local model, after an increment of crack
growth for the case of a crack propagation analysis, al-
though in this case as previously mentioned, the local
response spectrum would be based on stress intensity
factor K and not the stress o shown in the figure.

SUMMARY AND CONCLUSIONS

This paper proposes a top-down finite element proce-
dure for the prediction of structural response frequency
spectra from wave spectra and regular wave pressure
loads predicted with a 3D linear hydrodynamics code.
These spectra can be used for assessment of fatigue
strength and possibly ultimate strength based on re-
alistic ship operational profiles.

The method employs a quasi-static approach
based on finite element computations for unit pres-
sures applied to hydrodynamic mesh facets. Transfer
functions between regular waves and the structural re-
sponse are employed, eliminating the need to calculate
huge cross spectral density matrices of hull pressure
loads as used in classical random response methods.
Separate global static finite element analyses are con-
ducted with a unit pressure on each facet of the hy-
drodynamic mesh and for six rigid body acceleration
load cases. The resultant global model displacements
can be stored and then used for any subsequent local
model analyses with any number of operational cells,
employing different wave spectra and ship speeds and
headings, without having to repeat the global finite
element analysis.

The quasi-static approach requires constraint of
the global model against rigid body motion. The
method also leads to a relatively efficient procedure for
checking reaction forces and correcting inertial loads to
achieve a static load balance for any of the PRECAL
regular wave load cases employed in the analyses.

Of three methods considered for the local detailed
model analyses, the unit facet pressure method is likely
to be the most efficient and easiest to implement.

It is anticipated that the proposed approach
should make spectral methods, based on hull pres-
sure wave loads, sufficiently efficient to be practically
applied within ISSMM. The approach is being imple-
mented in the VAST suite of codes and tested for ap-
plication to fatigue analysis as part of the first phase of
ISSMM. If the method is found to give realistic predic-
tions with an acceptable computational effort, it will
be refined and integrated into the ISSMM software.
An investigation of the use of the method to handle
nonlinear sea loads will also be undertaken.
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