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1. SUMMARY AND CONCLUSIONS

This paper describes a method of determining structural design loads which
is based on, what are now, generally accepted, probabilistic principles.
The basic concept is that each ANVCE vehicle should have a reasonable
probability of being capable of withstanding the most severe load which it
may be expected to en-ounter during its normal operating life. The "reasonable
probability" has been defined here in terms of factors of safety on yield,
ultimate and fatigue loads (see Table 2).

At first glance it may appear that the procedure described is too complex
to be used in point design. For same cases where very little information
exists this may be true. It is, however, the basic philosophy of the
probabilistic approach that is important; this approach can be applied at
any level of detail or, if necessary, approximation. Once the framework
is established and the first calculations made it should become apparent
which areas are critical to design and which require further experimental
or analytical investigation.

Any rational, defensible procedure used to determine design loads under this
basic concept is acceptable. A particular methodology has been outlined in
this paper but others can be used equally well. Full-scale trial data, sub-
scale tow-tank model data or analytical methods can all be adapted to the
procedures described. The use of empirical formulae is discouraged unless
the rationale behind the formulae can be interpreted in a compatible proba-
bilistic format. The use of arbitrary, deterministic conditions is also
discouraged such as the traditional procedure of supporting a ship on a wave
of length equal to the ship waterline length and height to length ratio of
1/20, or the use of a 10 ft/sec sinking speed to define hydrofoil hull impact
pressures. These conditions are meaningless without supporting analysis to
determine how likely they are to occur and how often worse conditions might
occur, in the particular environment to which the ANVCE vehicles will be exposed.

The object of the specified concept and specified factors of safety is not to
enforce uniformity of approach but to promote the development of a set of
comparable designs, developed to uniform standards.



2. INTRODUCTION

The concept of rational structural design involves the determination of
loads on the basis of scientific rather than empirical procedures, in order
that uncertainties may be reduced to a minimum. The concept is consistent
with the modern approach to structural design that considers the "demand"
upon and "capability" of the structure. In short, instead of insuring
that a simple, calculated, design stress is below the ultimate strength of
the material by an arbitrary factor of safety, an attempt is made to determine
the demand of all loads acting on the structure and then the capability in
terms of load-carrying ability -- the load the structure can withstand without
failure. This approach requires a definition of failure, which may be a serious
buckle, a major crack, complete collapse, or a tensile failure. The concept
of rational design of a ship hull is believed to be consistent with a proba-
bilistic approach, which has been found to be essential for dealing with random
seaway loadings. Both demand and capability can be expressed in terms of
probabilities, and a satisfactory design is then one in which the probability

of failure is reduced to an acceptably low value (Reference 1).

The structural design criteria for an ANVCE candidate vehicle, therefore, should
be based on the following three basic considerations:

1) The operational profile of the vehicle, which specifies how the vehicle
is to be used in terms of loading, endurance, speed, transient maneuvers,
mode of operation (cushion-borne, foil-borne, air-borne, hull-borne, etc.)

2) Analysis of the environment, which determines what weather conditions
the vehicle will be likely to encounter in those areas in which it will
be required to operate.

3) Definition of acceptable levels of structural reliability. In statistical
terms this implies defining an acceptable return periodk for the design
limit loads, which defines the probability of exceeding the design
structural load during the vehicle's lifetime, and, in conjunction with
the selected, structural-strength distribution, determines the probability
of structural failure during the vehicle's life.

Most of the vehicles represented in the ANVCE program are, by definition, of
advanced design, so that rather little prior experience is normally available.
Empirical formulae, based on prior vessel experience, has, traditionally,
been the mainstay of naval architecture for very many years. It is contended
here that empirical formula and arbitrary load conditions can only be accepted
as a last resort for advanced marine vehicles. Instead, every effort should
be made to determine loads in a rational, probabilistic manner that is
consistent within itself and consistent with the operational expectation of
the vehicle.

*Return period (frequency of occurrence) 1



3* BASIC METHODOLOGY FOR DETERMINING STRUCTURAL LOADS

The loads experienced by an ocean-going craft depend upon a very large
number of influences; they vary with time in a random manner; they never
occur in exactly the same way twice. Some of the influences are vehicle-
related such as speed, weight distribution and control settings and some are
dependent on the environment such as wave height and wind speed. The structural
designer has to convert this constantly changing scene to a limited number of
design load cases which can be used to determine the craft's scantlings.

The method adopted here consists basically of the following steps:

• Analysis of the Operational Environment

• Selection of representative loading cases

- Determination of the probability of occurrence of each of the loading
cases

. Calculation of the loads for each representative case in the form of an
average or root mean square value together with a short-term probability
distribution to describe the possible variations of loads under these

-Iconditions

• Computation of long-term probability distributions by combining the short-

term distributions

. Selection of design loads.

In order to define the problem therefore, the first requirement is to define
the operational environment.

Operational Environment

Figure 1 shows a typical operational envelope for an advanced marine vehicle,
in this case an early version of an amphibious assault landing craft. The
craft is expected to operate within the speed wave-height envelope shown. The
proportion of time spent in each area of the envelope is indicated. The distri-
bution on the wave-height axis is derived directly from ocean wave-height data
as suggested by Figure 2. The horizontal distribution along the speed scale
was derived from a typical mission profile such as that shown in Figure 3.
The sloping lines dividing the speed zones represent the fact that the craft's
speed must fall off as sea state increases. This particular craft, for example,

* 1 could reach 90 knots in calm water but was not expected to exceed 40 knots in
SS4. It was not expected to operate on-cushion in sea states higher than SS4.
The loads experienced in this case in SS4 even at 40 knots were so severe
that consideration was given to reducing speed still more in the higher sea
states. This consideration is represented by the two lines labeled "structural
loads limitations". One point of interest in this diagram is that the percentage
of time spent in the most severe conditions is really quite small. 2.2% of
the total time is spent in SS4, between wave heights (H1 lo) of 5.8 and 8.7 feet
and between speeds of 25 and 48 knots. However, only a A 11 proportion of this

$A
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2.2% is actually spent near the extreme corner of the diagram (at 40 knots in
wave heights of 8.7 feet). If this distribution within each area is not taken
into account, the results can be misleading. In the case shown in Figure 1,
the cases actually used for computation are shown by the small open circles.

Speed and sea state are not the only quantities that define the operational
environment, however; it is equally important to define the distribution of
heading angle to the dominant wave direction and also distribution of gross
weight. Typical distributions of these quantities are shown in Figs. 4 & S. All
headings are normally assumed to be equally probable and a gross weight distri-
bution can usually be derived by a brief analysis of the typical mission
profiles or the top-level requirements.

By means of the foregoing considerations, therefore, a matrix of representative
cases has been developed. For each case, a set of loads is required, which
can be generated either by computational methods or by making use of experi-
mental results. In practice, a combination of both sources is often used.

* For each condition, the designer is interested in a wide variety of load
information.

Types of Loads

The designer requires information on a large number of types of loads such as
* .the following:

" Midship vertical bending moment and shear farce

" Longitudinal distribution of bending moment

" Transverse bending moments

" Torsional moments

" Hydrodynamic and hydrostatic pressure distributions.

In all cases, information will be required on limit load and fatigue loads.
These loads may be due to a variety of causes which are normally superimposed
on each other. The most significant causes of load are:

*Still-water loads - due to the interaction of buoyancy, lift forces
and weight distribution

*Thermal stresses - due to the different temperatures existing at different
components of the structure

*Wave-induced loads - which are normally the most significant as far as
design limit loads are concerned

*Slam-induced loads - which occur when the hard-structure of an ACV or
the hull of a hydrofoil hits the water. Conventional ships and planing
craft are also subjected to slamming loads on their bow and bottom areas.
These loads are normally superimposed on the wave-induced loads.

hA5
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An illustration of the relative significance of different load types during
asingle voyage of a merchant ship is shewn in Figure 6 (Reference 1).

A procedure is required to consider each of these loads in turn, estimate
their magnitudes and probability distributions and to determine to what extent
they should be superimposed on each other. The method described here attempts
to carry this out. It is inevitable that some of the steps in the method
are considerably weaker than others, but the important thing is that it does
produce usable numbers for the designer. As time goes on, each step can be
re-examined and the validity of the total method can be steadily improved. In
order to determine these loads, however, hard data is required on each and
every one of the selected cases. The sources of data will be discussed in
the next section.

Sources of Information

As more and more research and development work is done on an ever-increasing
number and variety of advanced marine vehicles, a larger and larger data base
becomes available. The advanced marine vehicle community have, perhaps,
followed the lead of the conventional ship designers (Refs. 1, 2, 3, etc.) in
attempting to replace empirical formulae by rational design procedures, and
by extensive full-scale experimentation.

Available sources of information can perhaps be divided into three main groups:

.Analytical load prediction procedures

.Model test results

.Full-scale test results.

These will be discussed, in turn, below.

Analytical Load Prediction Procedures:

Empirical Formulae -

The simplest form of analytical procedure is the empirical formula. It
should not be forgotten that until less than twenty years ago, many successful
ships and sea planes were designed to formulae (Reference 4, for example).
Before the advent of modern computational techniques this was often the
only procedure available to most designers.

Frequency-Domain Simulation -

Provided that the response of the vehicle to a seaway can be assumed to be
linear, then frequency-domain analysis can provide load and motion information
in a reasonably economical fashion. This procedure is described in Reference 5,
for example. The response amplitude operators for the quantity in question
(midship bending moment, pitch motion, etc.) can be computed by treating tile
hydrodynamic and hydrostatic forces acting on the vehicle as linear systems.
The root mean square (rms) response of each quantity can then be determined for
any specific condition of operation.

7
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In spite of the fact that most advanced ship response systems are very
obviously nonlinear, it has been found, experimentally, that the agreement
between rms responses measured in the model tank and those predicted by
frequency-domain simulation is surprisingly good, even for operation in
severe sea states. (References 6 and 7). It should be emphasized, however,
that it is, often, only the rms values that correspond to the predicted values.
As the responses are, typically, nonlinear, especially in high sea states, the
distributions of peak responses do not follow the Rayleigh distribution and
the maximum values predicted by using the Rayleigh distribution constants do
not, in general, match experimental values.

The great advantage of the frequency-domain simulation is that it is simple,
flexible and inexpensive. As it has now been proven, many times, to yield
usable values of rms response, it provides a very valuable design tool.

Time-Domain Simulation-

A great deal of effort has been devoted to developing very comprehensive
time-domain simulations of advanced marine vehicles. For example, Reference 8
describes a simulation of the SES which has been under more-or-less continuous
development ever since 1970. This particular model provides a detailed repre-
sentation of the SES that may be used to generate six-degree-of-freedom response
to wave action, maneuverability characteristics, simulated emergency conditions,
etc. As time goes on, and the power of computation techniques increase, it
is very probable that the time-domain approach will be used more and more in

d~~nwork but at the present state-of-the-art, it does have some disadvantages.
Firstly, it is a very elaborate procedure to use, so that when engineering
time and computer hours are taken into account, it is very expensive to operate.
Secondly, due to the expense involved, it is not usually possible to run the
program for long enough to obtain a reasonable statistical sample. By its
nature, the time-domain model is deterministic whereas the real world of wave-
induced loads (even in the model tank) is probabilistic. The current tendency
seems to be to use time-domain models for specific, time-constrained, transient
events, such as maneuvering and emergency ditching, etc., rather than for steady-
state operation.

Impact Simulation-

A much less ambitious time-domain simulation, that has proven itself useful for
many years, is the impact program which has been used in different versions, to
generate impact load time histories for the SES-100A (Reference 9), the JEFF-A
Landing Craft (Reference 10), the Arctic SEV study (Reference 11) and the Litton
and Rohr 2KSES designs. The impact analysis makes use of the assumption that
the normal operation of an advanced marine vehicle, when cushion-borne or foil-
borne, is more-or-less impact-free, so that impacts of the hard-structure of
the hull or wet-deck on the water surface are comparatively rare events. It
follows that the motion of the vehicle prior to the slam can be predicted
satisfactorily by a frequency-domain simulation. By using the characteristic
parameters of the Rayleigh (or Weibull or generalized gamma, etc.) distribution,
the probabilities of a slam occurring at any point on the craft at any particular
velocity can be determined. A slam event is illustrated by Figure 7. The
impact program logic converts the probabilistic information of the frequency-
donain program into a deterministic scenario represented by Figure 8. Wave

9
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heights and lengths are chosen to be compatible with the frequency-domain
information and other parameters are chosen to provide representative situations.
Considerable effort has been expended, over the years, in studying the sensitivi-
ty of the final results to the assumptions made. When necessary, ranges of
values have been used to provide multiple simulations. By treating each
element of the wetted impact area as a section of an impacting wedge, defined
by effective trim and deadrise angles, and by applying modified versions of
the techniques developed in References 12, 13, 14 and 15, it is possible to
generate a pressure map of the impact area. Integration of the pressure
yields total load at each instant of time and, consequently, the vehicle
response can be calculated. A typical time-history is illustrated in Figure 9.

By carrying out a number of these impact calculations, each of which is
associated with a specific frequency of occurrence, it is possible to generate
a long-term, probabilistic picture of the impact loads that any vehicle may
experience during its lifetime. This procedure will be covered in a later
section.

Model Tests

A number of structural model test techniques have been developed over the
last few years and the application of these techniques to the advanced
marine vehicle field has yielded a very significant amount of useful data
(References 6 and 7 for example).

Segmented models have been instrumented to provide measures of shear force and
bending moments at one or two hull stations. These models have been tested
in head seas and in impact drop tests. These models are similar to those
that have been used in tests of conventional ship models (Reference 16).

A rigid, vinyl modelling technique has been developed at DTNSRDC which
allows modelling of structural response as well as structural loads. This
is achieved by using the fact that the elastic modulus of the rigid vinyl is
such that its elastic properties scale properly for 1/30-scale models of
aluminum prototypes or 1/28-scale of steel prototypes (References 17 and 18).
This method was used to build a model of the CPIC which was tested at DTNSRDC.

A similar technique has also been developed in which scale models have been
built by using a segmented model whose component segments are attached to a
carefully designed scaled structural grillage. This method has been very
successful in measuring response of complex models in head and oblique seas.
(References 19 and 20).

In the same way as in the field of full-scale testing, the amount of experi-
mental model data available has changed abruptly from the situation a few
years ago when almost nothing was available to the present situation where
there is almost an embarrassing amount of data and insufficient time to
analyze it all.

': ] A11
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Full-Scale Trials

In the last few years, particularly in the SES field, the situation with
regard to full-scale structural loads data has also improved dramatically. The
SES-100A (Ref. 21) and the -lOOB (Ref. 22) and Ref. 6, after overcoming the usual
number of teething problems, have both generated large quantities of structurally
relevant data, as have the hydrofoil program, the subscale SES, XR1-D and the
CPIC coastal patrol planing craft. For example, Figure 10 shown vertical
accelerations measured on the SES-100A when running, on-cushion, in head seas.
The asymmetric nature of the data is at once apparent. The peak upward
accelerations tend to be larger than the down. Figure 11 shows similar data
taken on the SES-IOOB plotted on Weibull probability paper. Straight lines
on this paper represent cumulative Weibull distributions. The cumulative
Weibull distribution function is given by:

P(x) = exp [-(Xx) c ]  (1)

where X is a constant and the index, c, is numerically equal to the gradient
of the straight lines on Figure 11. If the index, c, (gradient) is 1.0, then
the distribution is exponential, and if c is 2.0, it is a Rayleigh distribution
as both of these distributions are special cases of the Weibull distribution.
The experimental points lie consistently between these two extremes. In
Figure 12, the corresponding trough accelerations are plotted, showing that,
in the head-sea case, at least, a considerable difference exists between trends
of peak and trough accelerations. This is consistent with Figure 10. Figure 13
shows plots of bending stress which exhibit very much the same characteristics
as the acceleration data. The great advantage of full-scale testing is that
the test runs can be several times longer than is possible in sub-scale model
testing in towing tanks, so that the statistical samples obtained are much
larger. Disadvantages of full-scale testing are that wave heights and other
test conditions cannot be known very precisely and may vary considerably even
during quite a short run. The full-scale tests, however, are run in those
conditions for which prototype vehicles must be designed, so that a degree of
realism is achieved that cannot be achieved in the model tank and the problems
of scaling from, say,a 100T SES to a 2000T SES are very much less than those
that were involved in scaling from an 8-foot model to the lOT vehicle.

Prediction of Full-Scale Loads

The structural designer requires specific information so that he can design
his vehicle. He would like to know the largest midship bending moment, for
example, to which his ship will be subjected within a twenty-year operational
life. The hydrodynamicist cannot provide him with this deterministic figure.
Instead, however, he can provide the structural designer with a bending moment
which has only a ten percent, or one percent, probability of being exceeded
during the lifetime of the ship. Once the probabilistic criteria (in this
case the ship's life and the acceptable probability of exceedance) have been
specified, a single, limit, design bending moment can be calculated.

13
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The methods of calculation vary. In broad terms, there are two schools of
thought:

One method is to design for the "worst expected sea condition". This
method proposes to design the ship by analyzing the ship's response to
the "worst storm"' that it is likely to encounter. It is well known that
the waves encountered in severe storms are very dissimilar to those of
lesser storms. The duration of extreme storms is normally so limited that
the seas do not have time to become anywhere near fully developed. Table 1
and Figure 14 illustrate this. The time required to "fully develop" the
seas corresponding to the higher sea states exceeds the probable time
that that sea state exists in one year. In this method, therefore, the
design loads are determined by exposing the ship, analytically or experi-
mentally, to seas corresponding to the worst storm records available. The
main drawback to this method is that the available records of such storms
are very limited in number, that the statistical sample used as a base
is thus very limited and, in any case, as illustrated in Figure 15 (Ref. 25),
recorded data shows that the maximum loads probably do not necessarily
occur in the worst sea states.

The second method is the statistical method in which extreme loads are
predicted by extrapolating from a larger data base using all available
sea state data. The weakness of this method is that there is no guarantee
that the extrapolations are valid. Historical evidence, however, ':ends
to support this procedure. The long-term predictions based on the first
few instrumented voyages of the WOLVERINE STATE, for example, have, in
general, tended to be borne out very well by data subsequently accumulated
(Reference 3). it may be argued that a conventional ship is basically a
linear system, whereas most advanced vehicles are not, but it is suggested
here that, provided suitably flexible probability distributions are used
to describe the available data, the nonlinearities do not affect the
validity of the method. This method, at least, allows predictions to
be made from data that is generally available or obtainable, and is
flexible enough to allow refinement as time goes on. It can also make
use of the data provided by the extreme sea state cases and provides
a method for properly ordering and weighting such contributions.

Short-Term Statistics

In order to predict extreme values of loads or motions, it is necessary,
therefore, to be able to extrapolate from available samples of experimental
or analytical samples or experimental or analytical evidence. In general,
the experimental samples are very small compared with the expected life of
the vehicle, so that the extrapolation process must be done with considerable
care. Figures 11, 12 and 13 show typical peak value distributions from the
SES-10OOB experience in environmental condition EC III.* The distribution
used here to approximate the data is the Weibull distribution, which is a
special, two-parameter case of the three-parameter, generalized gamma distri-
bution. SES structural models have been shown to exhibit reassuringly similar
tendencies (Reference.16).

*Environmental conditions EC 1, 11 andf III are defined in Ref. 21 as implying
significant wave heights of 0, 2.4 and 4.8 feet, respectively.
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The effect of the choice of distribution on the long-term loads, moments and
stresses may be seen most graphically in Figure 16, which shows the long-term
distributions of x/xrms for various c values. At the higher levels of
probability, which are those of interest in establishing extreme values, the
long-term cumulative distribution curves fan out over a wide range for different
values of the Weibull parameter c.

On the basis of the evidence in Figures 11 - 13, it is suggested that the
Weibull distribution may be said to represent the data in a reasonable manner,
and that it is a clear improvement on either the exponential or the Rayleigh

a distributions which are, in turn, one-parameter special cases of the Weibull
distribution (see Figure 11). The Weibull distribution is also acceptable
from the point of view that it is closely related to the Rayleigh distribution
which is generally accepted as representative of wave-heights and wave-induced
phenomena. The theory of extremes (Reference 26) from which the first asymptotic

4 distribution is derived is not really applicable to this type of data. The
theory of extremes should be applied to the distribution of single extreme
values from unrelated events (for example, the highest flood tide in each year
or the highest single stress measured in each of a set of different storms or
test runs). It should not be applied, therefore, to a series of peak values
from a single continuous record, which is the extent of the majority of the
data presently available. If a large enough number of runs were made on the
manned models, it would be very relevant to examine the maximum values of each
run by means of the statistics of extremes. This has not yet been attempted
as the number of rough-water test runs on the manned models is still too limited.

In order to make use of the Weibull distribution in the analysis of extreme
values, some of its characteristics must be understood. These are presented in
Appendix A.

Long-Term Statistics

Each run in the test tank or of the full-scale craft is necessarily a short-
term event. During each short-term event, it is assumed that the ship's speed
and heading and the sea state remain constant. The operational life of a
marine vehicle can be considered as a summation of a very large number of
short-term events. If the behavior in each short-term event is known, and
also if the manner of distribution of short-term events throughout the vehicle's
life is known, then a long-term picture of the vehicle's life can be built up.

This is the method used here to predict the long-term behavior of the vehicle
so that eventually, a single long-term distribution of each applied load or
stress can be built up to represent the vehicle's total experience in all
speeds, sea states, headings and loading conditions. In order to accomplish
this, use is made of the description of the operational environment given
earlier.

If the probability of exceeding a given wave-induced load x, at a speed V, in
sea state S, at heading H and gross weight W, is PVHSW(X), then the total
probability P(x) of exceeding the load x is given by summing the component
probabilities for all conditions.
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P(x) PV JLP L.Li~ 11* P S* Pw*PVHSW xW (2)
V H S W

where PV, PH' PS. PW are the probabilities of occurrence of each velocity,
heading, sea state and gross weight.

Combined loads can be treated in the same way. Suppose, for example, that
the probable occurrence of a still-water load xSW, (or thermal Icad, or etc.)
is Pi(xswi), and that this distribution is independent of the wave-induced
load, then the total combined probability P (x) of exceeding the same load x
is given by:

PC (x) =Z SP(Xs) P(x - xS.) (3)

where P(x - xSWi) is defined by Equation (2).

In fact, neither still-water loads nor thermal loads are normally independent
of wave-induced loads, but this only provides a slight complication that can
readily be resolved by computational procedures.

By basing the short-term extrapolations on experimentally measured stresses,
the effects of the combined components of wave-induced loads are taken into
account. The complex combinations of vertical and transverse bending moment
and torsion can be represented in the model and full-scale tests in an adequate
manner.

The number of cases selected from the operational envelope shown in Figure 1
is limited by the test and computational time available. As mentioned before,
it may be misleadingly conservative to use the points at the top right-hand
corner of each section of the operational envelope to define the conditions
pertaining within that segment, Instead, it is often assumed that the
distribution within each segment is uniform and a correction is applied,
based on this assumption. Figure 17, for example, shows the effect on the
long-term probability of exceeding a value xj of a uniform spread of short-
term Weibull distributions with rms values ranging from Xrms (upper limit) to
xrmsl (lower limit). The larger the value of x, and the smaller the ratio

xrmsl/xrms2, the greater the effect on the total probability. The ordinate
P'(xj)AB in Figure 17 is the ratio of the probability of exceeding xj due to
the uniformly distributed set of distributions to the probability of exceeding
xj due to a single distribution at Xrms

rm2

Selection of Design Limit Loads

By using the summation and integration procedures outlined in the previous
sections, it is possible to generate a single, long-term probability distribution
of each type of load or stress such as the familiar curves illustrated in
Figure 18. The abscissa is a logarithmic scale that may represent probability
of exceedance in each stress cycle, or number of cycles per return period,
which may be readily converted to ship life in years. The left-hand end uf
this curve is relevant to rarely occurring limit loads and the right-hand end
to multiple-cycle fatigue loads.
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The design limit load may be read off this curve at one, ten or one-hundred
ship lives! It is simple to show that by selecting one-hundred ship lives
as the return period, then each ship has a one-percent chance of exceeding
this design load during its operational life. Fortunately, the increase
in stress level between one, ten or one-hundred lives is, normally, not very
large so that a conservative choice may be made without too great a penalty.
The sensitivity of a typical, design, SES bending moment to some of the
principal parameters involved is shown in Figures 19, 20 and 21. In Figure 19,
the effect of operational life is seen to be rather small compared with the
effect of the Weibull parameter c. Figure 20 shows the effect of limiting
the maximum on-cushion sea state and Figure 21 shows the slight alleviation
that can be achieved by allowing a deviation in heading in severe sea states.
In all cases, the Weibull parameter, c, is seen to dominate the result so

-' that considerable care should be devoted to its proper evaluation.

Structural Fatigue

Cyclic fatigue loads will occur in a number of situations and in a number of
different elements of the structure. The principal causes of repetitive
cyclic loading are the following:

. Still-water bending loads varying once per voyage, or per refuelling
cycle due to changes in payload, stores, fuel load or ballast

. Diurnal thermal stresses, due to changes of air temperature from day to
night and from sunlight to shade

. Occasional severe slamming loads which may occur every few minutes under
storm conditions

* Wave bending loads which will occur at wave encounter frequency

. Vibrational loads caused by structural response to slamming ("whipping"),
wave-induced loads ("springing") or by machinery-induced vibration

*Flow-induced vibration due to turbulence or cavitation of immersed
appendages.

A single slam may result in a large number of stress reversals due to the
whipping response of the structure. While little data is available for high
performance ships, a great deal of data exists for conventional ships.

Figure 22 is an example of this. The bending stress at the midship section
section in this example takes more than sixty cycles and twenty seconds to

-4 decay to one-quarter of the maximum value measured at the slam. These stress
reversals can be of considerable importance when considering fatigue and cyclic

The machinery vibrations are often difficult to predict during the designIstage and will be best treated by making adequate provisions for shock
mounting and insulation. Flow-induced vibrations should be avoided as much
as possible by careful hydrodynamic design.

*One ship life is normally taken to be equal to 20 ship years.

27



1.75-

Cc 1.0

62.700 NRS)Z:LO

1.5

z
Figure 19. Sensitivity of On- OPERATIONAL LIFE 10.0

Cushion, Design, 1.25- I HPYAS . .
Rending Moment To 02

Selectcd Return

Period and Weibull z
Parameter c. 1.0

4 LU

0.75 Cz2.O

- 0.5
z

0 PROPOSED
LIMIT LOAD

0.25

1.5- ALIFE

z 1.25

Figure 20. Sensitivity of On-
Cushion Design
Bending Moment
to Limit On- ~ 1.0-

zCushion Sea-State z
and Weibull
Parameter c.

LU0.75-

0- 0-5

CSS 0-4

0.5
z

0.258 LIMIT DESIGN

28



1.5 ALL HEADINGS
(0- 180)

_ -15001

. 0.1 OCCURRENCE1~~~. PER L,,FE C . 0 9 0I/

PROPOSED
: DESIGN clCASE

Z 1.0-iz
; t~W 1.75

C-2 I -OCCURRENCE
i PER LIFE

' I.I

Co 1.25

Figure 21. Sensitivity of on-Cushion, Design Bending
Moment to Range of Heading Angle and Weibull

Parameter c.

1.2 SLA

0 .

0.2

1l

X
1

O10 0 ...... 4 .............. 0
01 I l' I

0.6 . . . .P ... . .
SLAM i x Xxi Ox

STRESS ference 1
0.4 -(=1.0 AT t=) ... , .. xx

,? 0.2 -
S NUMBER OF PEAKS

0 20 z I ,, I ~ .P
0 5 10 15 20 25

TIME- t (SEC)

Figure 22. A Typical Decay Curve of Whipping Stress.

(Reference 1).



The most critical of the cyclic loads are probably the wave-induced loads,
as they occur with far greater frequency than the basically diurnal thermal
effects or the load change cycles.

An illustration of the relative magnitudes and frequencies of the various
types of loads acting on a conventional ship is shown in Figure 6. The stress
record in this figure covers an entire voyage of a large tanker. Three types
of load variation are apparent:

1. The vertical lines represent the wave bending stresses which were sampled
'I for a comparatively short time every four hours. The higher frequency

wave bending and vibrational loads cannot be properly represented on
this scale. The ship evidently encountered a severe storm soon after
leaving Perth Amiboy.

2. Large changes are apparent in the mean stress level due to changes in
ballast.

3. Superimposed on the mean time variation throughout the voyage are the
daily variations due to temperature changes from day to night. These
temperature effects are most apparent after passing around the Cape of
Good Hope when the wave loads are very small. In the North Atlantic,
when the wave loads are largest, the temperature effects are rather
small.

An indication of the variation of severity of load with frequency of occurrence
is shown in Figure 15. Again, the example shown is for a conventional ship.
Each dot on the figure represents the root mean square of a sample of the
hull bending stress on the S.S. HOOSIER STATE, taken every four hours during
fourteen voyages. A large concentration of values are recorded at lower
stresses and a very few at high stresses. By an extrapolation technique
explained in Reference 25, it was possible to predict stress occurrences
over a much longer time span. This result is shown in Figure 18, which plots
the maximum stress against its probability of occurrence. Similar data for
high performance ship impact loads can be computed analytically using the
impact program described earlier. Figure 23 shows a result typical of these
analyses. The right-hand end of the curve of loads occurring every few
seconds provides data for fatigue and analysis, while the loads occurring
at the left-hand end of the curve provide data for rarely occurring maximum
loads.

The problem of achieving a proper design providing full protection against
damage from the type of cyclic loading to which ships are exposed is a very
serious one to which a great deal of attention is being paid, but no adequate
analytical treatments are yet available.

The following approach should be adopted until sufficient stress data is
available from some of the experimental high performance ships:
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1. Calculate the long-term probability distribution of stresses in critical
components (main hull, girders, plating in impact areas, etc.) due to
wave bending, slamming and thermal stresses. A series of curves similar
to those in Figure 18 will then be obtained. When plotted against number
of cycles, the long-term probability curve is usually referred to as the
cyclic loading spectrum.

2. Experience with conventional ships suggests that the cyclic loading
spectrum due to wave bending is slightly more severe than that due to
whipping as described above. Figure 24 compares these two spectra for
the case of the WOLVERINE STATE. The two spectra are nearly enough
equal to suggest that the dynamic spectra may prove to be critical in

high performance vessel such as the SES, but until such information is
available, it is proposed to assume that the dynamic effects are not
more severe from considerations of cyclic loading than the wave bending
effects which are more readily predictable.

Results of ACV and SES model tank tests reveal that in regular waves, a
great deal of response is generated at frequencies other than the wave encounter
frequency as a result of their inherently nonlinear response characteristics.
The higher frequency components of these responses may well be significant
for considerations of fatigue. The relative importance of the various harmonic
components are sketched in Figure 25. Typical second harmonics can have an
amplitude of more than one-half of the fundamental and may occur twice as
frequently, so that the long-term probability curve is displaced to the right
by a factor of two on Figure 25. Similarly, the third harmonic curve may be
displaced to the right by a factor of three. By inspection of Figure 25.
however, and by comparison with typical fatigue strength characteristics as
sketched in Figure 26 (Reference 1), it does not appear that the harmonic
components of the wave-induced bending loads can have a critical effect.
The dominant characteristic of the wave-induced bending appears to be the
maximum and minimum value. This simplifies calculation procedures provided
that the model or full-scale data are available.

4. RECOMMENDED DESIGN CRITERIA

A typical approach to SES hull structural design and verification which
can be adapted for any advanced marine vehicle is illustrated by the flow
chart in Figure 27. Basically, two phases of the design development are
envisioned. In the early stages of design the reliance is on criteria
expressed in terms of sectional loads or overall load enveloped. Relatively
simple analysis procedures can be employed, thereby allowing many conditions
to be investigated. Approximately 15 to 30 maximum expected operating load
(MEOL) cases are recommended. These loads should be presented as consistent
sets at each station and are in the form of total integrated section forces,
such as shear, bending moment and torsion, as well as local inertia and
pressure loads. W~hile the loads acting simultaneously at each section should
be approximately correlated at that section, they are not necessarily correlated
station-to-station.
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The stress analyses required during this first phase generally involve
4 one and two-dimensional structural analyses wherein maximum stresses are

checked against minimum design yeild and ultimate allowables. Minimum
values of factors of safety are required which are presumed to ensure
adequate reliability. A preliminary fatigue check is also recomm- nded at
this time, based on total lifetime loading cycles. A spread between predicted
loading cycles and predicted cycles-to-failure, as specified by the fatigue
safety factor, insures adequate fatigue reliability.

Once the structural configuration and scantlings are fairly well established,
a verification phase of analysis is recommended, as shown in Figure 27. It
is not anticipated completing this second cycle during the ANVCE Program
point design but it is included here for completeness. Two complete verification
checks are suggested. The first is a stress and fatigue cycle check based
on full equilibrium loads. This check would involve a three-dimensional
finite element model of the hull, where the input loads must be equilibrium
sets of distributed pressures (i.e., cushion, buoyancy, hydrodynamic, aerodynamic
and seal pressures), accelerations and other external forces (i.e., seal
reactions, appendage forces and thrust loads). The criteria to be met is again
based on the recommended minimum design safety factors.

The second verification check recommended is a complete lifetime -reliability
analysis to insure that the target hull reliability is met by the final design.
This analysis is accomplished by the procedures illustrated in References 6
and 28.

Specific recommendations on load selection, safety factors and analysis
methods are summarized in the following sections.

Load Selection Procedure

It is recommended that approximately 100 cushionborne and 50 hullborne cases,
in the case of the SES, be analyzed by use of the linear frequency response
programs. The conditions to be considered are defined by the operating envelope
discussed earlier (see Figures 1, 4 and 5). The data from these 150 analyses,
as well as still-water and thermal loads data, are then used to select about
15 to 30 extreme load cases. By interpolation and extrapolation, sufficient
information to cover the entire operating envelope matrix can also be obtained,

01 from which lifetime fatigue and MEOL loading spectra can be generated.

Each critical case selected is defined in terms of the maximum expected once-
in-a-lifetime load which is based on the total time assigned to all speeds, sea
states, headings and weights. A range of probable combinations of wave-induced,
still-water and thermal loads are developed to represent the MEOL. The
selected load cases are summarized in terms of sectional loads or load
envelopes for use in the early stages of design, as mentioned above. The
stress checks at this stage are made against the recommended minimum safety
factors, which are defined below.
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In the verification phase of the design, a relatively small number of critical
MEOL design cases are selected based on the results of the preliminary design
stress analysis. The MEOL design cases may then be narrowed down to about
5 to 10 cushionborne and 3 to 5 hullborne conditions. Furthermore, based
upon the preliminary fatigue analysis, the number of critical regions of
the hull is narrowed down to 3 to 5 regions or components. Detail loads
analyses are then performed which could involve time-domain analyses of
motions, loads and impacts as well as further, frequency-domain analyses and
hull-dynamic-response analyses. The purpose of these analyses is to obtain
full-equilibrium, external load sets for use in verification stress analysis
by 3-D, NASTRAN, finite-element models. In addition, finalized, fatigue-
loading spectra are obtained for the most critical regions. The verification
stress analysis insures that the design meets the recommended minimum
safety factors.

A final substantiation of the hull design is recommended through a reliability
analysis wherein allocated reliabilities are checked against assessed reliabil-
ities by the procedures as developed, for example, in References 6 and 28.
Reliability analysis procedure is beyond the scope of the present effort but
a suitable procedure is outlined in Reference 28.

Design Safety Factors

It is recommended that the safety factors specified for SES hull design, as
shown in Table 2, be used for all vehicles in the ANVCE study. The reconmended
yield and ultimate safety factors follow the conventional definition.

S.F. = Design Minimum Strength (4)
Mean MEOL Stress

Here, the "minimum" strength is defined as the 99 percent probability,
95 percent confidence value, based on one-sided tolerance limits of the
normal distribution. The mean MEOL stress is based on the highest loads
that occur, on the average, once in a ship lifetime.

In the case of the SES, ACV and hydrofoil, the recommended factors of safety
are the same for hullborne and foilborne or cushionborne operational conditions.

The recommended fatigue safety factor of 2.00 is in terms of cycles. Thus,
for example, an SES hull or waterjet inlet should not fail in fatigue for
two lifetimes. This criteria may be founu to be too severe for the full
ship lifetime of 20 years, in which case periodic repairs and/or replacement
of certain critical structural components would have to be scheduled. The
fatigue safety factor for such components would then apply to the loading
cycles expected to occur between scheduled repair periods.
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Table 2. Recommended Safety Factors.

EMERGENCY
PARAMETER NORMAL OPERATION OPERATION

Design Yield Stress 1.30 1.00

Design Ultimate Stress 1.85 1.50

Fatigue Cycles 2.00 N/A

2.I
iI
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5. SPECIAL CONSIDERATIONS FOR ANVCE CANDIDATE VEHICLES

Conventional Ships

Critical structural loads for conventional ships are normally wave-induced
bending loads. In some smaller, high-speed ships bottom slamming may be
a problem and in very large vessels the wave-induced springing loads provide
the design loads.

Surface Effect Ships

The main hull of the SES structure is usually designed by the combined
wave-induced and slamming loads experienced during operation in high sea
states. Both the on-cushion, high-speed and the low speed, off-cushion
cases should be examined.

Air Cushion Vehicles

Air cushion vehicles are very similar, structurally,to the SES. Design
load conditions may be caused by slamming or plow-in cases. For amphibious
ACV's the design loads are frequently those due to standing at rest on land.

* Hydrofoils

The hull structure of the hydrofoil is usually designed by foilborne operating
condition in waves. The probability of and severity of hull/wave impact should
also be examined.

SWATH

The SWATH ship is subjected to the transverse bending and torsional loads
experienced by catamarans but the excursions of these loads about their mean
values should be relatively small due to the relatively small response of the
SWATH hull to surface waves. Slamming load magnitudes and probabilities
should be computed.

Planing Hulls

Planing hulls must be designed to withstand the pressures and loads caused by
pounding in severe sea states. Supercritical hulls which have demonstrably
lower accelerations in waves may be designed to correspondingly lower loadings.

Wing-in-Ground Effect (WVIG)

The WIG may be designied, structurally, as a conventional aircraft, taking due
account of the very much reduced maneuverability envelope, except for the
problem of inadvertent contact with waves. The probability of wave impact
should be computed and appropriate impact cases should be included in the design.
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; Sea-Loiter Seaplanes

Seaplanes designed for the sea-loiter mission must be designed to withstand
exposure to any sea state, in the loiter mode, unless it can be demonstrated
that it has adequate range capability to remove it from any storm area.

Other Aircraft

Other aircraft should be designed to established aircraft design procedures
with due allowance made for the particular requirements of each mission
profile.

.4i
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APPENDIX A

CHARACTERISTICS OF THE WEIBULL DISTRIBUTION

The generalized gamma distribution is described by the probability density

function

c Acr cia-1f(x) (m x exp [-()Lx) (A-)

where c, X and m are the three parameters of the distribution.

The cumulative density function is given by

Q f f (x) dx (A-2)

0

The mean value of the distribution is given by

Y= lf(x) • x dKc = r Km + 11ie)(A3r(m+i)xf x (in) X (A-3)

The standard deviation a about the mean value is given by

Iffx)(~c2 11/2

0

r (m + 2/c) -2 11/2 and

(m + 2/c) Orx))211/2
r P(in) (,)



*..0

The root mean square value about the x o axis is given by

Xrs= (x) x2 dx} 1/2

= r(m + 2/c). 1/2

S 2  and (A-5)

r = r(m + 2/c))l/2
X - T (m)

Note that x = (2 + _2)1/2

The values of AX, Xa and AxrMs are plotted for a range of values of c and

m in Figure A-1.

The generalized gamma distribution reduces to the Weibull distribution
in the special case when m = 1 and the Weibull distribution reduces to the
exponential distribution when c = 1 and to the Rayleigh distribution when
c = 2. These three distributions are indicated on Figure A-I.

The Weibull probability density function is obtained by substituting m = 1
in equation (A-1) which leaves A and c as the two parameters:

f(x) = cA x exp[-(Ax)c ]  
(A-6)

The mean, mode, median and rms values are given by

x = r(l + 1/c)

AXmode = [(c-l)/c] I /c

Axmedian = [_2n(1)]I/c

and

Ax = r(1+2/c)] 1/2

from equations (A-3) and (A-5).

The cumulative probability function is given by

P(x) -Q(x) = ff(x) dx
x (A-7)

= exp [-(Ax)c ]
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f(x) and P(x) are plotted for a range of values of c in Figures A-2,
A-3 and A-4. Other terms that are often used to describe statistical
distributions are the "average of the highest one-third, xl/3 " and the
"average of the highest one-tenth, l/10" etc. In general, the "average
of the Xl/b" values as defined in Figure A-5 can be evaluated as follows.

The value, Xl/b, above which i/b of the values of x are expected to fall

is given by putting P(x) = 1/b in equation (A-7) and solving for
I/b

b- (x l/b (A-8)

i.e. Axl/b [-£n(l/b)]1/c

The average AXl/b of the highest 1/b values is therefore given by

j x.f(x) dx
1X /b l/

Jl f(x) dx
Xlb

(A-9)

bJ cAc xc exp [-(Xx)c] dx
X/b

This can be evaluated numerically. The probability P(Yl/b) of exceeding
the value X is given by:

1J/b

P(x1b)= exp [-.(X-/b)c] (A-10)

which can also be evaluated numerically.
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Values of Xl/b and P(-Xl/b ) are plotted in Figures A-6 and A-7, respectively.

In Figure A-7, it may be noted that the average of the highest 1/3 and

110 values do not vary greatly from one value of c to another. The

range of variation of the mean values is larger.
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