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Abstract

Discovery of large oil and natural gas deposits in arctic and subarctic regions of
Canada has led to vastly increased offshore activity in these areas. This activity has
increased the exposure of marine structures to ice loads. The ability of designers
to assess accurately the response to ice loading is essential for the efficient design
of these structures. In arctic areas, structures regularly encounter various forms of
ice such as level ice, pack ice and pressure ridges, which are composed of both first-
and multi-year ice. In contrast, in subarctic regions (for example, off the coast of
Newfoundland), structures have much less frequent encounters with first-year pack
ice and icebergs. In these situations, inadequate consideration of ice loads could make
the risk level of operations in ice unacceptably high.

This study is focussed on gaining an understanding of stiffened plating behaviour
when subject to ice loads. Literature in three main areas was studied: ice failure
processes during ice-structure interaction, definition of stiffened plate failure modes
(or limit states) and reliability analysis, which incorporates these limit states into
a probabilistic framework for design. The estimation of the response of a stiffened
plate to extreme loads is greatly facilitated through an experimental analysis. To this
end, a small-scale stiffened plate panel, subject to a lateral patch load, was tested to
failure in the Structures Laboratory at Memorial University of Newfoundland. The
patch loading is an idealisation of the two possible ice interaction scenarios in the
waters off Newfoundland. The first is when level ice (or pack ice) acts upon, say, a
ship’s side shell. The second is the impact of a growler or bergy bit on a ship or
platform leg. A detailed description of the physical model is given, along with results
obtained. The use of finite element (FE) modelling techniques has greatly improved
the study of complicated loading scenarios and structural response. A comparison
of experimental results with those from a finite element analysis was carried out to
assess the accuracy of the developed model. Once verified, the FE model is used in
a sensitivity analysis of stiffener size to determine the effect size has on the ultimate
strength of a stiffened plate. This will help understand the role the stiffeners play in
structural design. Finally, a sample analysis is conducted to show how information
regarding stiffened plate behaviour is implemented in reliability-based design.
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Chapter 1

Introduction

Discovery of large oil and natural gas deposits in arctic and subarctic regions of
Canada has led to vastly increased offshore activity in these areas. This activity has
increased the exposure of marine structures to ice loads. The ability of designers
to assess accurately the response to ice loading is essential for the efficient design of
these structures. In arctic areas, structures regularly encounter various forms of ice,
such as level ice, pack ice and pressure ridges, composed of both first- and multi-year
ice. In contrast, in subarctic regions (for example, off the coast of Newfoundland),
structures have much less frequent encounters with first-year pack ice and icebergs.
This variety has a huge effect on the material properties of the interacting ice as well
as the nature of its interaction with the structure. Both of these factors contribute to
the large variations in loads experienced by structures operating in ice environments.
As such, the potential risk of these operations could become dangerously high if
proper measures are not taken at the design stage.

A useful method of describing any type of structural problem is the concept of
load vs. resistance. The load is the magnitude of the force, or forces, acting on the
structure. These can be anything from a point load acting on a beam to a complex
combination of environmental loads acting on a ship’s side shell or platform leg. The

structure’s resistance, or strength, is its ability to withstand the loads acting on it. To



counteract the point load above, simple beamn theory is used to calculate the maximumn
force a beam can withstand based on its material and sectional properties, as well
as the type and nature of its supports. For a more complex situation, the overall
strength is determined from a combination of calculated resistances to individual
load components. Thus, an ideal structure would be one where the resistance and
load were equal. In reality, they are dependant on a variety of parameters, each of
which has some uncertainty in its assigned value. The result is an overall uncertainty
in the exact values of both load and resistance.

In order to ensure that the load does not exceed the resistance, safety must be
incorporated into the design. Traditionally, this was accomplished by separating
these calculated values by a factor of safety. The concept of allowable stresses is a
manifestation of this approach, where safety is achieved by reducing the yield stress
by some amount, depending on the criticality of the component or variability in the
load. This approach does not lend itself to efficient design as no effort is made to
quantify the degree to which the individual uncertainty in each parameter affects the
overall design. To optimise the design of such structures, and quantify the level of
risk, designers must make use of reliability analysis. The random nature of both the
structural particulars and load pararmeters is taken into consideration by assigning
each a probability distribution. The resulting distribution of all variables can then
be determined. The probability of failure is assessed by calculating the area under
this joint distribution that falls outside a pre-defined boundary. Such a boundary,
labelled a limit state, is derived from consideration of all possible failure modes of the
structure in question. Each limit state equation is then tested to find the likelihood
of it being exceeded. This is the probability of structural failure. The above analysis

is repeated until this probability reaches an acceptable level.



Data from laboratory and field experiments has shown that marine structures can
absorb quite large loads, much higher than the limits considered in traditional design
practices. These extreme loads were found to be very localised, surrounded by areas
of low background pressure. Resistance to this type of loading comes from the local
structure, the plate panels between stiffening elements. Observations gathered from
ice operations and field tests show that the plating undergoes considerable stretching
and bending, much beyond the elastic limits of the structure. Further research has
determined that the main mechanism behind the increased capacity is membrane
action. This is a process by which, under the influence of large lateral loads, yielding
in the plate panel, coupled with the resistance of the supports, cause axial forces
to develop within the plate. These forces cause significant deflections of the plate,
which allows the absorption of very large loads. A taut cable subject to out-of-
plane loads behaves in a similar fashion. These experiences have translated into
updated regulations, where the plastic capacity of plated structures has been utilised
to reduce steel weight and cost for new designs. Reductions in required shell plate
thicknesses have contributed the majority of these savings. An example of this is the
acceptance of minor denting in the plating between stiffeners (or unsupported plating)
in current icebreaker designs. This allows designers to specify reduced thicknesses to
meet prescribed safety levels.

Similar changes to the design of the shell plate support, the stiffeners, have not
occurred. Uncertainties in stiffener response to plating membrane action has resulted
in the requirements for these structures remaining the same or, in some cases, becom-
ing more conservative. This is to ensure that the plating has the support necessary
to allow axial forces to develop. In the present study, experimental and finite element

analyses of stiffened plating is performed to better understand their behaviour at large



loads. Within a reliabilty-based design framework, the ultimate goal of such research

would be revised limit state equations to give acceptable safety at lower costs.

1.1 Background and Rationale

The problem of navigating in ice is not a recent one. The first historical record
of encountering ice-covered waters is from 320 B. C. when the Greek sailor Pytheas
travelled from the Mediterranean to what is now Iceland and witnessed the frozen
waters of the Arctic Ocean. About 870 A. D. the Vikings discovered Iceland when
their chieftain was blown off course on a voyage to the Faroe Islands. After this
discovery, the Vikings began sailing regularly through the hazardous Arctic waters.
On one of these voyages, twelve of twenty-five ships sank due to the treacherous
conditions. Many centuries afterwards, stories of the travels of Marco Polo prompted
explorers to sail north, braving the dangers of the icy waters, to seek a shorter shipping
route to the riches of the Far East. In the ninteenth century, in conjunction with
renewed interest in passage through the North, explorers began attempts at the North
Pole. The Norwegian explorer Nansen built a vessel, Fram, specifically to resist ice
loads. The main feature of the design was a more rounded shape to cause the ice
pressure to push the ship upward, out of the ice, instead of it being crushed in the
ice (Kirwan 1959). Probably, the most famous shipping encounter with the dangers
of ice was in 1912, when the Titanic sunk southeast of Newfoundland after colliding
with an iceberg.

With the advent of steam engines to provide more reliable power, vessels started
to be designed specifically for operating in ice. In 1836, the vessel Norwich began
icebreaking operations on New York’s Hudson River, remaining in service for 87 years.
As time progressed, variations in bow geometry and vast increases in horsepower

caused great strides in icebreaker capability. In 1969, upon discovering oil in the



Beaufort Sea, the tanker SS Manhattan was fitted with additional strength members
and thicker hull plating, as well as instrumented with strain gauges and pressure
sensors, for the purposes of travelling through the Northwest Passage to seek out
and ram large ice features. This effort was carried out to determine the ice forces to
expect for vessels operating in the Arctic (Johansson et al. 1994). Since then, many
vessels have been designed and operated successfully in ice environments. As more
experience is gained, designs are becoming safer and more cost effective.

From the beginning, marine operations in ice had resulted in considerable damage.
Initially, ships destined for service in ice were designed according to the “rulebook”
approach, which treats both strength and applied loads as fixed, deterministic quan-
tities, using a safety factor to allow for uncertainty in the design. These rules were
empirical in nature, the equations used to calculate scantlings having been devel-
oped mainly from accumulated experience and vessel performance (Hughes 1988).
Using the rules is ideal from a design perspective because of the ease of performing
calculations to study the effects of changes on a particular design. Since there was
very little data available for ice-going vessels, ice loads were accounted for by using
a larger safety factor. It was soon realised that, even with apparently large safety
margins, structural damage was considerable. Knowledge of the nature of ice loads,
and structural response to them, was required to provide a more rational basis for
design rules.

Hughes (1988) states that, as technology progresses, factors arise to precipitate

changes in the means by which design objectives are met. They are:

e the need for adequate protection against pollution and for adequate safety for

dangerous cargoes,



e new trade patterns, cargoes or tasks, which introduce special problems or lead

to unusual ship geometries or proportions,

e the development of designs for standard ships which are to be produced in larger

numbers and hence require greater cost efficiency, and

e the development of a wide variety of other types of floating structures for the

extraction of ocean resources and for other uses of the sea.

The evolution of design for ice loads can be thought of along these lines as well. A
resource, crude oil, was discovered in an area where special problems, ice loads, caused
safety concerns regarding pollution. This led to new designs to combat ice loads, as
well as the need for efficient construction to make extraction of the oil as economical
as possible. These efforts are still ongoing.

Historically, rule changes only took place when they were deemed inadequate,
usually when a serious failure occurred. This would lend itself to oversafe designs as
safety factors would be greatly increased to prevent future mishaps. There are two
scenarios that can result from this practice. One, the design becomes oversafe and
uneconomical since too much steel is used in the construction. Two, a situation could
arise where the design is only marginally safe, meaning that the probability of failure
when the maximum design loading is encountered is unacceptably high. With new
frontiers and unusual vessel types, the rules may be applied to meet design objectives
which are outside the valid range on which they were based, more than likely causing
a marginally safe design as described above. The damage mentioned earlier, in comn-
bination with the above factors, highlight the need for a better understanding of the
uncertainties associated with ice loads and structural response to them.

A more rigorous approach, termed reliability analysis, is based on using statis-

tical information to quantify the uncertainty about each of the parameters involved



in the design. The goal of this approach is to design a structure to meet a given
probability of failure. The major advantage is that, instead of allowing for an overall
uncertainty by using a safety factor, the variation in each design parameter can be
analysed explicitly. Moreover, the capability exists to optimise a design for a pre-
determined failure probability, or reliability level, which corresponds to an extreme
design load. Designers are recognising these benefits as several regulations now use
some form of reliability analysis to develop a better basis for prescribed safety factors
(for example, Jordaan and Maes (1991)).

To use reliability techniques, limit state equations must be developed for all possi-
ble failure modes of the structure. The design of unsupported plating has benefitted
greatly as research has discovered the enormous strength available when one considers
membrane action. Stiffened plating design has lagged behind somewhat. This study
is aimed toward gaining a greater understanding of stiffened plate response to ice

loads as a first step towards a more efficient reliability-based design.

1.2 Focus and Scope

Within the above context, the aim of this study is to gain a better understanding
of the response of stiffened plating to extreme ice loads. To this end, the main

objectives of this thesis are to
1. Conduct a literature review of the state-of-the-art in:
e ice behaviour during an interaction event,

e stiffened plating design and analysis, and

e techniques for conducting reliability analyses.



. Describe experimental work, and associated finite element analyses, to under-

stand how membrane behaviour develops in stiffened plates.

. Compare and contrast results of above analyses with those given by available

analytical equations.

. Study the sensitivity of these findings and show how they fit into a reliability

design framework.

. Critically assess these results with reference to current knowledge and suggest

possible courses of action for future research.



Chapter 2

Designing Against Extreme Ice
Loads: Current Practices

To understand stiffened plating behaviour when subject to ice loads, three main
areas, highlighted in Chapter 1, were studied: ice failure processes during ice-structure
interaction, definition of stiffened plate failure modes (or limit states) and reliability
analysis, which incorporates these limit states into a probabilistic framework for de-
sign. An ice-structure interaction event can induce many different ice failure modes,
with the dominant process dependent on the type of structure and the properties of
the ice itself. The loads produced are highly random, thus significant safety must be
incorporated into the design calculations. The amount of uncertainty in these calcu-
lations can be assessed by using probabilistic techniques to determine the probability
of occurrence of different load levels. These results are then easily incorporated into
a reliability analysis. Descriptions of failure modes for a stiffened plate have been
developed by some authors using beam theory, which neglects the effects of stiffener
instability. Others have proposed that stiffeners contribute to structural strength
until the point when they become unstable, for example when buckling or tripping
occurs. Then, without the support of the stiffeners, the stiffened plate behaves as an
unsupported plate. Consideration of plating ultimate strength equations may provide

insight into possible extensions to stiffened plating analysis. There are many tech-
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niques for conducting reliability analyses. These methods range from simply using a
mean value with a variance measure, to a full probabilistic analysis in which various
distributions are used to model each uncertain parameter, and the resulting combi-
nation determines the probability of failure. These ideas are discussed further in the

following sections.

2.1 The Failure of Ice

Ice behaves in a random fashion where a variety of failure mechanisms could
dominate depending on the physical conditions during an interaction event. When
considering ice action on a ship or offshore structure, failure of the ice is compressive
in nature. Even for sloped structures designed to promote ice failure in bending,
compressive forces still exist near the ice-structure interface. These forces develop as
the portion of the ice feature involved in the interaction is “squeezed” between the
structure and remainder of the ice mass, either due to the momentum of the structure
or of the ice feature, depending on the environment and structure type. Figure 2.1
depicts a typical ice-structure interaction event.

Within the interacting ice, there are at least two distinct failure phenomena hap-
pening. The first is the occurrence of fractures and spalls which act to reduce the
contact area of the ice feature. As the overall compressive force builds during the
impact, random flaws in the ice experience very high stresses, which cause cracks to
propagate, resulting in the occurrence of a large fracture or spall. The other phe-
nomenon taking place is the development of localised areas of extremely high pres-
sure within a narrow layer of damaged ice at the ice-structure interface. Data from
medium-scale indentor tests at Hobson’s Choice Ice Island (Frederking et al. 1990),
as well as from ship ramming trials onboard CANMAR Kigoriak (Domme Petroleumn

Ltd. 1982) and CCGS Louis S. St. Laurent (Glen and Blount 1984), show that these
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within which occur areas of intense pressure. Figure 2.2 shows this concept for both
the randomly located areas, labelled “critical zones” (Jordaan et al. 1993) and the
line-like zone (after Daley (1991)).

The behaviour of these regions of intense pressure is defined by two occurrences,
one, stress concentrations arising from fracture and spalling action mentioned earlier,
and two, extreme pressures within a region cause various microstructural changes in
the ice (Jordaan et al. 1997). The following discussion is related to the concept of
a critical zone (mentioned above), but is equally applicable to the line-like contact
as well. In the initial stages of an interaction, microcracks form from flaws within
the ice due to the buildup of compressive stresses. Near the edges of the interac-
tion area, these microcracks could form larger cracks, which may result in spalling.
Occurrence of fractures and spalls can be thought of as either a random process (Jor-
daan, Xiao, and Zou 1993), or a chaotic process (Daley 1991). Towards the centre
of the interaction, crack growth is confined by the pressure in the surrounding ice.
Pressures escalate within these confined regions, resulting in the formation of crit-
ical zones. Once formed, continued pressure from the surrounding ice mass causes
microstructural change through the processes of pressure melting, microcracking and
recrystallisation. The action of these processes tends to fail the critical zone, caus-
ing the extrusion of a “toothpaste-like” substance, which behaves as a viscoelastic
solid (Johnston et al. 1995). The formation and disappearance of the high pressure
areas likely causes the load oscillation seen in various field tests (for example, Fred-
erking et al. (1990)). The majority of the load acting on the structure is transmitted

through these high pressure regions.

The next logical question to be raised is how do we extend the idea of high pressure
areas to calculate global design pressures for a icegoing ship or offshore structure?

General observations of pressure readings from all forms of ice testing (laboratory,
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zones occurring within it increases. Obtaining the force acting on this larger area is
achieved by a summation of the individual critical zonal forces. The distribution of
this global force has the same mean value as the distribution for a single zone, but
the variance is reduced by a factor %, where 7 is the number of critical zones within
the overall area. The global pressure is then found by considering the overall contact
area on which the force is acting (Zou 1996). Thus, the decrease in pressure is quite
pronounced as it is a result of two averages. The first, a force average, is obtained by
dividing the total force by the number of zones over which it acts. The second, an area
average, is a result of the variance reduction mentioned above. This has the effect
of reducing the probability of an extreme load, which greatly reduces the chance of
extreme pressures acting on large areas. This concept is borne out by Jordaan et al.
(1993), who present a probabilistic ice load model which incorporates a decreasing
pressure-area relationship.

The above model was used in a study of unsupported plating subject to random
ice loads (Zou 1996). An “equivalent long plate” design model was proposed in which
a dominant section through the overall plating area was assumed to behave as a fully
fixed plate under uniform load. This section was selected by studying several cases of
loading a plate with varying numbers of critical zones, and a section was taken where
the majority of load was acting. The design model was composed of an “equivalent
long plate” strength multiplied by a model uncertainty factor. This uncertainty was
determined by comparison of the design equation result with Monte Carlo simulations
of the plate subject to random loading. Good agreement was obtained in the above
results, providing justification for the idealisation of random ice loads as uniform
loads.

In the present study, a partial uniform loading, or patch load, is used to approxi-

mate the ice load on both a physical and numerical model of a stiffened plate. This
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assumption is made for several reasons. Firstly, as mentioned above, pressure de-
creases with increasing area. At full scale, the area supported by a stiffened plate is
on the order of several metres squared. This is quite a bit larger than the critical
zonal area, thus the overall pressure is considerably less than that acting through a
single critical zone. Also, since the stiffeners must support plating designed accord-
ing to the above “equivalent long plate” model, it is reasonable to assume a partial
uniform load on the stiffened plate corresponding to the location of the dominant sec-
tion of plating. Finally, there is much uncertainty in how the critical zone pressures
distribute over the larger area of a stiffened plate, so selecting a uniform loading is
consistent with the unsupported plating design. Thus, a patch load was chosen as an

appropriate loading mechanism for this study.

2.2 Limit State Analysis for Stiffened Plates

Design of stiffened plating is an integral part of an overall, rationally-based, ship
design, as discussed in Chapter 1. To facilitate this type of design, the structural
response of a ship or offshore structure is divided into three categories, primary,
secondary and tertiary, which are defined in Table 2.1 (Paulling 1988). A typical
structural arrangement of an icegoing vessel is shown in Figure 2.4. As can be seen,
the structure located between stringers and bulkheads, or between web frames and
decks, consists of shell plate supported by either transverse or longitudinal stiffeners.
The response of this stiffened panel falls under the secondary category (see Table 2.1).
Stiffened plating behaviour is also considered secondary response, since the panel is
an assemblage of individual stiffened plates.

A schematic of an individual stiffened plate is also shown in Figure 2.4. 'The

figure depicts two different loading scenarios: impact from a growler or bergy bit
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Table 2.1: Definitions of response categories

Primary the response of the entire ship hull, or platform leg to
load by bending and twisting as a beam.

Secondary | the stresses and deflections of a stiffened panel, the
structure supported between two bulkheads or web frames
and two decks or stringers on ship or between two ring
frames within a platform leg.

Tertiary the deformation of a single panel of plating between

two sets of longitudinal and transverse stiffeners,

usually referred to as unsupported plating.

(shown acting on the longitudinal stiffeners) and interaction with level ice around the
waterline (shown acting on the transverse stiffeners). Both situations produce loads
over a portion of the stiffened plate span, or in other words, produce patch loads.
Under this type of load, the stiffened plate will experience a variety of failure modes,
which can be broken down into five groups: bending, shear, tripping, local buckling,
and fracture (Melville Shipping Ltd. 1989). In the present study, effort is concentrated
on bending deformation, which may include effects of membrane tension. Tripping
and local buckling failures are treated indirectly via two approaches as outlined in
Section 2.4. Other modes are outside the scope of the present investigation.

In design, there are two types of limit states for ships and offshore structures,
serviceability and ultimate failure. Serviceability failures are those that cause minor
inconveniences, but do not affect the main function of the structure. A typical ex-
ample is minor denting in the side shell of an ice-going vessel. Ultimate failures are
those that either result in complete loss of the structure, or demand immmediate repair
to resume its intended function. Loss of watertight integrity through hull rupture is
an example of a complete loss. The consequences of exceeding these limit states are
shown in Table 2.2 (Hughes 1988). Serviceability failures, such as minor denting of a

ship’s side shell, are usually considered to have only slight to moderate consequences.
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Table 2.2: Seriousness of structural failure

Degree | Safety Consequences Economic Consequences
Extreme | some fatalities likely, complete loss,
possible total loss. repair not economical.
Severe | small risk of fatalities. partial loss,

repair essential and costly.
Moderate | no appreciable risk of death, | structure operational but

but subsequent failure inefficient, repair as
would increase this soon as possible.
risk.

Slight no risk of death, but inconvenient, but no
small risk of injury. threat to main

economic function.

2.3 Failure of Unsupported Plating

It was stated earlier that consideration of the ultimate limit state for unsupported
plating would help in studying the ultimate behaviour of a stiffened plate. To this
end, a long plate model (Zou 1996) is presented which describes serviceability limit
states for two-hinge and three-hinge collapse, and a rupture ultimate limit state. For
comparison purposes, the elastic solution proposed by Timoshenko and Woinowsky-
Krieger (1959), valid until the onset of yielding, is also presented. Two-hinge collapse
occurs when the applied loads result in the material stress exceeding yield and the
spread of plasticity at the plate supports. This forms two plastic hinges, one at each
support. When the load reaches a point where plasticity also occurs at midspan, the
plating has suffered three-hinge collapse. Rupture is defined as the load at which the
material strain reaches some pre-set, or design, value. Equations for these limit states

are given in the following sections.
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2.3.1 Yielding and Plastic Collapse

For a long plate clamped on all edges and subject to a uniform pressure P, the

yield momemt occurs first at the plate edges and is given by

Ps?
My = — | 2.1
v =T (2.1)
where ¢ is the stiffener spacing. The stress, o, at this point is
6 My
=7 (2.2)

where t is the plate thickness. For ductile materials, yielding begins for this moment

when the strain energy of distortion reaches a certain value, where the stress is
oy =ovV1—v+1v?%, (2.3)

where v is Poisson’s ratio (v = 0.3 for steel). The resulting pressure, Py, is

¢ 2
Py = 2250y <;> . (2.4)

Timoshenko and Woinowsky-Krieger (1959) developed a closed form solution for the
elastic deflection corresponding to this pressure as

_ Pyst (1 - v?)

o 32513

(2.5)

As yielding progresses, the moment capacity increases until plastic hinges are
formed. This moment can be expressed in terms of material properties and plate
geometry using the Hencky-von Mises yield criterion, which is

t2
Mp=-—2¥ 0 (2.6)

JIi—vp+vE4d’

where vp is the plastic Poisson’s ratio (vp = 0.5 for steel). The pressure required to

cause this moment, i. e. to form plastic hinges, at the plate supports, Py, is given by

12Mp
82

20

P2h = ) (27)




where s is the spacing between stiffeners. Substitution of Equation 2.6 in Equation 2.7

results in
£\ 2
The corresponding deflection, dq5, can be similarly described as in Equation 2.5, or

Pyps* (1 —1?)

Sop =
2 32F13

(Zou 1996). (2.9)

To form the additional plastic hinge at midspan, the pressure increases to the

three-hinge pressure, Py, which is given by

2

16M £\ 2
Py, = —Sf . or 4.620y <—> : (2.10)
S

by using Equation 2.6. The failure of plating in this fashion results in denting as
described in Section 2.2. The deflection, d3,, in this failure mode is based on the
selection of a reasonable amount of permanent set. Ayyub et al. (1989) proposed
a deflection of 43, = 2¢, while a deflection of d3;, = 0.1s was suggested by Daley
et al. (1991). Brown (1993) investigated these two criteria and determined that
a permanent set of 2¢ resulted in thicknesses too thin for very stiff structures (high
thickness to spacing ratio), while a permanent set of 0.1s gave thicknesses too thin
for less stiff structures. For this study, the permanent set criterion of 03, = 2t was

chosen as the test specimen described in Chapter 3 has a relatively low stiffness.

2.3.2 Rupture

As the pressure increases beyond three-hinge collapse, the plate deflections are
governed by the development of axial, or membrane, forces. The degree to which the
plate can withstand these pressures depends greatly on the restraint offered by the

plate supports.
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A suggested value for €,,,, is 5% (see Section 2.2), giving an angle of 31°. Equilibrium
of the plate dictates that 2F sinf = Ps or, using this value of # and recognising this
as the ultimate limit state,

1.03F,
Pult = - & .

(2.15)

The membrane force is given by

1
Fu = 3 (oy + oun)t

(use of this average for stress is described in Section 4.1.3). Thus, the ultimate

pressure for a long plate can be written as (Zou 1996)
t
Pu = 0515(0}’ + Uult) (;) . (216)

Substitution of Equation 2.15 into Equation 2.11 results in an ultimate deflection,
6ulta of
Sz = 0.1502s. (2.17)

Ratzlaff and Kennedy (1986) present results of both numerical and experimental
analyses to verify the above equations. The finite element analysis modelled the
cross-section of a long, flat plate using several elements through the plate thickness.
Two material models were used, a bilinear elastoplastic stress-strain curve and a
curve which followed the shape of the stress-strain curve to failure. The experimental
analysis consisted of a 152 x 456 mm flat plate, which was 1.47 min thick, which was
affixed to a support frame and loaded to failure via the application of fluid pressure.
These analyses confirm the accuracy of the above equations throughout the entire

range of behaviour.

Zou (1996) performed a numerical analysis of a long, flat plate subject to a patch
load over a portion of the span. These results also matched closely to the ultimate

load response described in Equation 2.16.
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2.4 Failure of Stiffened Plating

Several authors have tackled the problem of determining limit loads for stiffened
plates. All these approaches can fit into one of two categories. One, the stiffened plate
is treated as a beam where bending and membrane tension occur simultaneously un-
der lateral load. It is assumed that this membrane action discourages out-of-plane
behaviour, e. g. buckling and tripping do not occur. The other category also considers
the stiffened plate as a beam, but assumes that tripping and buckling failures occur
prior to the development of axial tension in the cross-section. Thus, the stiffeners
provide no stifiness when membrane action dominates the behaviour and the sec-
ondary structure, the entire stiffened panel, behaves somewhat like an unsupported
plate due to the loss of its primary support mechanism. Study of membrane action
in unsupported plating may help understand this idea.

Within the first category, Haythornthwaite (1957) presented an equation which
defined the relationship between bending and axial tension for a fully fixed, rigid-
plastic rectangular beam subject to a point load. Axial tension was calculated from
the ratio of extension of the centroidal fibres to the rate of rotation of adjacent cross-
sections within a plastic hinge. Using this, the author was able to define lateral load
in terms of vertical deflection for axial tensions from zero to full yield. Experimental
results were presented and showed reasonable agreement for the plastic range.

Campbell and Charlton (1973) extended this analysis for elastoplastic material
behaviour assuming that elastic and plastic deformations could be linearly super-
imposed to obtain total deflection. The elastic solution was based on an assumed
deflected shape. They then derived a differential equation which described the tran-
sition from elastic to plastic behaviour, from the point of initial plasticity to full

plasticity of the section. After the section attained full plasticity, the rigid-plastic
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solution again became valid. Comparison with experimental data showed excellent
agreement throughout whole range of behaviour. Hodge {1974) extended this anal-
ysis by incorporating variable fixity at the beam supports. Ronalds and Dowling
(1986) and Ronalds (1990) implemented these ideas to develop equations for the
behaviour of unsymmetric T- and I-sections.

As stated earlier, the above analyses do not consider how instability affects stiff-
ened plate response. Based on investigations of ship collsions, McDermott et al.
(1974) state that the effects of membrane tension are significant only after stiffeners
undergo tripping or local buckling. This idea was used in an analysis by Nessim
et al. (1992), where limit state equations were developed for a patch loaded, fully
fixed stiffened plate, as well as for unsupported plating. Serviceability limit states
for three-hinge collapse and shear were derived without consideration of membrane
action. Ultimate failure, or rupture, of the stiffened plate was defined in a similar fash-
ion to rupture of unsupported plating (see Section 2.3). An empirical factor was used
to arrive at a similar equation for the stiffened plate. These equations are described
in the following section and will be used in subsequent chapters for cornparisons with

the experimental and finite element analysis conducted in this research effort.

2.4.1 Yielding and Three-hinge Collapse

To provide an analytical basis for the comparisons mentioned above, pressures
for the three main failure modes, first yield, three-hinge and ultimate rupture, were
defined. At first yield, the lateral pressure, Py, is obtained from elastic beam theory

as (Blake 1990)
—24My L

= w3

(2.18)

where My is the bending moment at the onset of yield, L the stiffened plate span, b

the ice load breadth (width of patch load along the span) and s the stiffener spacing.
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The corresponding midspan deflection is given by (Blake 1990)

— Py 9 27 o973 3
8y = s2iEl <5> (26°L —2L% - %) . (2.19)

As yielding progresses, plasticity occurs at the locations of highest stress - at the
supports and at midspan - and hinges form at these locations. The lateral pressure,
Py, required to form these hinges is derived as follows. Referring to Figure 2.4,
consider half of the stiffened plate span from midspan to one of the supports. There
is a reaction moment at the support due to the patch load. Taking moments about
the fixed support gives

b

b L
Mp— Pou—s(= —2)=0 2.2
P 3h2s(2 4) ’ (220)

where Mp is the reaction moment at full plasticity. For the stiffened plate, Mp =
oyZp, where Zp is the plastic section modulus of the stiffened plate cross-section.

Substitution of this expression for bending moment into Equation 2.20 gives

40’yZp
Py = —X°F
ML= Ybs
for half of the span, or
80’yZP
Py = ————, 2.21
ML - Bybs (2.21)

for the whole span (Nessim et al. 1992). Similarly to that shown for unsupported
plating in Section 2.3.1, the deflection, ds,, can be taken as reasonable amount of

permanent set. Thus, a deflection of
dsp, = 0.1s (2.22)

is chosen as the relative stiffness of the stiffened plate is much greater than that of

the unsupported plate.
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2.4.2 Rupture

For ultimate failure, Nessim et al. (1992) gives a limit state equation that is
similar in form to Equation 2.16, but incorporates an empirical factor to account for
the differences between unsupported and stiffened plating. The ultimate failure limit

state is written as

t .
Pyt = (oy + Uult)g sinc,

where ¢ is the solution of; (2.23)

b

1—— ,
L. % 0
cosc Lsinc

Since the above equation assumes that the stiffeners have buckled, and are no
longer contributing to the load bearing capacity of the section, the deflection, 0.,
can be estimated from Equation 2.17, but instead of being proportional to stiffener
spacing, the corresponding dimension for a stiffened plate, its length L, is used. The
result is

Sute = 0.1502L. (2.24)

These equations are used for the experimental design in Chapter 3 and for com-
parisons with the experimental and finite element results in Chapter 5, where the

validity of Equations 2.22 and 2.24 are investigated.

2.5 Techniques for Reliability Analysis

The use of reliability analysis stems from the need to better quantify the uncertain-
ties that exist in both the loading and structural response. As stated in Section 2.1,
the random nature of ice loading is due to complexities in adequately defining ice
failure mechanisms. The response of the structure also has many uncertain parame-

ters, such as variation in material properties, dimensions and quality of manufacture.
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Also, there is uncertainty involved in using an idealised strength model. In terms of
stiffened plates, plate theory uses certain assumptions that are but a representation
of reality. Thus, by using this information, the likelihood of structural failure can be
quantified.

There are four methods of performing reliability analysis that are in common
practice, namely levels one through three and Monte Carlo simulations (Mansour
1990). Level three analysis, or the fully probabilistic approach, obtains failure prob-
abilities through direct integration of a joint probability density function. This joint
distribution is found through combination of the probability density functions of the
individual variables. The unsafe ranges of all these variables are then used as in-
tegration limits on the joint distribution. This technique is extremely difficult to
implement, even if the distributions for all variables are known, due to the complexi-
ties of performing the multiple integration. The only case where this integration can
be performed in closed form is when a normal distribution can describe the joint dis-
tribution and when the surface defined by the limit state function is planar (Madsen

et al. 1986). The probability of failure is then calculated by
Pp = ®(-p), (2.25)

where (3 is the safety index, the minimum perpendicular distance from the origin to the
failure surface, and ®() is the standard normal distribution function (see Figure 2.6).
In most cases, all variables will not be normally distributed and the failure surface will
not be planar. But, these variables can be transformed to standard normal variates
and the failure surface can be linearised at the point of minimum distance, or design
point, to obtain an estimate of Pp. This procedure is referred to as the first order
reliability method, or FORM (Madsen et al. 1986). Second order reliability methods

(SORM) use a quadratic approximation of the failure surface at the design point.
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Once they are determined, the partial safety factors can be used in an otherwise
deterministic design to factor the calculated load and structural resistance, thus giving
the design approximately the same level of safety as if level two methods were used
with the same safety index (Mansour 1990). This approach is used extensively by
code writers so that the end user can simply pick appropriate partial safety factors
and achieve a certain level of safety. This approach may seem no different from a
totally determinsitic design where an overall safety factor is used. But, by using level
two methods, there is input of distribution information, which is a better uncertainty
measure. Also, by using several partial safety factors, uncertainty in each parameter
is accounted for with more adequacy.

Monte Carlo simulations (Melchers 1987) offer an alternative to the rigors of di-
rect integration of the level three joint distribution. Statistical sampling techniques
are used to obtain random samples from the distributions of all variables present in
the problem. This data is then used to determine a sample solution, say to a pre-
viously defined limit state equation. If enough of these sample solutions are found,
a statistical analysis of these solutions can be used to assess subsequent behaviour.
For example, a probability distribution for ice loads (Jordaan et al. 1993) and asso-
ciated distributions in the strength model, such as material property variation, can
be sampled to arrive at a sample solution for the limiting load. Once many samples
are obtained, an estimate of the failure probability can be made. One drawback to
this approach is the extremely large number of samples needed to ensure validity of
the statistical predictions. Importance sampling techniques (Melchers 1987) can be
used to overcome this problem by adjusting the sampling point so that samples are
taken from a region close to the failure surface. This greatly reduces the number of

samples required for the accuracy of failure estimates.
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Nessim et al. (1992) presents a reliability analysis of a stiffened plate using
FORM techniques. This analysis is studied in detail in Chapter 5. Discussion of
the experimental and numerical investigation carried out in the present study in
conjunction with the reliability analysis may help eliminate some of the uncertainty

associated with the ultimate failure of stiffened plates.
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Chapter 3

Experimental Analysis of Stiffened
Plating

As stated in Section 1.2, understanding the response of a stiffened plate to extreme
loads would be greatly facilitated through an experimental analysis. To this end, a
small-scale stiffened plate panel, subject to a lateral patch load, was tested to failure
in the Structures Laboratory at Memorial University of Newfoundland. The patch
loading is an idealisation of the two possible ice interaction scenarios in the waters off
Newfoundland: one, level ice (or pack ice) acting upon, say, a ship’s side shell, and
two, impact of a growler or bergy bit on a ship or platform leg. Justification of the

use of a patch load for stiffened plating was given in Section 2.1.

3.1 Model Description

The physical model consists of the test specimen, a small-scale stiffened plate
panel, and a rigid support frame. The experimental model was constructed from
3.175 mm thick mild steel plating, measuring 500 mm in length and 150 mm wide,
with three 50.8 x 3.175 mm stiffeners welded lengthwise. Support was provided by
a rigid frame constructed using 12.7 mm mild steel plate and a hollow structural

steel (HSS) section 51 x 51 x 6.4 mm. Figure 3.1 shows details of both the test
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specimen and support frame. Once constructed, the model was painted so that any
small deformations would be easily seen from the flaking and tearing of the paint.

Support frame

Test SpecMen‘\\\\\
T 150
510
25
75
|
51
]
150 300 150
Top View
i |
3 | 3
198
S1
L
Front View Side View

Figure 3.1: The test specimen and support frame

3.1.1 The Test Specimen

To design the physical model, initial dimensions were scaled linearly from full scale
scantlings of an ice-transiting vessel (Nessim et al. 1992). The main objective of this
experiment was to ensure that the full response of the structure could be observed.
There are two factors which could have resulted in this objective not being met. One,

if the specimen was overly stiff, there would have been insufficient load capacity from
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the Laboratory’s hydraulic ram to cause failure. This was alleviated by considering
the maximum load capacity of the ram (668 kN) when the estimated loads for different
failure modes was calculated. Two, premature tripping or local buckling of ill-designed
stiffeners would have allowed unrealisitic structural response. The test specimen
dimensions were checked against the stiffener tripping and local buckling criteria of
the Arctic Shipping Pollution Prevention Regulations, or ASPPR (Transport Canada,
Ship Safety 1995) to avoid this concern. Implementation of these ideas is described
in the following paragraph.

An Excel spreadsheet (see Appendix A) was developed to determine the adequacy
of the initial scantlings to meet the above objective. Estimates of critical patch loads
were calculated for three conditions: first yield, three-hinge collapse and ultimate
rupture using Equations 2.18, 2.21 and 2.23 respectively. The equations for three-
hinge collapse and rupture were derived based on the second of the two approaches
presented in Section 2.4, namely that no membrane behaviour occurs until after the
stiffeners have tripped or buckled. Table 3.1 shows the calculated failure pressures

for these three modes.

Table 3.1: Estimated failure pressures for test specimen

Failure Mode Pressure [MPa]
first yield 2.73
three-hinge 5.87
ultimate rupture 9.73

To ensure that the specimen was not overly stiff, a fourth failure mode was consid-
ered: shear at the supports. This mode of failure would happen if the test specimen
failed in shear at the welded supports before any other mode, such as bending, oc-

curred. This mode provided a means of ensuring the test specimen was not so stiff
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as to cause damage to the loading mechanism. The force required to cause shearing

failure at both supports was calculated as
Fshear = 27'yA (31)

where Ty is the yield stress in shear (usually 0.70y) and A is the total cross-sectional
area of the test specimen. These pressures were then multiplied by the overall patch
area used to determine the load needed from the hydraulic ram. Test specimen
dimensions could then be altered until appropriate critical loads were obtained. Ta-
ble 3.2 shows the model dimensions arrived at using the above criteria, along with

the corresponding full-scale dimensions.

Table 3.2: Comparison of full scale and model dimensions

Dimension [mm]: | Full-Scale | Model
plate thickness 90 3.175
stiffener thickness 29 3.175
stiffener spacing 760 o0
stiffener depth 760 50.8
stiffener span 4920 300

3.1.2 The Support Frame

Also incorporated in the spreadsheet (see Appendix A) was a calculation of sup-
port frame dimensions. From Figure 3.1, it is seen that, if membrane behaviour of the
stiffened plate is to be studied, the support frame must resist the developed axial force
with negligible deflection. The maximum axial force in the specimen cross-section,

labelled the fully plastic axial force F, is given by
F=o0yA. (3.2)

Due to the position of the test specimen (see Figure 3.1), this axial force will cause

torsion in the support frame. Since the loads must be transferred through the support
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was plugged and it was placed on the test specimen, centred at midspan. The plug
was used to prevent air from entering, or oil leaking out of, the flatjack. This method
of load application differs considerably from the typical methods of applying patch
loads via wooden or metal blocks. The advantage of this method is that the flatjack
does not have sharp edges, reducing the shear stresses occurring at the edges of the
patch. Wooden or metal blocks tend to punch through the structure as a result of
these high shear stresses.

To control the motion of the ram during the experiment, a function generator
was used. This unit allows the user to define a path and total time period for the
variation of load (load control) or displacement (stroke control). If load control was
used, the ram could begin to move very rapidly as the structure failed in an attemnpt
to maintain the pre-set load path. This could cause considerable damage to the
laboratory equipment. Thus, the displacement of the ram was defined by a ramp

function, varying linearly from zero to full stroke over a given time period.

3.2.2 Data Acquisition

Experimental measurements were recorded for applied load, displacement and
axial strain. A load cell incorporated into the hydraulic ram provided the loading
information. Output from the function generator used to control ram motion was
recorded by a linear variable displacement transducer (LVDT) to get midspan deflec-
tion. To measure axial strain, five strain gauges were attached to the specimen at the
locations shown in Figure 3.4. The properties of these gauges are shown in Table 3.3.

To complete the apparatus, a data acquisition system was used to record and
convert the analog voltage readings {rom the load cell, LVDT and strain gauges into
digital output. In all, seven channels were used for recording the load, displacement

and axial strain from the five gauges. The system required a set of calibration factors
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the test specimen? In order to determine this, the flatjack was placed between a rigid
steel block and the ram, whose position was fixed. The jack was then pressurised
while measuring the resulting load on the fixed ram. To pressurise the flatjack, a
small hand pump, fitted with a pressure dial gauge, was used. This pressure gauge
was also calibrated using a deadweight tester, a device where known pressures were
applied to the gauge and compared with gauge readings. These results were then
plotted to determine a correction factor to apply to the gauge readings during the
flatjack calibration. The load measured on the fixed ram was compared with the load
calculated assuming the entire cross-sectional area of the flatjack (150 x 150 mm)
was in contact. From this, a ratio of measured load to calculated load was found
which, when multiplied by the overall dimensions, gives the actual contact area of
the flatjack. The result of this calibration was that the flatjack had a contact area of
15236 mm?, or 123.43 x 123.43 mm.

The final calibration data used in the experiment is given in Table 3.4. All cali-

bration data and plots can be found in Appendix B.

Table 3.4: Final calibration factors

Channel | Units/Volt | Description

7.60859 | LVDT (mm)

67413.9 | Load (N)

201735 | Strain Gauge 1 (ue)

201045 | Strain Gauge 2 (ue)

200642 | Strain Gauge 3 (ue)
()

)

200844 | Strain Gauge 4 (ue
200884 | Strain Gauge 5 (ue

N O TR W= O

3.3 Observations

During the experiment, the data acquisition system collected information from

seven sources: the load cell, LVDT and strain gauges 1 through 5. This information
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was stored in ASCII format, one row of data recored every ten seconds. In all, about
800 data points were collected. Of these data points, certain “key” points were related
to significant events in the progression of failure of the test specimen. Figure 3.5 shows

these points as plotted on the applied load time history.

250 -
7200 s
6420 s
6600s 7680 s
200 - 5700 s
i 150 +
?g 2760 s
=
o 2160 s
= 1680 s
g 100
<
50
660 s
0 T T T T T T —
0 1000 2000 3000 4000 5000 6000 7000 8000
Time [s]

Figure 3.5: Key points from the loading time history

The experiment was started with a stroke rate of 15 mm/hr. This slow rate was
used for the initial part of the experiment to ensure everything was in working order.
At 660 s, the stroke rate was increased to 25 mm/hr. Also at this time, the edges
of the steel block, used to separate the ram and flatjack, came into contact with the
flatjack. Evidence of this is seen in Figure 3.6, which depicts the post-experiment

view of flatjack and block, along with a close-up of loading ram side of the deformed
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caused all stiffeners to bend out-of-plane to the extent that the gauge locations were
almost horizontal at the end of the test. This buckling mode was preceded by local
buckling at the supports to accommodate stiffened plate bending. The paint proved
useful to indicate where tension and compression forces were acting. For example,
there was considerable flaking at the stiffener supports due to the high compressive
forces induced by the patch load while on the plating, the paint tore apart, revealing

the action of high tensile forces.

3.4 Results

Recall that the driving force behind these experiments was to gain a better under-
standing of stiffened plating failure modes and to obtain results for comparisons with
the finite element results of Chapter 4 and analytical equations given in Chapter 2.
A study of the load-deflection response would be most appropriate to support this
comparisor.

The load-deflection curve for the stiffened plate model is given in Figure 3.9.
Superimposed on this figure are the key points described in Section 3.3, with the load

and deflection recorded at each of these points given in Table 3.5. The first item of

Table 3.5: Deflection and load at the key points

Time [s] | Deflection [mm)] | Applied Load [kN]
660 2.69 26.82
1680 9.60 112.8
2160 12.9 125.2
2760 17.0 139.5
5700 37.2 207.0
6420 42.2 217.1
6600 434 220.5
7200 47.5 225.8
7680 50.9 221.7
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Figure 3.9: Experimental load-deflection curve

note from this curve is the distinct “knuckle”, or change of slope, at a deflection of
approximately 6 mm which may indicate the failure of the model in 3-hinge collapse -
the serviceability limit state defined in Chapter 2. From Section 3.3, the observation
at 1680 s of a decrease in loading rate, coupled with an increase in deflection rate,
supports the above conclusion. The ultimate load point is also evident at a deflection
of about 48 mm, which is supported by the observations made at 7200 and 7680 s. A
final point about the load-deflection response is that the slope for the elastic portion
of the curve is quite gradual. Investigation of the flatjack after the test showed that
it had undergone massive deformations, but did not rupture (see Figure 3.10). This
deformation allowed the flatjack to maintain contact with the deflected plating and
damaged structure, which increased the overall contact area. Observations at 660 and

2760 s, which indicated the movement of the flatjack edges, provide evidence of this
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Figure 3.11: Strain time histories for all gauges

were inconclusive, but there were also sharp drops in these curves that would indicate
the same behaviour, although the maximum strain recorded was considerably less.
Thus, the strain results are unreliable for overall comparison to the FE results and
will not be used.

Prior to their de-bonding, the stiffener gauge time histories show a knuckle at
about 1200 s, which is approximately the same point where the applied load time
history in Figure 3.5 changed slope. As reported in Section 3.3, this change of slope
was associated with the observation of stiffener tripping at 2160 s. Figure 3.12 re-plots
the stiffener strain against deflection for the initial portion of the experiment. This
clearly shows the knuckle in the response at a deflection of approximately 6 mm - the

same point where the load-deflection curve knuckles (see Figure 3.9). This provides
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Chapter 4

Numerical Analysis of Stiffened
Plating

While the experimental model described in Chapter 3 was designed to represent
an ice-structure interaction, the complexities of such an event are quite difficult to
replicate in a physical experiment. The use of finite element (FE) modelling tech-
niques to study these loading scenarios and structural responses allows one to handle
these complexities in a more direct fashion. Here, the finite element analysis of the
physical model studied in Chapter 3 is described. These models were developed using
the commercial finite element software ABAQUS (Hibbitt, Karlsson and Sorenson

Inc. 1995a).

4.1 Model Description

There are four main components to a finite element model - element definition,
boundary conditions, material model, and analysis type. 1o ensure accurate results,
the user must make appropriate choices for these components. Two different element
types were defined, Cases A and B, to determine whether or not elastic bending
deflections were important in modelling the overall response of the stiffened plate. A

set of boundary conditions, material model and analysis type that were commor to
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sions concerning the boundary conditions can render the analysis useless. Boundary
conditions are applied by confining nodal degrees of freedom such that the desired
behaviour is achieved. The degrees of freedom available for constraint depend on
what element type is associated with the particular node. For the elements men-
tioned above, there are six active degrees of freedom: translation in the x, y and z
directions (ug, uy, u,) and rotation about the x, y and z axes (¢, ¢y, ¢-).

In the present study, the boundary conditions used are global constraints, that
is they are applicable to all models tested. There were two global constraints used,
one dealt with model symmetry, the other described the support conditions. Since
the physical model was symmetric about midspan, only half of the span needed to
be modelled. This global constraint was implemented by restricting the midspan
nodes to only move in the x-z plane, meaning that u;, ¢, and ¢, are equal to zero.
Modelling the support condition involved restricting all movement at these nodes, a
fully fixed boundary condition. This was used because the plating on the physical
model overlaps the support frame and was welded on three sides, in addition to each
stiffener being welded on both sides to the support. While a true fully fixed end
restraint cannot be attained, the hefty construction of the model should allow use of

this condition without introducing significant error.

4.1.3 Material Model

To ease comparisons with experimental results, a common material model was
used for all finite element models. Typically, the material behaviour of steel can be

idealised as one of four types of behaviour (Skrzypek 1993):
A rigid, perfectly plastic,

B: elastic, perfectly plastic,
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C: rigid, linear strain hardening, and
D: elastic, linear strain hardening,.

A rigid, perfectly plastic material will not begin to deform until stress reaches yield.
Once deformation begins, stress remains constant as the only mechanism available to
resist load is deformation. In contrast, an elastic, perfectly plastic material takes into
account the initial deflections experienced as the stress level rises to yield, which gives
larger deflections under a given load as compared to the rigid model. Since typical
code designs limit deflections to certain permissible values, considering elasticity will
result in a more conservative design. The third and fourth approaches account for
material hardening by assuming stress increases linearly during plastic deformation.
This effectively gives the material more stiffness and, thus, a greater load capacity
and results in a more optimistic design strategy.

McDermott et al. (1974) suggest using an elastic, perfectly plastic material model,
with the elastic-plastic transition defined by an effective strength oy, which is given
by

1
oM = ‘2—(0')/ + Uult) R (41)

where oy and o, are defined in Chapter 3. This material model is shown in Fig-
ure 4.3. This model has the benefit of accounting for some strain hardening through
its definition of the transition and being computationally more efficient than those
that consider strain hardening more directly. Good correlation with collision studies
carried out by the above authors, as well as providing good results for analyses of
both unsupported plating (Nessim et al. (1992), Brown (1993), and Zou (1996))
and for stiffened plates (Nessim et al. 1992). The material properties used in the FE

analysis of the test specimen are given in Table 4.1.
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Table 4.1: Material properties used in FE analysis

Symbol Description Value(Range)
oy yield strength [MPa) 248
Oult ultimate strength [MPa] 400-552
op | effective strength [MPa] 324!
E Young’s Modulus [GPa] 207
v Poisson’s ratio (elastic) 0.3
vp Poisson’s ratio (plastic) 0.5

1 . — .
Only one effective strength value is given as this is a more conserva-

tive estimate of the material strength.

&

Figure 4.3: Material model used in FE analysis

4.1.4 Analysis Type

The final component of the FE model is determination of the analysis type. To
make this choice, it is essential to picture the physical processes being studied. As
stated in Chapter 1, there are two interaction phenomena which induce load on a
stiffened plate structure, an impact from growler or bergy bit, or the action of level
ice. Because of the nature of ice failure during an interaction (see Section 2.1),

structural loads can be highly variable. This is mainly due to the rapid appearance

o4



and disappearance of critical zones within the damaged layer. In designing for extreme
loads, the usual practice is for the ultimate limit state for the strength of the structure
to be a condition that has a set probability of occurrence, above which the structure
fails. In the case of a stiffened plate subject to ice loads, the design can be done
statically where a design ice load will be found that has a specified probability of
exceedance. Therefore, the FE analysis of this case treats the load as a single event
in a static manner. Repeated load events, which can be studied in terms of fatigue,
are outside the scope of the present research.

Although the type of loading can be studied statically, the extreme loads asso-
ciated with the ultimate limit state will induce nonlinear structural response. This
nonlinearity is caused by a number of factors. Geometric imperfections in the scant-
lings and residual stresses due to welded construction cause the material to differ
from its elastic properties. Strain hardening during plastification can also cause some
material nonlinearities. This behaviour can cause unstable structural response, for
example buckling or tripping. Using normal static analysis procedures, structural
instabilities will result in numerical errors, terminating the analysis. Accurate pre-
diction of unstable response at these loads is facilitated in ABAQUS through the use
of an alternate iteration scheme, called the modified Riks method (Hibbitt, Karlsson
and Sorenson Inc. 1995b).

The Riks method (Ramm 1981) is well suited to the analysis of unstable response
since, at the beginning of each iteration, load and deflection are treated as unknowns.
These unknowns are found by a path search from the solution point of the previous
iteration. In this way, a particular load can occur at more than one deflection, which
is essential if instabilities are to be modelled. The analysis is then terminated when
one of two criteria are met: a specified load proportionality factor (a multiple of the

initial load value given), or a specified displacement. The key input to this method
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is an imperfect F'E model. An imperfection is necessary as a perfectly symmetrical
model will not become unstable as there exists no catalyst to initiate this behaviour.
Introducing this imperfection can be done in one of two ways, either by applying a
small disturbing force at the tip of the stiffeners or by directly altering the model
geometry a certain amount. The magnitude and direction of these disturbing forces
are determined from an eigenvalue analysis. But, since an eigenvalue analysis pro-
duces a deformed model shape, a more direct approach would be to change the model
itself. ABAQUS provides a method of re-calculating all nodal co-ordinates so that the
maximum imperfection would be some scale factor of a typical material dimension.
In the present study, model imperfections were achieved via the second approach
and the maximum imperfection was set to 50% of the plate thickness. By using this
scheme, changes in the cross-sectional geometry as it undergoes plastic deformations
are considered in the analysis. This is a much more accurate representation of mate-
rial behaviour in the plastic range as high stresses will cause stretching, which tends

to reduce section thickness.

4.2 Results

The two models, Case A and Case B, were subjected to a patch load similar to
that used in Chapter 3. As described in the previous section, the analysis method is
iterative and treats both the deflection and load as unknowns for each iteration. To
begin the analysis, a nominal load of 1 MPa was placed on the patch area. This area
was sized based on the calibration results from Section 3.2, but in order to create a
reasonable mesh to suit the analysis, the exact area could not be replicated. Thus,
a patch area of 125 mm? was used. Records of lateral pressure within the patch
area and deflection were kept during the analyses. From these, the load-deflection

relationship can be plotted similar to that plotted for the experimental analysis in
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Section 3.4. The analyses were terminated once a deflection of 52 mm was reached
(the second of two termination criteria given in Section 4.1.4). This deflection was
chosen as it was the deflection at which the experiment was halted.

Figure 4.4 gives the load-deflection response of both FE models. Several obser-
vations are evident from this curve. In both cases, the transition from elastic to

plastic behaviour is evident at a deflection of about 0.5 mm (which can be seen more
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Figure 4.4: FE load-deflection curves for Cases A and B

clearly from Figure 4.5). In Section 4.1.1, it was stated that the difference between
Cases A and B was the assumption of negligible bending deflections in Case A. This
assumption should lead to differences in the initial portions of the load-deflection

response. As can be seen from Figure 4.5, this is not the case as there is no dis-

cernible difference between the two curves. The variation in the load-deflection be-
haviour is significant only well into the plastic range, with Case B predicting a greater

load-carrying capacity. This would seem to indicate that the quadratic interpolation
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Figure 4.5: FE load-deflection curves for Cases A and B, showing the elastic-plastic
transition

possible with the 8-noded element is the key feature, not the improved elastic bend-
ing response. An investigation of the difference in behaviour will be carried out in
Chapter 5 when these curves are compared with the experimental results. Also, the
load-deflection curve for Case B shows the termination of the response at a deflection
less than 52 mm. The analysis method used has the additional feature of halting
after a certain number of iterations with no change in the structural response. This
prevents the analysis from cycling endlessly and is what caused the termination of

the Case B response curve.
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Chapter 5

Comparisons, Sensitivity and
Design

To fulfill the scope of work described in Section 1.2, three tasks are undertaken
here. First, the experimental results from Chapter 3 and finite element results from
Chapter 4 are compared and contrasted, then both are compared to results from the
analytical equations for stiffened plating presented in Chapter 2. Second, a sensitivity
analysis of stiffener size using finite element techniques is carried out to determine
the effects on the ultimate strength of the stiffened plate. This will help understand
the role the stiffeners play in structural design. Third, a sample reliability analysis,
based on previous work by Nessim et al. (1992), is conducted to show how information

regarding stiffened plate behaviour is implemented in reliability-based design.

5.1 Result Comparisons

5.1.1 FE and Experimental Results

Load-deflection curves for both Case A and B are compared with experimental
results in Figure 5.1. As can be seen, there are discrepancies in the response curves.
In the initial portion of both curves, from the origin to where the curve changes

slope, the slope of the experimental results is quite different from the FE results. The
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general trend of the experimental results is matched to a certain degree by the FE

model for the remaining portion, but there is an offset between them.

250
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Figure 5.1: Comparison of Cases A and B with experimental results

Several reasons can be given for the differences in these curves. But, there is a
common thread to all of these reasons and that is the errors involved in using an
idealised model to study the behaviour of a physical system. First, during the exper-
iment, the flatjack underwent severe deformations as it maintained contact with the
structure. These deformations had the effect of altering the calibrated contact area
of the flatjack from Section 3.2.2 as more of the flatjack came into contact with the
structure. Also, these deformations were a result of energy absorption by the flatjack,
thus the total energy imparted to the test setup by the hydraulic ram was not utilised
to deform the test specimen. Second, since the deflection data recorded during the

test was actually a record of the movement of the hydraulic ram, the deformation of
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the flatjack led to errors in the deflection measurements, making the test specimen
seem less stiff than its actual behaviour. Third, the support condition of the FE
model was fully fixed, whereas in the physical model, it is impossible to construct
a true fixed support. During the test, material tearing at the support, preceded by
stretching, caused the test to end as the test specimen was no longer able to carry
additional load. These deformations at the support also cause an apparent reduction
in the test specimen stiffness, as compared with the FE model stiffness. The use of
virtual very stiff springs to simulate the fixed welded edge and the use of very weak
springs to simulate the left of the free edge may provide better agreement to the
experimental results, but is beyond the scope of this effort. Fourth, the welds used
in construction of the experimental model were of the same scale as those used on
much larger structures. Thus, areas of residual welding stresses are a much larger
percentage of the overall structure than at full-scale. Finally, as the stress in the ma-
terial goes beyond yield, straining in the cross-section causes non-recoverable, plastic
deformations of the structure. These deformations change the crystal structure of
the material, making it more resistant to further defiections. The result is that the
material can withstand stresses higher than yield, but at a loss of ductility. In the
FE model, an ideal material model (see Section 4.1.3) is used in which the material
is assumed to be elastic, perfectly plastic. This implies that once stress reaches yield,
the material can only resist further increases in load through deformation. However,
as seen in Section 4.1.3, an effective strength is used as the elastic-plastic transi-
tion point. Since this value is halfway between the yield and ultimate strengths of
the material, the FE model is able to match the general trend of the experimental
load-deflection curve, even though the slope was not matched.

All of these factors cause the physical model to have greater deflections at a given

load value than the corrseponding FE model, resulting in the slope discrepancies
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between the FE and physical models. In contrast, a final visual comparison of the
experimental test specimen and the FE model showed that the final deformed shape
of both models was remarkably similar. This similarity validates the choice of the
Riks method for the FE analysis.

Based on the discussions above and on the load-deflection curves plotted in Fig-
ure 5.1, Case B matches the experimental results much more closely, particularly
in the plastic region. A finer mesh size for Case A may have matched the exper-
imental behaviour more closely, but was considered unnecessary due to the results
obtained from Case B. Thus, only the results for Case B will be used in the following

comparisons and sensitivity analysis.

5.1.2 FE and Experimental Results with Analytical Equa-
tions

In addition to the above, a comparison was made with analytical loads and de-

flections calculated from the equations given for yield, three-hinge and rupture of

stiffened plating in Chapter 2. These equations are repeated here for clarity.

Yield= Py=——— Oy = - (2L —2L° —b
' Y= = 3LA)bs’ Y = 384E1 <s) ( )
. 8oy 4
Three-hinge = Py, = (Tq——i—%ﬁ’ 03, = 0.1s
t
Rupture = Py = (oy + au[t)-l; sinc, Oy = 0.1502L
(where ¢ is the solution of: %ﬁﬁ + o = 1.05)

The pressures calculated from these equations are multiplied by the patch area to

obtain the analytical load so that a direct comparison can be made to the experimental

and FE results. Recall from Section 3.2 and 3.4 that the patch area for yielding and
three-hinge collapse was 15236 mm? and for rupture was 16900 mm?. Calculations of

the analytical load-deflection response can be found in Appendix D.
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Figure 5.2 shows the load-deflection curves for Case B, experiment and the above

analytical equations. The elastic portion of the FE and analytical curves match
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Figure 5.2: Comparison of FE Case B and experiment with analytical results

reasonably well. Looking at the initial portions of these curves more closely (curve
(a) of Figure 5.3), the differences in the experimental response curve are obvious.
But, to counteract the “cushioning” described in Section 3.4, the experimental curve
can be shifted along the x-axis to the left by 2.5 mm. The magnitude of this shift
is estimated as the deflection at which the experimental response curve first becomes
linear. Curve (b) of Figure 5.3 shows the initial portions of the curves re-plotted.
It is immediately evident that the elastic-plastic transition points now match more
closely in terms of deflection.

Another point to consider is the magnitude of the elastic-plastic transition on the

FE response curve. Recall from Section 4.1.3 that the yield point used in the FE
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Figure 5.3: Elastic portion of response curves, showing shift in experimental response

analyses was an effective stress, op, defined as %(O’y + gu). This material definition
was used to capture the effects of plastic strain hardening, without an attempt to
explicitly define a strain hardening rate. In the analytical calculations, this effective
stress concept is only considered in the calculation of the rupture load, not in the yield
and three-hinge collapse loads. Also, the reality of the physical experiment is that
the material will begin to yield at its yield point and undergo strain hardening during
plastification. The increase in the predicted elastic-plastic transition load from the FE
analyses can be attributed to the increased resistance to yielding of the FE material
model from the use of the effective stress. As seen from the plastic portion of the

response curve (Figure 5.2), the FE model does match the trend of the experimental
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response quite well. Thus, we can modify the elastic response using

a
! o= — Prp, (5.1)
am

since the collapse load is directly proportional to the material stress. This load
reduction is applied fully for deflections up to 2 mm, just beyond the pronounced
change in curvature of the response, then its effectiveness is diminished linearly up
to a deflection of 15 mm to obtain a smooth transition to the plastic portion of the

response curve. Figure 5.4 shows the results of this modification.

(a) Original curves (b) FE curve shifted
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Figure 5.4: Elastic portion of response curves, showing change in FE response

These comparisons confirm the accuracy of the FE model and reinforce the expla-
nations given for the discrepancies with the experimental results. Figure 5.5 shows
the complete response curves of Figure 5.2 with the modified experimental and FE

results.
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Figure 5.5: The complete load-deflection response curves, including modified results

A final comment on these response curves is that, while the elastic portion of
the response seems to be modelled quite well, the FE and experimental results for
the rupture load are significantly higher than that given by the analytical equations.
The reason for this discrepancy is that the analytical equations assume the stiffeners
make no contribution to the ultimate strength. Sidhu and Daley (1997) present a
FE analysis of instability behaviour of various shapes of stiffeners, showing that there
could be significant contributions to ultimate strength, depending on shape. This
type of work would allow a greater load capacity for a given deflection. Thus, the

analytical solution used here represents a lower bound to stiffened plate behaviour.
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5.2 Sensitivity

From these comparisons, the underlying assumption made to derive the analytical
equations of Chapter 2, may not be entirely accurate. An in-depth study to confirm
this result is outside the scope of this research, but some preliminary indications of the
role of stiffeners in the ultimate behaviour of these structures can be made. To this
end, the sensitivity of the load-deflection response of a stiffened plate to the relative
stiffness of the attached stiffeners was investigated numerically by changing the shell
thickness of the stiffener elements given in Case B of the FE analysis presented in
Chapter 4. Two additional models were analysed (input files for these cases can be

found in Appendix C):

Case 2x the shell thickness for the stiffener elements was doubled from Case B, and

Case 3x the same thickness was tripled from Case B.

Figure 5.6 shows the load-defiection behaviour for Case B and the two sensitivity
analyses. The most striking feature of these curves is the significant change in the
elastic-plastic transition point. This shows the significant impact the stiffeners have
on elastic strength. But, notice that in both Case 2x and 3x, the curve does not
extend beyond a deflection of 15 mm. The FE analyses were terminated at these
points due to numerical instabilities in the models. This is evident when considering
the deflected shape of these two cases, as shown in Figure 5.7. Since the stiffeners
have become so stiff elastically, the majority of the deformation has occurred in the
plating. These large deformations have caused excessive membrane strains, much
higher than the limiting value of 5% mentioned in Chapter 2. This is particularly
true for Case 3x, where there was very little out-of-plane movement of the stiffeners.

From these results, we can conclude that the assumption stated in Section 2.4,

namely that the stiffeners provide no stiffness for the development of plating mem-
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brane action, breaks down when considering plating adjacent to very stiff structures,
such as deep web frames or horizontal stringers. In addition, as seen from Figure 5.5,
there is a marked reserve of strength seen from the experimental and FE response
curves, as compared to the analytical response. This can be partially attributed to
contributions to the ultimate strength from the stiffeners prior to their collapse. Ob-
servations from Section 3.3 support this conclusion as the stiffeners did not buckle
until a deflection of approximately 12 mm was reached, which was well into the plastic
portion of the response curve. This further supports the statement in the previous
section that the analytical response represents a lower bound to stiffened plate be-

haviour.

5.3 Reliability-based Design

To show how the analysis of stiffened plating fits in a reliability-based design
framework, an analysis was performed on a sample tanker design for offshore New-
foundland waters. In this region, the ice-structure interaction is defined by infrequent
ericounters with glacial ice features, such as growlers and bergy bits. A study by Fu-
glem et al. (1996) showed that vessels operating in this region typically have 0.1
to 4 impacts with glacial ice per year. For such a rare event, the appropriate de-
sign decision is to consider ice impact as an ultimate limit state. This choice guards
against catastrophic failure from these loads, but does not cause over-design, from a
serviceability standpoint, for an event that may only occur a handful of times during
the service life of the vessel. To reflect this, Carter et al. (1996) suggest a target
probability of failure for this ultimate limit state of 1 x 107%. This target will be used
to determine the required thickness for the plating and the flatbar stiffener.

Performing a reliability calculation requires definition of both the structural re-

sistance and the impinging load. Based on the discussions of the previous sections, it
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is clear that, for resistance to ultimate failure, Equation 2.23 is a lower bound. The
apparent contribution of the stiffener to the overall structural resistance seen in both
the experimental and FE results is not considered. To address this, Equation 2.23 is

modified to incorporate parameters of the supporting stiffeners to give

k
P, =(oy + C’ult)gt— sinc,
where, as before, c is the solution of: (5.2)
b
L=z
L 2 — 105

cosc Lsinc

The term t-‘f;k is the depth-to-thickness ratio of the stiffener, which is commonly used
to as an indication of its rigidity, raised to the power of a constant, k. An initial
estimate of this rigidity term can be obtained from the ratio of the experimental
ultimate load and the previously calculated analytical load based on Equation 2.23,
which is 1.387. Now, in order for P, to be accurate, the term %k must equal this
ratio. From the experimental geometry, k is determined to be 0.118.

In Section 2.1, the process by which ice-structure interaction imparts load onto
the structure was described. The two main features defining this interaction were

highlighted, namely
o the relationship between pressure and contact area, and
e how to describe the nature of the process.

As stated, Jordaan et al. (1993) presented a exponentially decreasing form for the
pressure-area curve based on a wide range of experimental data ranging from small-
scale laboratory tests to large-scale field experiments, incorporated with a probabilis-

tic model for extreme load prediction based on the concept of critical zones. This
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definition of ice loading is used here and is given by a Gumbel(max) distribution of

the form
—(z —zo — 1)
o

H (5.3)

Fz(2) = exp{—exp{

where o = 1.25a7°7 defines the pressure-area relationship, with a being the overall
contact area with the ice feature, o = —0.03 is the initial pressure before impact,
and z; = oflogv + logr) is a coefficient representing both exposure of the vessel
to ice features () and the percentage that result in impacts (r). An assessment of
the experimental data shows that r can be taken as 0.46 (Jordaan et al. 1993). To
determine the exposure, the type of ice operations undertaken is considered. The
operation of an arctic icebreaker requires frequent encounters with a variety of ice
features, resulting in many interactions. On the other hand, a shuttle tanker operating
offshore Newfoundland will have infrequent encounters with glacial ice (as stated
above). To quantify these differences, Carter et al. (1992) specify the following

categories of ice-going vessels in terms of the expected number of encounters:
CAC1 10,000,

CAC2 1,000,

CAC3 100, and

CAC4 10.

Based on the range of impacts of 0.1 to 4 per year, v was taken as 5 for this analysis.
A summary of these and other random variables and constants used are listed in

Table 5.1.
The reliability analysis involved conducting iterative FORM calculations, altering

the plate and flatbar thicknesses until the target probability of failure mentioned
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Table 5.1: Structural particulars of sample design

Item Description Value
plate thickness, ¢ [min] Normal = 1.014t, o = 0.01p
flatbar thickness, w [mm] Normal p=1.014w, 0 = 0.01p
load [MPa] Gumbel(max) | g = z¢ + x; + 0.577a, 0 = 1.283c
yield strength, oy [MPa] Lognormal pu =315, 0 =15.75
ultimate strength, oy [MPa] | Lognormal p =515 0=25.75
stiffener depth, d [mm] Constant 250
stiffener spacing, s [mm] Constant 600
stiffener span, L [mm)] Constant, 1490
ice load breadth, b [mm] Constant 870

above was reached. The thicknesses obtained were 15.8 and 10 mm, respectively.

Input and output from these calculations are given in Appendix E.
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Chapter 6

Conclusions and Recommendations

An in-depth analysis of stiffened plating behaviour has been presented in the

preceding chapters. Several conclusions can be drawn from this effort, namely

1. A flatjack was used successfully to apply a partial uniform load to a small-scale

stiffened plate.

2. Comparisons between finite element, experimental and analytical results showed
good agreement, particularly after some modifications to the finite element and

experimental results to address analysis observations.

3. The comparisons also indicated that the analytical ultimate limit state proposed

by Nessim et al. (1992) to be lower bound to the stiffened plate behaviour.

4. A modified ultimate limit state was proposed, which incorporates stiffener rigid-
ity.
5. Sensitivity analyses were conducted and showed that by increasing the stiffener

size, major structural deflections were limited to the plating.

6. A sample reliability analysis was conducted, based on the proposed ultimate
limit state, which resulted in plating and flatbar thicknesses 15.8 and 10 mm

for a target probability of failure of 1 x 1075,
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To further the understanding of the role of stiffened plating in membrane be-

haviour, several recommendations for future study can be made:

1. Studies into stiffener instability, such as the finite element work being carried
out by Sidhu and Daley (1997), should be continued and verified with large

scale experiments.

2. Further experiments should be conducted to determine the accuracy of the

stiffener rigidity term, %k, particularly the value of the exponent, k.

3. When using a flatjack loading mechanism, displacements of the test specimen
could be measured from the side of the specimen opposite the applied load

(perhaps with a spring-loaded dial gauge) to improve interpretation of results.

4. Future finite element analysis work could benefit from using springs in the

definition of the support condition.
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DESIGN OF TEST SPECIMEN AND SUPPORT FRAME

Part A: Test Specimen Design

Test Specimen Particulars Material Particulars (ASTM A36)
t 3.175 |plate thickness [mm] o 248  |yield stress [MPa]
400  |ultimate stress [MPa]

S 50.00 |[stiffener spacing [mm] G,
dy 50.80 |web depth [mm)]

c

E | 1.92E+05]Young's modulus [MPa]
tw 3.175 |web thickness [mm] \Y 0.3 Poisson's ratio (elastic)
L 300.00 |[stiffener span [mm] Vo 0.5 Poisson's ratio (plastic)
b 123.43 |ice load breadth [mmy]

The test specimen in question was subject to a patch load to represent ice impact. This patch load
was applied using a flatjack arrangement (described in Chapter 3). The flatjack used in these

tests was 150 x 150 mm, which produced an effective patch load area of 15236 mm’,

or 123.43 x 123.43 mm (see Appendix B).

Buckling Check on Specimen Dimensions
(from Transport Canada, Ship Safety (1995, December) Arctic Shipping Pollution Prevention
Regulations (ASPPR), Report No. TP12260)

a) The web thickness must be greater than, or equal to:

tu min = du(G, "2)/282 = 2.84 mm Offered thickness?  OK
b) The web depth to thickness ratio must also be less than, or equal to:
d,/t, <= 168N/VV = 24.55 Offeredd ,/t,? OK
where: N= 1
VV = (6,Zpro/Zpar) " = 6.84  Constants:
Zpar = dyty(d,, + 1)/2000 = 435 Ap 0.50 CcC 0.80
Zpgp = 0.04167sLAP,yBBR,CC/o, = 0.82 Pav 7.66 2 45
BB =v,(3 - v/L)/1000 = 0.13 R, 0.83

Since the requirements of a) and b) above are met, the specimen meets ASPPR buckling criteria.
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Area & Elastic Section Modulus

A, 158.8 plate area [mm?]
A, 161.3 web area [mm2]
Xpar 15.19 location of elastic NA from top of plate [mm]
I 93089 moment of inertia about NA [mm4]
Zepasic 2400 elastic section modulus [mm’]

Plastic Section Modulus
(after Ronalds, B.F. (1990) Membrane action in the beam mechanism. Journal of Strain Analysis
25(4), 241-253.)

C, 0.007874
G, 0.492 coefficients which determine relative contributions of plate
2 0.400 and web to the total section modulus.

Zojastic 4348 plastic section modulus [mm3]

Plating Failure Loads and Deflections (Section 2.3)

P, = 2.25t:$y(t/s)2 = 2.25 MPa, pressure to initiate yielding at the
supports.
8, = (Ps'(1-v))/(32Et) = 0.07 mm, corresponding deflection.
Py, = 3.464<sy(t/s)2 = 3.46 MPa, pressure to cause yielding & hinge
formation at the supports.
Oy = (PZhs4(1-v2))/(32Et3) = 0.10 mm, corresponding deflection.
Ps, = 4.62($y(t/s)2 = 4.62 MPa, pressure to cause the formation of
the third plastic hinge at midspan.
Oy =2t= 6.35 mm, corresponding deflection.
P, = 0.515(c,+0,)(/s) = 21.19 MPa, pressure to cause rupture at 5%
strain.
8, =0.1502s = 7.51 mm, corresponding deflection.

Stiffened Plating Failure Loads and Deflections (Section 2.4)
P, = (-246yZelasﬁcL)/(bs(b2-3L2)) = 2.73 MPa, pressure to cause first yield.
Sy = Pybs(2b2L-2L3-b3)/384EI = 0.11 mm, corresponding deflection.
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Stiffened Plating Failure Loads and Deflections, con't (Section 2.4)

P3n = (86, Zp s}/ (bS(L-b/2)) = 5.87 MPa, pressure to cause three-hinge
formation.
8;,=0.1s = 5.00 mm, corresponding deflection.
¢= 2.51825 The solution for ¢ from Equation 2.18.
P, = (0,+0,)(tb)sin(c) = 9.73 MPa, pressure to cause rupture at 5%
strain.
&, =0.1502L = 45.06 mm, corresponding deflection.

Fully Plastic Axial Force
F=0,(A, + A,)/1000 = 79.37 kN, for one (1) stiffened plate unit.
Fo=3F=  238.11 kN, for test spceimen w/3 stiffeners.

As a final check of the test specimen design, the plastic capacity in shear was calculated and

compared against the maximum possible force available from the loading ram, which was
150,000 Ibs or 668 kN.

Aa=3A,+A,) = 960 mm’, total area (w/3 stiffeners).
1,=0.70, = 174 MPa, yield stress in shear.
Fihear = 2T,A;o/ 1000 = 333 kN, shear load req'd to fail test specimen.

Since F & F,.,, are less than 668 kN, laboratory equipment is sufficient to fail specimen.
Part B: Support Frame Design

As can be seen from Figure 3.1, the above forces cause torsion in the support frame. Thus, the

support frame was designed to resist this induced torque as follows:

H 300 |support frame height [mm]. } These dimensions were chosen
w 150 |support frame width (= H/2) [mm]. for simplicity.
LA 300 [lever arm of load, Fy, [mm],

Qmax = FqLA = 71433 kN-mm, maximum induced torque.
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Now, since the support frame thickness is the only unknown, a reasonable value was selected, the
design torque calculated and compared against Q.

top = 12.7 mm, support frame thickness.
Quesign = 2Tyts(W-tsp)(H-tgp)/1000 = 173936 kN-mm, resulting torque capacity.
Safety Factor = Qgesign/ Qumax = 2435

Since Qgey,n is greater than Q. a support frame thickness of 12.7 mm is adequate and also

provides sufficient safety should experimental loads exceed those calculated here.
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Appendix B

Experimental Calibration
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Part B: Flatjack Calibration
Held ram at a fixed gap of 10 mm then pressurized to ~ 500 psi as follows:

Measured Pressure | Calculated Load Area Area
Load [kip] | [psil |Load [kipl'| Ratio [in’] [mm’]
0.04 5 0.18 4.50000 8.00000 5161
1.68 110 3.96 2.35714 15.27273 9853
4.09 200 7.20 1.76039 20.45000 13194
6.86 305 10.98 1.60058 22.49180 14511
9.43 410 14.76 1.56522 23.00000 14839
12.28 520 18.72 1.52443 23.61538 15236 |(see Note 2)
Notes:

1. This is based on an area of the undeformed 150 x 150 mm flatjack, which is ~36 in’.
2. This area of 15236 mm” results in an actual contact footprint of 123.43 x 123.43 mm.

Flatjack Calibration

20 S —

16 /
14 /-/

12 /

o e

Calculated Load [kip]

8
6 /
4
2
o 2 4 6 8 10 12 14

Measured Load [kip]
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Finite Element Input Files
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CASE A: EIGENVALUE BUCKLING ANALYSIS

*HEADING

FE Model of Test Specimen

*PREPRINT , ECHO=YES ,MODEL=NO,HISTORY=NO
s T e T e P
*x This model represents the laboratory specimen, by using symmetry
*x only half its length needs modelling.

*k

** General Notes:

*x 1, All dimensions and loads are in metric units.

*k 2, Material is ASTM A36 steel.

*x 3, Structure is modelled using S54R finite strain shell elements,
*k which are designed for use in large displacement analyses.

*%

** Comments related to this particular input file:

*% 1. modelling lab test number 1, with a 125 x 125 mm patch load.
*k 2, fully fixed support condition.

*x 3, eigenvalue buckling prediction.

*% 4, distributed load applied.

KoK ok R oK oK o oK Sk ok o ok oK sk ok ok o sk sk ok sk ok o e ok ok ok ol ok ok ok sk sk ok ke kol sk ok o sk ok ke ok o e ok ok ok
*%

** Plating Nodal Definition

*k

*NODE

1,0,0,0

26,.15,0,0

601,0,.15,0

625,.15,.15,0

*% Defines the corner nodes of the 150x150 mm shell plate.

*NGEN, NSET=EDGE1

1,25,1
*NGEN, NSET=EDGE2
601,625,1

** Generates two plate edges lengthwise.
*NFILL, NSET=PNODES

EDGE1,EDGE2,12,50

** Fills nodes in between EDGE1 and EDGE2.
*ok

** Stiffener Nodal Definition

*k

*NODE

651,0,.025,-.012675
675,.15,.025,-.012675

801,0,.025,-.0507

825,.15,.025,-.0507

851,0,.075,-.012675
875,.15,.075,-.012675
1001,0,.075,-.0507

1025, .15, .075,-.0507
1051,0,.125,-.012675

1075, .15, .125,-.012675
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1201,0,.125,-.0507

1225, .15, .125,-.0507

*x Defines the corner nodes for each of the three stiffeners.
**¥ Starts at an offset z-coordinate because the nodes on the
** line z=0 have already been generated with the plate nodes.
*NGEN, NSET=ALAYER

651,675,1

851,875,1

1051,1075,1

*NGEN, NSET=BLAYER

801,825,1

1001,1025,1

1201,1225,1

** Generates two lengthwise strings of nodes along each

** stiffener.

*NFILL, NSET=SNODES

ALAYER,BLAYER, 3,50

**% Fills nodes between ALAYER and BLAYER.

* %k

** Plating Element Definition

&Kk

*ELEMENT, TYPE=S4R

1,1,2,52,51

*x Defines element #1 with its 4 corner nodes.

*ELGEN, ELSET=PLATE

1,24,1,1,12,50,24

*x Generates all plate elements as per the following

** gsequence:

** master elem. #, # of elems in row, inc. in elem. #’s in row,
** inc. in node #'s between elems., # of rows, inc. in node #’s
** between rows, inc. in elem #'s between rows.

Kok

*x* Stiffener Element Definition

%k

*ELEMENT, TYPE=S4R

301,651,652,102,101

325,701,702,652,651

401,851,852,302,301

425,901,902,852,851

501,1051,1052,502,501

525,1101,1102,1052,1051

** Defines the first two elements in each stiffener (This is done
*k because of the different increments in node #'s for the
** stiffener elements attached to the plating.)

*ELGEN, ELSET=FRAMES

301,24,1,1

325,24,1,1,3,50,24

401,24,1,1

425,24,1,1,3,50,24

501,24,1,1

525,24,1,1,3,50,24
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*x Generates the stiffener elements as follows:

** - the line with 01 element #’s generates only 1 row of elements
*k (refer to plating element generation for explanation of each #).
** - the line with 25 element #’s generates the remaining 3 rows
*% necessary to fully define the stiffener.

kK

*% Node and Element Definition for Boundary Conditions

*% and Load Application

*X

*NGEN, NSET=FIXEDEND

1,601,50

651,801,50

851,1001,50

1051,1201,50

*x Defines the end nodes which will have a fully fixed boundary
** condition.

*NGEN, NSET=SYMEND

25,625,50

675,825,50

875,1025,50

1075,1225,50

*% Defines the nodes which will have a symmetric boundary condition.
*NGEN, NSET=NPATCH1

65,75,1

*NGEN, NSET=NPATCH2

565,575,1

*x Generates the edge nodes of the elements making up the location
** of the 125 x 125 mm patch load application.

*NFILL, NSET=NPATCH

NPATCH1,NPATCH2,10,50

** Fills in the remaining nodes within the patch.

*ELGEN, ELSET=ELPATCH

39,10,1,1,10,50,24

** Defines the element set that to which the patch load will be
** applied.

*K

** Material Definition

*k

*MATERIAL, NAME=ASTMA36

*ELASTIC

192E3, .3

** Sets the Young’s Modulus to be 192E3 MPa and Poisson’s ratio to 0.3
*PLASTIC

324

x* Defines perfect plastic behaviour beyond a stress level of

**x 0.5%(yield + ultimate).

*ook

** Plate and Stiffener Section Definition

*k

*SHELL SECTION, ELSET=PLATE, MATERIAL=ASTMA36, POISSON=0.5
.003175

92



*SHELL SECTION, ELSET=FRAMES, MATERIAL=ASTMA36, POISSON=0.5
.003175

** Defines the plate and stiffeners as having a shell thickness of
** 3,175 mm, or 1/8".

*ok

*+ Boundary Conditions (Global)

*k

*BOUNDARY

FIXEDEND,1,6

*x Sets all dof to zero (fully fixed end).

SYMEND , XSYMM

** Sets appropriate dof such that the nodes move in a plane
** z=constant.

*k

** Loading Definition

*%

*3STEP

*BUCKLE

1,1

** Defines the # of eigenvalues estimated (1), the max.

** eigenvalue (1) and the # of iterations is 30 (default).
*k

*DLOAD

ELPATCH,P,-1

x* Defines 1 MPa pressure acting on element set ELPATCH.
xk

xEL. PRINT, FREQ=0

S, MISES

E

IE,PEMAG, CEMAG

** suppresses printed output to the .dat file in order to
*»* reduce file sizes.

*NODE PRINT, FREQ=0

U

v

A

RF

NT

** suppresses printed output to the .dat file in order to
** reduce file sizes.

*NODE FILE

U

*% Qutputs all displacements for all nodes to a file.
*RESTART, WRITE, OVERLAY

**x Writes job info to a restart file for future processing.
*END STEP
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CASE A: POSTBUCKLING ANALYSIS

*HEADING

FE Model of Test Specimen

*PREPRINT , ECHO=YES ,MODEL=NO, HISTORY=NO

Aokokok oKk lok skl kR ololtoloRk kR KRR Rk kR skl kR okl Kk sk sk R ko ok sk ok
**x This model represents the laboratory specimen, by using symmetry
**x only half its length needs modelling.

*ok

** General Notes:

** 1. All dimensions and loads are in metric units.

**x 2, Material is ASTM A36 steel.

** 3. Structure is modelled using S4R finite strain shell elements,
*% which are designed for use in large displacement analyses.

*%

** Comments related to this particular input file:

** 1. modelling lab test number 1, with a 125 x 125 mm patch load.
*x 2, fully fixed support condition.

*x 3. postbuckling analysis.

** 4, distributed load applied.

sk kkokok sokok ok Rkok sk skok ok ook ok stk skalok krok ok stk skolok sk ok skoklok sk ok akskok sokok ok skok ok sk dkok sk

*k
*NODE, INPUT=stfa3.cds

** inputs displaced (50% imperfection) nodal geometry
*x from eigenvalue buckling prediction.

€0k

x**x Plating Nodal Defintion
*%

*NGEN, NSET=EDGE1

1,25,1

*NGEN, NSET=EDGE2
601,625,1

*x Generates two plate edges lengthwise.
*NFILL, NSET=PNODES

EDGE1,EDGE2,12,50

** Fills nodes in between EDGE1 and EDGE2.
ok

*x Stiffener Nodal Definition

*

*NGEN, NSET=ALAYER

651,675,1

851,875,1

1051,1075,1

*NGEN, NSET=BLAYER

801,825,1

1001,1025,1

1201,1225,1

** Generates two lengthwise strings of nodes along each
*x gtiffener.

*NFILL, NSET=SNODES

ALAYER,BLAYER, 3,50

** Fills nodes between ALAYER and BLAYER.
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*ok
*¥ Plating Element Definition

*%
*ELEMENT, TYPE=S4R
1,1,2,52,51

*x Defines element #1 with its 4 corner nodes.

*ELGEN, ELSET=PLATE

1,24,1,1,12,50,24

*x* Generates all plate elements as per the following

** sequence:

** master elem. #, # of elems in row, inc. in elem. #’s in row,
*k inc. in node #’s between elems., # of rows, inc. in node #’s
** between rows, inc. in elem #’s between rows.

*k

*x Stiffener Element Definition

*k

*ELEMENT, TYPE=S4R

301,651,652,102,101

325,701,702,652,651

401,851,852,302,301

425,901,902,852,851

501,1051,1052,502,501

525,1101,1102,1052,1051

*¥ Defines the first two elements in each stiffener (This is domne
** because of the different increments in node #’s for the

**x gtiffener elements attached to the plating.)

*ELGEN, ELSET=FRAMES

301,24,1,1

325,24,1,1,3,50,24

401,24,1,1

425,24,1,1,3,50,24

501,24,1,1

525,24,1,1,3,50,24

** Generates the stiffener elements as follows:

** - the line with 01 element #’s generates only 1 row of elements
*ok (refer to plating element generation for explanation of each #).
** - the line with 25 element #’s generates the remaining 3 rows
*x  necessary to fully define the stiffener.

* %

*% Node and Element Definition for Boundary Conditions

** and Load Application

*%

*NGEN, NSET=FIXEDEND

1,601,50

651,801,50

851,1001,50

1061,1201,50

** Defines the end nodes which will have a fully fixed boundary
**x condition.

*NGEN, NSET=SYMEND

25,625,50
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675,825,50

875,1025,50

1075,1225,50

** Defines the nodes which will have a symmetric boundary condition.
*NGEN, NSET=NPATCH1

65,75,1

*NGEN, NSET=NPATCH2

565,575,1

** Generates the edge nodes of the elements making up the location
*x of the 1256 x 125 mm patch load application.

*NFILL, NSET=NPATCH

NPATCH1 ,NPATCHZ2,10,50

*+* Fills in the remaining nodes within the patch.

*ELGEN, ELSET=ELPATCH

39,10,1,1,10,50,24

** Defines the element set that to which the patch load will be

** applied.

*ELSET , ELSET=ELSTRAIN

96,120,192,216,396,496,596

**x Defines elements where axial strain is to be measured to compare with
** experimental data.

A%k

*x Material Definition

*ok

*MATERIAL, NAME=ASTMA36

*ELASTIC

192E3, .3

*x* Sets the Young’s Modulus to be 192E3 MPa and Poisson’s ratio to 0.3
*PLASTIC

324

** Defines perfect plastic behaviour beyond a stress level of

*% 0,5+ (yield + ultimate).

Ak

*x Plate and Stiffener Section Definition

* %k

*SHELL SECTION, ELSET=PLATE, MATERIAL=ASTMA36, POISSON=0.5

.003175

*SHELL SECTION, ELSET=FRAMES, MATERIAL=ASTMA36, POISSON=0.5
.003175

** Defines the plate and stiffeners as having a shell thickness of
**% 3,175 mm, or 1/8".

*k

** Boundary Conditions (Global)

*ok

*BOUNDARY

FIXEDEND,1,6

** Sets all dof to zero (fully fixed end).

SYMEND, XSYMM

** Sets appropriate dof such that the nodes move in a plane

**x z=constant.
*k
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*% Loading Definition

>k

*STEP,NLGECOM, INC=120

**x Defines large displacement analysis and the max.

¥k # of iterations as 120.

*STATIC,RIKS

0.1,1.0,,,,325,3,-.052

x* Defines a riks analysis (load-deflection curve).

*x Parameters: time increment, total step time, min.

*k time increment, max. increment, max. value of load

*x proportionality factor, node # for displ. monitoring,
*x dof being monitored, value of total displ. that ends
** step (here 52 mm, same as lab test).

*DLOAD

ELPATCH,P,-1

** Defines 1 MPa pressure acting on element set ELPATCH.
*%

*EL PRINT, FREQ=0

S, MISES

E

IE,PEMAG, CEMAG

¥k suppresses printed output to the .dat file in order to
** reduce file sizes.

*NODE PRINT, FREQ=0

U

v

A

RF

NT

¥k suppresses printed output to the .dat file in order to
**x reduce file sizes.

*NODE FILE,NSET=SYMEND

U

** outputs all displacement components for all nodes to
** the results file.

*EL FILE,ELSET=ELPATCH

LOADS

*xx outputs distributed loads

*x to the results file for element set ELPATCH.

*EL. FILE,ELSET=ELSTRAIN

S,E

*x outputs stresses and strains for element set ELSTRAIN.
xx These elements are located at the same positions as the
**x strain gauges on the test specimen.

*RESTART ,WRITE, OVERLAY

*x Writes job info. to a restart file for future processing.
** The OVERLAY parameter indicates that only the info. from
*x the last increment completed is retained in the restart
** file. This greatly reduces disk space required to analyse
*k gtructure.

*END STEP
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CASE B: EIGENVALUE BUCKLING ANALYSIS

*HEADING

FE model of test specimen with support frame.

*PREPRINT , ECHO=YES ,MODEL=NO,HISTORY=NO

Aeeskokok ok skokolok skokskok ok skok okl ok skok ok slok kol sk sk ok ok ok sk ki ok ok Kk ok ko sk R ok sk ok ok
** This model represents the laboratory specimen, by using symmetry
** only half its length needs modelling.

*xk

** General Notes:

** 1, All dimensions and loads are in metric units.

*x 2, Material is ASTM A36 steel.

*x 3, Structure is modelled using S8R thick shell elements.

*x 4, Support frame is modelled with C3D8 solid elements.

*k

** Comments related to this particular input file:

*x 1. modelling lab test number 1, with a 125 x 125 mm patch load.
** 2, eigenvalue buckling analysis.

** 3, distributed load applied.

ok kKo o oksk ok Kok sk skok sk okl ok ko sk ok sk ok ksl sk ko kol sk ok ksl sk skok kol ok kol ok ok ok
*%k

*¥ PART A: Stiffened Plate Modelling

*k

** Plating Nodal Defintion
*k

*NODE

1,0,0,0

31,.15,0,0

3001,0,.15,0

3031,.15,.15,0

** Defines the corner nodes of the 150x150 mm shell plate.
*NGEN, NSET=EDGE1

1,31,1

*NGEN, NSET=EDGE2

3001,3031,1

** Generates two plate edges lengthwise.

*NFILL, NSET=PNODES

EDGE1,EDGE2,60,50

** Fills nodes in between EDGE1 and EDGE2.

* %

*»* Plating Element Definition

*%

*ELEMENT, TYPE=S8R

1,1,3,103,101,2,53,102,51

** Defines element #1 with its 8 nodes.

*ELGEN, ELSET=PLATE

1,15,2,1,30,100,50

xx Generates all plate elements as per the following

** gequence:

** master elem. #, # of elems in row, inc. in node #’s between elems.,
** inc. in elem. #’s in row, # of rows, inc. in node #’s
** between rows, inc. in elem #'s between rows.
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*ok
** Stiffener Nodal Definition

k%

*NODE

3051,0,.025,-.0025

3081, .15, .025,-.0025

4001,0, .025,-.05

4031, .15,.025,-.05

4051,0,.075,-.0025

4081, .15, .075,-.0025

5001,0,.075,-.05

5031, .15, .075,-.05

5051,0,.125,-.0025

5081, .15,.125,-.0025

6001,0, .125,-.05

6031, .15,.125,-.,05

*x Defines the nodes for the first stiffener.

** Starts at an offset z-coordinate because the nodes on the
** line z=0 have already been generated with the plate nodes.
*NGEN, NSET=ALAYER

3051,3081,1

4051,4081,1

5051,5081,1

*NGEN, NSET=BLAYER

4001,4031,1

5001,5031,1

6001,6031,1

** Generates two lengthwise strings of nodes along top & bottom of
% first stiffener.

*NFILL, NSET=SNODES

ALAYER,BLAYER,19,50

% Fills nodes between LAYER’s.

*k

** Stiffener Element Definition

k%

*ELEMENT, TYPE=S8R
1501,3101,3103,503,501,3102,3053,502,3051
1521,3201,3203,3103,3101,3202, 3153,3102, 3151
1701,4101,4103,1503,1501,4102,4053,1502,4051
1721,4201,4203,4103,4101,4202,4153,4102,4151
1901,5101,5103,2503,2501,5102,5053,2502, 50561
1921,5201,5203,5103,5101,5202,51563,5102,5151

*x Defines the first two elements in each stiffener (This is done
** because of the different increments in node #’s for the
*x stiffener elements attached to the plating.)

*ELGEN, ELSET=FRAMES

1501,15,2,1

1521,15,2,1,9,100,20

1701,15,2,1

1721,15,2,1,9,100,20

1901,15,2,1
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1921,15,2,1,9,100,20

** (Generates the stiffener elements as follows:

** - the line with 01 element #’s generates only 1 row of elements
**  (refer to plating element generation for explanation of each #).
*% - the line with 21 element #’s generates the remaining 3 rows
**  necessary to fully define the stiffener.

Ak

**x PART B: Node and Element Definition for Boundary Conditions

*ok and Load Application

*k

*NGEN, NSET=FIXEDEND

1,3001,50

3051,4001,50

4051,5001,50

5051,6001,50

** Defines nodes as fully fixed.

*NGEN, NSET=SYMEND

31,3031,50

3081,4031,50

4081,5031,50

5081,6031,50

** Defines the nodes which will have a symmetric boundary condition.
*ELGEN, ELSET=ELPATCH

110,6,2,1,26,100,50

** Defines the element set that to which the patch load will be

** applied.

*ELSET , ELSET=ELSTRAIN

465,515,965,1015,1695,1895,2095

** Defines elements where axial strain is to be measured to compare with
** experimental data.

*k

** Material Definition

*k

*MATERIAL, NAME=ASTMA36

*ELASTIC

192E3, .3

** Sets the Young’s Modulus to be 192E3 MPa and Poisson’s ratio to 0.3
*PLASTIC

324

** Defines perfect plastic behaviour beyond a stress level of

**x 0.5%x(yield + ultimate).

*k

*x Plate and Stiffener Section Definition

*xX

*SHELL SECTION, ELSET=PLATE, MATERIAL=ASTMA36, POISSON=0.5

.003175

*SHELL SECTION, ELSET=FRAMES, MATERIAL-=ASTMA36, POISSON=0.5
.003175

** Defines the plate and stiffeners as having a shell thickness of
*k 3.175 mm, or 1/8".

*k
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** PART D: Boundary Conditions (Global)

*k

*BOUNDARY

FIXEDEND, 1,6

** Sets all dof at support end to zero (fully fixed).
SYMEND, XSYMM

** Sets appropriate dof such that the nodes move in a plane
** z=constant.

*k

** [Loading Definition

*ok

*STEP

*BUCKLE

1,1

** Defines the # of eigenvalues estimated (1), the max.
** eigenvalue (1) and the # of iterations is 30 (default).
*ok

*DLOAD

ELPATCH,P,-1

**x Defines 1 MPa pressure acting on element set ELPATCH.
*k

*EL PRINT, FREQ=0

S, MISES

E

IE,PEMAG, CEMAG

** guppresses printed output to the .dat file in order to
** reduce file sizes.

x*NODE PRINT, FREQ=0

U

v

A

RF

NT

** guppresses printed output to the .dat file in order to
** reduce file sizes.

*NODE FILE

U

**x Qutputs all displacements for all nodes to a file.
*RESTART ,WRITE, OVERLAY

** Writes job info to a restart file for future processing.
*xEND STEP
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CASE B: POSTBUCKLING ANALYSIS

*HEADING

FE model of test specimen with support frame.

*PREPRINT , ECHO=YES ,MODEL=NO,HISTORY=NO

kKK ok ok koK ok kol ok okl Kok kKR ok koK 3k ok ok ok o Kok KKK KK KKk o KK kK K
*x* This model represents the laboratory specimen, by using symmetry
** only half its length needs modelling.

*k

** General Notes:

** 1. All dimensions and loads are in metric units.

** 2. Material is ASTM A36 steel.

** 3. Structure is modelled using S8R thick shell elements.

*ok

** Comments related to this particular input file:

** 1. modelling lab test number 1, with a 125 x 125 mm patch load.
*x 2. postbuckling analysis.

** 3. distributed load applied.

sk ok ok ok ko ok ook ko ok ok ko ok ke ok ok sk ksl sk sk ok Kok o sk Kok akok skl ks akok ok sk sk ikok ok ok K ksl kb ok ok ksl ko ok
*k

*NODE, INPUT=stfm.cds

** input of nodal coordinates from eigenvalue analysis.

** (max. imperfection = 507 plate thickness)

Ak

** PART A: Stiffened Plate Modelling
*%

** Plating Nodal Defintion

**

*NGEN, NSET=EDGE1

1,31,1

*NGEN, NSET=EDGE2

3001,3031,1

** Generates two plate edges lengthwise.
*NFILL, NSET=PNODES

EDGE1,EDGEZ2, 60,50

** Fills nodes in between EDGE1 and EDGE2.
Ak kK

*x Plating Element Definition

*x

*ELEMENT, TYPE=S8R
1,1,3,103,101,2,53,102,51

*x Defines element #1 with its 8 nodes.
*ELGEN, ELSET=PLATE

1,15,2,1,30,100,50

** Generates all plate elements as per the following

** sequence:
** master elem. #, # of elems in row, inc. in node #’s between elems.,

** inc. in elem. #’s in row, # of rows, inc. in node #’s
*x between rows, inc. in elem #’s between rows.

**k

*x Stiffener Nodal Definition

* ok
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*NGEN, NSET=ALAYER

3051,3081,1

4051,4081,1

5051,5081,1

*NGEN, NSET=BLAYER

4001,4031,1

5001,5031,1

6001,6031,1

**x Generates two lengthwise strings of nodes along top & bottom of
*x first stiffener.

*NFILL, NSET=SNODES

ALAYER,BLAYER,19,50

**x Fills nodes between LAYER’s.

*k

*x Stiffener Element Definition

Ak

*ELEMENT, TYPE=S8R

1501,3101,3103,503,501,3102,3053,502,3051
1521,3201,3203,3103,3101,3202,31563,3102,3151
1701,4101,4103,1503,1501,4102, 4053,1502,4051
1721,4201,4203,4103,4101,4202,4153,4102,4151
1901,5101,5103,2503,2501,5102,50563,2502, 5051
1921,5201,5203,5103,5101,5202,5153,5102,5151

*x*% Defines the first two elements in each stiffener (This is done
** because of the different increments in node #’s for the

**x stiffener elements attached to the plating.)

*ELGEN, ELSET=FRAMES

1501,15,2,1

1521,15,2,1,9,100,20

1701,15,2,1

1721,15,2,1,9,100,20

1901,15,2,1

1921,15,2,1,9,100,20

** Generates the stiffener elements as follows:

** - the line with 01 element #’s generates only 1 row of elements
¥k (refer to plating element generation for explanation of each #).
** - the line with 21 element #’s generates the remaining 3 rows
*k  necessary to fully define the stiffener.

*k

*x PART B: Node and Element Definition for Boundary Conditions
*k and Load Application

*x

*NGEN , NSET=FIXEDEND

1,3001,50

3051,4001,50

4051,5001,50

5051,6001,50

** Defines nodes as fully fixed.

*NGEN, NSET=SYMEND

31,3031,50

3081,4031,50
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4081,5031,50

5081,6031,50

** Defines the nodes which will have a symmetric boundary condition.
*ELGEN, ELSET=ELPATCH

110,6,2,1,26,100,50

**% Defines the element set that to which the patch load will be
** applied.

*ELSET , ELSET=ELSTRAIN

465,515,965,1015,1695, 1895,2095

** Defines elements where axial strain is to be measured to compare with
** experimental data.

*x

** Material Definition

*k

*MATERIAL, NAME=ASTMA36

*ELASTIC

192E3, .3

** Sets the Young’s Modulus to be 192E3 MPa and Poisson’s ratio to 0.3
*PLASTIC

324

** Defines perfect plastic behaviour beyond a stress level of
**x 0.5%(yield + ultimate).

Kok

*x Plate and Stiffener Section Definition

*k

*SHELL SECTION, ELSET=PLATE, MATERIAL=ASTMA36, POISSON=0.5
.003175

*SHELL SECTION, ELSET=FRAMES, MATERIAL=ASTMA36, POISSON=0.5
.003175

*x Defines the plate and stiffeners as having a shell thickness of
**x 3,175 mm, or 1/8".

*k

*»* PART D: Boundary Conditions (Global)

ok

*BOUNDARY

FIXEDEND,1,6

** Sets all dof at support end to zero (fully fixed).
SYMEND , XSYMM

*x Sets appropriate dof such that the nodes move in a plane
*k z=constant.

*k

** Loading Definition

ok

*STEP,NLGEOM, INC=200

**x Defines large displacement analysis and the max.

*x # of iterations as 200.

*3TATIC,RIKS

0.1,1.0,,,,1531,3,-.052

** Defines a riks analysis (load-deflection curve).

** Parameters: time increment, total step time, min.

** time increment, max. increment, max. value of load
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*x proportionality factor, node # for displ. monitoring,
** dof being monitored, value of total displ. that ends

*»* gtep (here 52 mm, same as lab test).

*DLOAD

ELPATCH,P,-1

** Defines pressure acting on element set ELPATCH.

*k

*EL. PRINT, FREQ=0

S, MISES

E

IE,PEMAG, CEMAG

** suppresses printed output to the .dat file in order to
*x reduce file sizes.

*NODE PRINT, FREQ=0

U

v

A

RF

NT

**x guppresses printed output to the .dat file in order to
** reduce file sizes.

*NODE FILE,NSET=SYMEND

U

**x outputs all displacement components for nodeset SYMEND to
*x the results file.

*EL FILE,ELSET=ELPATCH

LOADS

** outputs distributed loads

** to the results file for element set ELPATCH.

*EL FILE, ELSET=ELSTRAIN

5,E

** outputs stresses and strains for element set ELSTRAIN.
*% These elements are located at the same positions as the
** strain gauges on the test specimen.

*RESTART ,WRITE, OVERLAY

*x Writes job info. to a restart file for future processing.
*»* The OVERLAY parameter indicates that only the info. from
**x the last increment completed is retained in the restart
**x file. This greatly reduces disk space required to analyse
**x gtructure.

*END STEP
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CASE 2x: EIGENVALUE BUCKLING ANALYSIS

*HEADING

Sensitivity Analysis of Stiffened Plate Model

*PREPRINT , ECHO=YES ,MODEL=NO,HISTORY=NO

3o o e ok ek ke ol ok o otk ek ok ok o ko e sk ke sk ke sk ke sk Ao ok ok ks sk ks o o
*x This model represents the laboratory specimen, by using symmetry
**x only half its length needs modelling.

*k

** General Notes:

** 1, All dimensions and loads are in metric units.

*x 2, Material is ASTM A36 steel.

** 3, Structure is modelled using S8R thick shell elements.

** 4, Stiffener thickness is doubled from original amalysis.

*k

** Comments related to this particular input file:

**x 1. modelling lab test number i, with a 125 x 125 mm patch load.
** 2, eigenvalue buckling analysis.

**% 3. distributed load applied.

3k ok oo 3k 3ok Kok ok 3Kk 3K ok o ok Kk ok ok ok o 3kl e ok sk o ek ek sk o ko ko ok ok ok ok sk ok ok sk ok ok sk ok sk ok ok ok ok ok ok
*ok

*% PART A: Stiffened Plate Modelling

*k
** Plating Nodal Defintion
*%

*NODE

1,0,0,0

31,.15,0,0

3001,0,.15,0

3031, .15, .15,0

** Defines the corner nodes of the 150x150 mm shell plate.
*NGEN, NSET=EDGE1

1,31,1

*NGEN, NSET=EDGEZ2

3001,3031,1

**k Generates two plate edges lengthwise.

*NFILL, NSET=PNODES

EDGE1,EDGE2,60,50

** Fills nodes in between EDGE1 and EDGE2.

Aok

**% Plating Element Definition

>k

*ELEMENT, TYPE=S8R

1,1,3,103,101,2,53,102,51

**% Defines element #1 with its 8 nodes.

*ELGEN, ELSET=PLATE

1,15,2,1,30,100,50

*x Generates all plate elements as per the following

** sequence:

** master elem. #, # of elems in row, inc. in node #’s between elems.,
**x inc. in elem. #’s in row, # of rows, inc. in node #’s
** between rows, inc. in elem #’s between rows.
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&k

*k Stiffener Nodal Definition

&k

*NODE

3051,0, .025,-.0025

3081, .15, .025,-.0025

4001,0,.025,-.05

4031, .15, .025,-.05

4051,0,.075,-.0025

4081, .15, .075,-.0025

5001,0,.075,-.05

5031, .15,.075,-.05

5051,0,.125,-.0025

5081, .15,.125,-.0025

6001,0,.125,-.05

6031, .15,.125,-.05

*x Defines the nodes for the first stiffener.
**% Starts at an offset z-coordinate because the nodes on the
*x line z=0 have already been generated with the plate nodes.
*NGEN, NSET=ALAYER

3051,3081,1

4051,4081,1

5051,5081,1

*NGEN, NSET=BLAYER

4001,4031,1

5001,5031,1

6001,6031,1

xx (Generates two lengthwise strings of nodes along top & bottom of
% first stiffener.

*NFILL, NSET=SNODES

ALAYER,BLAYER,19,50

** Fills nodes between LAYER’s.

Kok

**x Stiffener Element Definition

Aok

*ELEMENT, TYPE=S8R
1501,3101,3103,503,501,3102,3053,502,3051
1521,3201,3203,3103,3101,3202,3153, 3102, 3151
1701,4101,4103,1503,1501,4102,4053,1502, 4051
1721,4201,4203,4103,4101,4202,4153,4102,4151
1901,5101,5103,2503,2501,5102,5053,2502,5051
1921,5201,5203,5103,5101,5202,5153,5102, 5151

*% Defines the first two elements in each stiffener (This is done
*k because of the different increments in node #’s for the
*x stiffener elements attached to the plating.)
*ELGEN, ELSET=FRAMES

1501,15,2,1

1521,15,2,1,9,100,20

1701,15,2,1

1721,15,2,1,9,100,20

1901,15,2,1

107



1921,15,2,1,9,100,20

**x Generates the stiffener elements as follows:

** — the line with 01 element #’s generates only 1 row of elements
ok (refer to plating element generation for explanation of each #).
** - the line with 21 element #’s generates the remaining 3 rows

*%  necessary to fully define the stiffener.

*k
*¥ PART B: Node and Element Definition for Boundary Conditionms
*x and Load Application

*ok

*NGEN, NSET=FIXEDEND

1,3001,50

3051,4001,50

4051,5001,50

50561,6001,50

**x Defines nodes as fully fixed.

*NGEN, NSET=SYMEND

31,3031,50

3081,4031,50

4081,5031,50

5081,6031,50

** Defines the nodes which will have a symmetric boundary condition.
*ELGEN, ELSET=ELPATCH

110,6,2,1,26,100,50

*x Defines the element set that to which the patch load will be
** applied.

*ELSET ,ELSET=ELSTRAIN

465,515,965,1015, 1695, 1895, 2095

** Defines elements where axial strain is to be measured to compare with
** experimental data.

*k

*x Material Definition

*k

*MATERIAL, NAME=ASTMA36

*ELASTIC

192E3, .3

** Sets the Young’s Modulus to be 192E3 MPa and Poisson’s ratio to 0.3
*PLASTIC

324

** Defines perfect plastic behaviour beyond a stress level of
** (0,5%(yield + ultimate).

*k

*x Plate and Stiffener Section Definition

*k

*SHELL SECTION, ELSET=PLATE, MATERIAL=ASTMA36, POISSON=0.5
.003175

*«SHELL SECTION, ELSET=FRAMES, MATERIAL=ASTMA36, POISSON=0.5
.00635

**x Defines the plate as having a shell thickness of

** 3,175 mm, or 1/8" and the stiffener thickness is doubled.

*k
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** PART D: Boundary Conditions (Global)

ok

*BOUNDARY

FIXEDEND,1,6

** Sets all dof at support end to zero (fully fixed).
SYMEND , XSYMM

** Sets appropriate dof such that the nodes move in a plane
¥k z=constant.

Kk

** Loading Definition

*x

*STEP

*BUCKLE

1,1

** Dofines the # of eigenvalues estimated (1), the max.
** eigenvalue (1) and the # of iterations is 30 (default).
* kK

*DLOAD

ELPATCH,P,-1

** Defines 1 MPa pressure acting on element set ELPATCH.
*k

*EL. PRINT, FREQ=0

S, MISES

E

IE,PEMAG, CEMAG

** suppresses printed output to the .dat file in order to
** reduce file sizes.

*NODE PRINT, FREQ=0

U

v

A

RF

NT

**% suppresses printed output to the .dat file in order to
** reduce file sizes.

*NODE FILE

U

*x Qutputs all displacements for all nodes to a file.
*RESTART ,WRITE, OVERLAY

*x Writes job info to a restart file for future processing.
*END STEP
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CASE 2x: POSTBUCKLING ANALYSIS

*HEADING

Sensitivity Analysis of Stiffened Plate Model

*PREPRINT ,ECHO=YES ,MODEL=NO,HISTORY=NO

o R Ko K o o K K AR o K B K K K A K 36 ok ok 3 o o o K Ko o oKk K K oK o ok K o o
** This model represents the laboratory specimen, by using symmetry
*x only half its length needs modelling.

*k

**x General Notes:

*x 1, All dimensions and loads are in metric units.

** 2, Material is ASTM A36 steel.

** 3. Structure is modelled using S8R thick shell elements.

*x 4, Stiffener thickness is doubled from original amalysis.

*k

** Comments related to this particular input file:

** 1, modelling lab test number 1, with a 125 x 125 mm patch load.
** 2. postbuckling analysis.

*x 3. distributed load applied.

sk ok ok ok ok o ok sk ko skok 3K oK sk ok sk ok o o ki sk ok o o ok skl ek K s e o o Kk ok ok sk ok ok ok o o ke ok ok ok ok o o

*k

*NODE, INPUT=double.cds

*x* input of nodal coordinates from eigenvalue analysis.
**x (max. imperfection = 507 plate thickness)

*ok
*x PART A: Stiffened Plate Modelling
*ok

** Plating Nodal Defintion

Ak k

*NGEN, NSET=EDGE1

1,31,1

*NGEN, NSET=EDGE2

3001,3031,1

** Generates two plate edges lengthwise.

*NFILL, NSET=PNODES

EDGE1,EDGE2,60,50

%k Fills nodes in between EDGE1l and EDGE2.

* Kk

** Plating Element Definition

*ok

*ELEMENT, TYPE=S8R

1,1,3,103,101,2,53,102,51

% Defines element #1 with its 8 nodes.

*ELGEN, ELSET=PLATE

1,15,2,1,30,100,50

** Generates all plate elements as per the following

Aok sequence H

** master elem. #, # of elems in row, inc. in node #’s between elems.,
** inc. in elem. #’s in row, # of rows, inc. in node #’s
**x between rows, inc. in elem #’s between rows.

*k

** Stiffener Nodal Definition
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ok
*NGEN, NSET=ALAYER

3051,3081,1

4051,4081,1

5051,5081,1

*NGEN, NSET=BLAYER

4001,4031,1

5001,5031,1

6001,6031,1

** Generates two lengthwise strings of nodes along top & bottom of
*x first stiffener.

*NFILL, NSET=SNODES

ALAYER,BLAYER, 19,50

**x Fills nodes between LAYER’s.

*ok

** Stiffener Element Definition

*k

*ELEMENT, TYPE=S8R

1501,3101,3103,503,501,3102,3063,502,3051
1521,3201,3203,3103,3101,3202,3153,3102, 3151
1701,4101,4103,1503,1501,4102,40563,1502,4051
1721,4201,4203,4103,4101,4202,4153,4102,4151
1901,5101,5103,2503,2501,5102,5053,2502, 5051
1921,5201,5203,5103,5101,5202,5153,5102,5151

** Defines the first two elements in each stiffemner (This is done
¥ because of the different increments in node #’s for the

*»* stiffener elements attached to the plating.)

*ELGEN, ELSET=FRAMES

1501,15,2,1

1521,15,2,1,9,100,20

1701,15,2,1

1721,15,2,1,9,100,20

1901,15,2,1

1921,15,2,1,9,100,20

** Generates the stiffener elements as follows:

*k - the line with 01 element #’s generates only 1 row of elements
¥  (refer to plating element generation for explanation of each #).
**x - the line with 21 element #’s generates the remaining 3 rows
**  necessary to fully define the stiffener.

%k

** PART B: Node and Element Definition for Boundary Conditions
*k and Load Application

*ok

*NGEN , NSET=FIXEDEND

1,3001,50

3051,4001,50

4051,5001,50

5051,6001,50

** Defines nodes as fully fixed.

*NGEN, NSET=SYMEND

31,3031,50
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3081,4031,50

4081,5031,50

5081,6031,50

*x Defines the nodes which will have a symmetric boundary condition.
*ELGEN, ELSET=ELPATCH

110,6,2,1,26,100,50

** Defines the element set that to which the patch load will be
** applied.

*ELSET ,ELSET=ELSTRAIN

465,515,965,1015,1695,1895, 2095

** Defines elements where axial strain is to be measured to compare with
** gxperimental data.

*%k

**x Material Definition

ok

*MATERIAL, NAME=ASTMA36

*ELASTIC

192E3, .3

** Sets the Young’s Modulus to be 192E3 MPa and Poisson’s ratio to 0.3
*PLASTIC

324

** Defines perfect plastic behaviour beyond a stress level of
** 0.5%(yield + ultimate).

*xk

*x Plate and Stiffener Section Definition

*k

*SHELL SECTION, ELSET=PLATE, MATERIAL=ASTMA36, POISSON=0.5
.003175

*SHELL SECTION, ELSET=FRAMES, MATERIAL=ASTMA36, POISSON=0.5
.00635

** Defines the plate as having a shell thickness of

** 3,175 mm, or 1/8" and the stiffener thickness is doubled.
*K

*x PART D: Boundary Conditions (Global)

*%

*BOUNDARY

FIXEDEND,1,6

** Sets all dof at support end to zero (fully fixed).
SYMEND, XSYMM

** Sets appropriate dof such that the nodes move in a plane
** z=constant.

ok

*x Loading Definition

*k

*STEP, NLGEOM, INC=200

** Defines large displacement analysis and the max.

% # of iterations as 200.

*STATIC,RIKS

0.1,1.0,,,,1531,3,-.0562

**x Defines a riks analysis (load-deflection curve).

** Parameters: time increment, total step time, min.
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** time increment, max. increment, max. value of load
*x proportionality factor, node # for displ. monitoring,
** dof being monitored, value of total displ. that ends
** step (here 52 mm, same as lab test).

*DLOAD

ELPATCH,P,-1

** Defines pressure acting on element set ELPATCH.

*k

*EL. PRINT, FREQ=0

S, MISES

E

1E,PEMAG, CEMAG

** suppresses printed output to the .dat file in order to
** reduce file sizes.

*NODE PRINT, FREQ=0

U

v

A

RF

NT

** suppresses printed output to the .dat file in order to
** reduce file sizes.

*NODE FILE,NSET=SYMEND

U

** outputs all displacement components for nodeset SYMEND to
** the results file.

*EL. FILE, ELSET=ELPATCH

LOADS

*x outputs distributed loads

** to the results file for element set ELPATCH.

*EL FILE,ELSET=ELSTRAIN

S,E

** outputs stresses and strains for element set ELSTRAIN.
** These elements are located at the same positions as the
**x strain gauges on the test specimen.

*RESTART ,WRITE, OVERLAY

**x Writes job info. to a restart file for future processing.
** The OVERLAY parameter indicates that only the info. from
** the last increment completed is retained in the restart
** file. This greatly reduces disk space required to analyse
** gtructure.

*END STEP
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Kok
*%
Xk
*0k
*ok
Aok
*ok
Aok
*%
*ok
*%
Aok
Aok

*ok

CASE 3x: EIGENVALUE BUCKLING ANALYSIS

*HEADING
Sensitivity Analysis of Stiffened Plate Model

*PREPRINT ,ECHO=YES,MODEL=NQO,HISTORY=NO

ek e sk sk sk sl o ok kRS Rk sk ok sk s sk sk ki ok ok sk ok sk ok ok
This model represents the laboratory specimen, by using symmetry
only half its length needs modelling.

General Notes:

1. All dimensions and loads are in metric umnits.

2. Material is ASTM A36 steel.

3. Structure is modelled using S8R thick shell elements.
4. Stiffener thickness is tripled from original analysis.

Comments related to this particular input file:

1. modelling lab test number 1, with a 125 x 125 mm patch load.
2. eigenvalue buckling analysis.

3. distributed load applied.

ko sk ok ok ks Kok ok ok ok skok kK akokok sk ok koK ok sk ok koK ok ok ko sk skok sk ik ko sk kskok ok kiR kR ok ok Kok ok

*% PART A: Stiffened Plate Modelling

%k

** Plating Nodal Defintion

*k

*NODE
1,0,0,0

31,

.15,0,0

3001,0,.15,0
3031, .15,.15,0
** Defines the corner nodes of the 150x150 mm shell plate.
*NGEN, NSET=EDGE1
1,31,1

*NGEN, NSET=EDGE2
3001,3031,1

*x* Generates two plate edges lengthwise.
*NFILL, NSET=PNODES
EDGE1,EDGE2,60,50
** Fills nodes in between EDGE1 and EDGE2.

*xk

*x Plating Element Definition

X%

*ELEMENT, TYPE=S8R
1,1,3,103,101,2,53,102,51

** Defines element #1 with its 8 nodes.
*ELGEN, ELSET=PLATE
1,15,2,1,30,100,50
Generates all plate elements as per the following

*k
*k
*k
*k
*k

sequence:

master elem. #, # of elems in row, inc. in node #’s between elems.,
inc. in elem. #’s in row, # of rows, inc. in node #’s

between rows, inc.

in elem #’s between rows.
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Aok
** Stiffener Nodal Definition

* %k

*NODE

3051,0,.025,-.0025

3081, .15, .025,-.0025

4001,0,.025,-.05

4031, .15,.025,-.05

4051,0,.075,-.0025

4081, .15, .075,-.0025

5001,0,.075,-.05

5031, .15,.075,-.05

5051,0,.125,-.0025

5081,.15,.125,-.0025

6001,0, .125,-.05

6031,.15,.125,-.05

**x Defines the nodes for the first stiffener.

*x Starts at an offset z-coordinate because the nodes on the
*x line z=0 have already been generated with the plate nodes.
*NGEN, NSET=ALAYER

3051,3081,1

4051,4081,1

5051,5081,1

*NGEN,NSET=BLAYER

4001,4031,1

5001,5031,1

6001,6031,1

** Generates two lengthwise strings of nodes along top & bottom of
** first stiffener.

*NFILL, NSET=SNODES

ALAYER,BLAYER, 19,50

** Fills nodes between LAYER’s.

Kk

** Stiffener Element Definition

Ak %k

*ELEMENT, TYPE=S8R
1501,3101,3103,503,501,3102,3053,502,3051
1521,3201,3203,3103,3101,3202,3153,3102, 3151
1701,4101,4103,1503,1501,4102,4053,1502, 4051
1721,4201,4203,4103,4101,4202,4153,4102,4151
1901,5101,5103,2503,2501,5102,5053, 2502, 5051
1921,5201,5203,5103,5101,5202,5153,5102,5151

** Defines the first two elements in each stiffener (This is done
*x because of the different increments in node #’s for the
*x stiffener elements attached to the plating.)

*ELGEN, ELSET=FRAMES

1501,15,2,1

1521,15,2,1,9,100,20

1701,15,2,1

1721,15,2,1,9,100,20

1901,15,2,1
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192
ok
*%
*k
ok
*ok
Aok
Aok
*k
Aok
*NG
1,3
305
405
505
ok
*NG
31,
308
408
508
Aok
*EL
110
Kok
Aok
*EL
465
*k
Aok
*ok
*ok
Aok
*MA
*EL
192
*ok

1,15,2,1,9,100,20

Generates the stiffener elements as follows:

- the line with 01 element #’s generates only 1 row of elements
(refer to plating element generation for explanation of each #).

- the line with 21 element #’s generates the remaining 3 rows
necessary to fully define the stiffener.

PART B: Node and Element Definition for Boundary Conditions
and Load Application

EN,NSET=FIXEDEND

001,50

1,4001,50

1,5001,50

1,6001,50

Defines nodes as fully fixed.

EN, NSET=SYMEND

3031,50

1,4031,50

1,5031,50

1,6031,50

Defines the nodes which will have a symmetric boundary condition.
GEN, ELSET=ELPATCH

,6,2,1,26,100,50

Defines the element set that to which the patch load will be
applied.

SET ,ELSET=ELSTRAIN

,515,965,1015,1695, 1895, 2095

Defines elements where axial strain is to be measured to compare with
experimental data.

Material Definition

TERIAL, NAME=ASTMA36

ASTIC

E3,.3

Sets the Young’s Modulus to be 192E3 MPa and Poisson’s ratio to 0.3

*PLASTIC

324

**x Defines perfect plastic behaviour beyond a stress level of
** 0,5*%(yield + ultimate).

*k

** Plate and Stiffener Section Definition

Kk

*SHELL SECTION, ELSET=PLATE, MATERIAL=ASTMA36, POISSON=0.5
.003175

*SHELL SECTION, ELSET=FRAMES, MATERIAL=ASTMA36, POISSON=0.5
.009525

Aok
*k
*ok

Defines the plate as having a shell thickness of
3.175 mm, or 1/8" and the stiffener thickness is tripled.
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*x PART D: Boundary Conditions (Global)

Aok

*BOUNDARY

FIXEDEND,1,6

*x* Sets all dof at support end to zero (fully fixed).
SYMEND, XSYMM

** Sets appropriate dof such that the nodes move in a plane
** z=constant.

ok

*¥* Loading Definition

*ok

*STEP

*BUCKLE

1,1

*x* Defines the # of eigenvalues estimated (1), the max.
** eigenvalue (1) and the # of iterations is 30 (default).
ok

*DLOAD

ELPATCH,P,-1

*x Defines 1 MPa pressure acting on element set ELPATCH.
*ok

*EL PRINT, FREQ=0

S, MISES

E

IE,PEMAG, CEMAG

*% suppresses printed output to the .dat file in order to
*xk reduce file sizes.

*NODE PRINT, FREQ=0

U

v

A

RF

NT

** suppresses printed output to the .dat file in order to
**x reduce file sizes.

*NODE FILE

U

*x Qutputs all displacements for all nodes to a file.
*RESTART, WRITE, OVERLAY

*% Writes job info to a restart file for future processing.
*END STEP
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CASE 3x: POSTBUCKLING ANALYSIS

*HEADING
Sensitivity Analysis of Stiffened Plate Model

*PREPRINT , ECHO=YES ,MODEL=NO,HISTORY=NO

AR R KRR Kk ok ok ok ok oK KKK KRR KKK ok KKK K ok K K KK ok ok KKK R KK ok ok ok ok oK
This model represents the laboratory specimen, by using symmetry

* kK
¥k
*ok
*ok
%ok
* ok
*ok
*ok
*k
*ok
*k
*ok
*ok

only half its length needs modelling.

General Notes:

1. All dimensions and loads are in metric units.

2. Material is ASTM A36 steel.

3. Structure is modelled using S8R thick shell elements.
4. Stiffener thickness is tripled from original amalysis.

Comments related to this particular input file:
1. modelling lab test number 1, with a 125 x 125 mm patch load.

2. postbuckling analysis.
3. distributed load applied.

ek e ok o 3k ok ke a3k sk 2k ok b ok ke 3 3 ok 3k 3k ok kK e ok 3k ok ok ok 3k ok ke 3 dk 3k ok ok ok ok ok 3k ok ok ok ok 3k 3k 3k ok 3 3k 3 ok ok sk Ak ok 3k ok skok ok ok ok Xk

*k

*NODE, INPUT=triple.cds
input of nodal coordinates from eigenvalue analysis.

*k

*x (max. imperfection = 50% plate thickness)
*k

*x PART A: Stiffened Plate Modelling
*k

** Plating Nodal Defintion

*k

*NGEN, NSET=EDGE1l

1,31,1

*NGEN, NSET=EDGE2

3001,3031,1

*x Generates two plate edges lengthwise.

*NFILL, NSET=PNODES
EDGE1,EDGE2,60, 50

*% Fills nodes in between EDGE1 and EDGE2.

Aok
*k
*k

Plating Element Definition

*ELEMENT, TYPE=S8R
1,1,3,103,101,2,563,102,51

** Defines element #1 with its 8 nodes.

*ELGEN, ELSET=PLATE
1,15,2,1,30,100,50
Generates all plate elements as per the following

*ok
Xk
*k
Aok
Aok
*ok
*k

sequence:

master elem. #, # of elems in row, inc.

in node #’s between elems.,

inc. in elem. #’s in row, # of rows, inc. in node #’s
between rows, inc. in elem #’s between rows.

Stiffener Nodal Definition
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*k

*NGEN, NSET=ALAYER

3051,3081,1

40561,4081,1

5051,5081,1

*NGEN, NSET=BLAYER

4001,4031,1

5001,5031,1

6001,6031,1

*x Generates two lengthwise strings of nodes along top & bottom of
**¥ first stiffener.

*NFILL, NSET=SNODES

ALAYER,BLAYER, 19,50

** Fills nodes between LAYER’s.

k%

** Stiffener Element Definition

* %k

*ELEMENT, TYPE=S8R

1501,3101,3103,503,501,3102,3053,502,3051
1521,3201,3203,3103,3101,3202,3153,3102,3151
1701,4101,4103,1503,1501,4102,4063,1502,4051
1721,4201,4203,4103,4101,4202,4153,4102,4151
1901,5101,5103,2503,2501,5102,5063,2502,5051
1921,5201,5203,5103,5101,5202,5163,5102,5151

**x Defines the first two elements in each stiffener (This is done
*x because of the different increments in node #’s for the

** stiffener elements attached to the plating.)

*EL.GEN, ELSET=FRAMES

1501,15,2,1

1521,15,2,1,9,100,20

1701,15,2,1

1721,15,2,1,9,100,20

1901,15,2,1

1921,15,2,1,9,100,20

** Generates the stiffener elements as follows:

** — the line with 01 element #’s generates only 1 row of elements
**  (refer to plating element generation for explanation of each #).
** - the line with 21 element #’s generates the remaining 3 rows
**x  necessary to fully define the stiffener.

*k

*% PART B: Node and Element Definition for Boundary Conditioms
*x and Load Application

xk

*NGEN , NSET=FIXEDEND

1,3001,50

3051,4001,50

4051,5001,50

5051,6001,50

** Defines nodes as fully fixed.

*NGEN, NSET=SYMEND

31,3031,50
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3081,4031,50

4081,5031,50

5081,6031,50

** Defines the nodes which will have a symmetric boundary condition.
*ELGEN, ELSET=ELPATCH

110,6,2,1,26,100,50

** Defines the element set that to which the patch load will be
** applied.

*ELSET ,ELSET=ELSTRAIN

465,515,965,1015,1695,1895, 2095

** Defines elements where axial strain is to be measured to compare with
** experimental data.

*ok

** Material Definition

*ok

*MATERIAL, NAME=ASTMA36

*ELASTIC

192E3, .3

** Sets the Young’s Modulus to be 192E3 MPa and Poisson’s ratio to 0.3
*PLASTIC

324

** Defines perfect plastic behaviour beyond a stress level of
**% 0.5*(yield + ultimate).

*ok

*x Plate and Stiffener Section Definition

ok

*SHELL SECTION, ELSET=PLATE, MATERIAL=ASTMA36, POISSON=0.5
.003175

*SHELL SECTION, ELSET=FRAMES, MATERIAL=ASTMA36, POISSON=0.5
.0095625

*k Defines the plate as having a shell thickness of

*% 3,175 mm, or 1/8" and the stiffener thickness is tripled.
*ok

*% PART D: Boundary Conditions (Global)

*k

*BOUNDARY

FIXEDEND,1,6

** Sets all dof at support end to zero (fully fixed).
SYMEND, XSYMM

*x Sets appropriate dof such that the nodes move in a plane
** z=constant.

ok ok

xx Loading Definition

*ok

*STEP,NLGEOM, INC=200

** Defines large displacement analysis and the max.

*+x # of iteratiomns as 200.

*STATIC,RIKS

0.1,1.0,,,,1531,3,-.052

** Defines a riks amalysis (load-deflection curve).

** Parameters: time increment, total step time, min.
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** time increment, max. increment, max. value of load

**x proportionality factor, node # for displ. monitoring,
** dof being monitored, value of total displ. that ends

** step (here 52 mm, same as lab test).

*DLOAD

ELPATCH,P,-1

** Defines pressure acting on element set ELPATCH.

*x

*EL PRINT, FREQ=0

S, MISES

E

IE,PEMAG, CEMAG

** guppresses printed output to the .dat file in order to
** reduce file sizes.

*NODE PRINT, FREQ=0

U

v

A

RF

NT

** suppresses printed output to the .dat file in order to
** reduce file sizes.

*NODE FILE,NSET=SYMEND

U

*k outputs all displacement components for nodeset SYMEND to
** the results file.

*EL FILE,ELSET=ELPATCH

LOADS

**x outputs distributed loads

** to the results file for element set ELPATCH.

*EL FILE,ELSET=ELSTRAIN

S,E

** outputs stresses and strains for element set ELSTRAIN.
** These elements are located at the same positions as the
** strain gauges on the test specimen.
*RESTART, WRITE, OVERLAY

** Writes job info. to a restart file for future processing.
** The OQVERLAY parameter indicates that only the info. from
** the last increment completed is retained in the restart
*k file. This greatly reduces disk space required to analyse
** structure.

*END STEP
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Appendix D

Analytical Calculations
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COMPARISON CALCULATIONS

The calculations presented here are based on the same equations used in Appendix A,
but, from the observations from the experiment, the flatjack contact area has been modified.

Initial flatjack contact area [mmz] 15236
Final flatjack contact area [mmz]* 16900
Revised ice load breadth, bygy [mm] 130
Revised ultimate rupture coefficient, cygw | 2.48538

*Derived from estimates of the dimensions of the loading ram imprint on the deformed flatjack.
Again, based on experimental observation, the increase in contact area is not really apparent until
after yield, therefore the revised parameters above will be applied only to the ultimate rupture

limit state.

Analytical Load-Deflection Response

Limit State Load |Deflection
initial 0.00 0.00
first yield 41.53 0.11
three-hinge 89.38 5.00
rupture 163.18 45.06
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Appendix E

Sample Reliability Analysis

124



Summary file for Run 14 (see description at end)

NN NN EEEEEEEE SSSSSSS  S8SSSSSS UU UU  SS8SSSS
NNN NN EE S5 S8 uu Uu S8

NN N NN EE S8 SS uu Uu S8

NN N NN EEEEEE SSS88SS 88sssSs  UU UU  SSSSSS
NN N NN EE SS SS Uu uu SS
NN NNN EE S5 S8 UU uu SS

NN NN EEEEEEEE SS8SSSSS  SSSSSSS UUUUUU  SSSSSSS
DATE: 12-30-2001 15:16 - LEVEL 2.40 - DATED DEC 31, 1998

THIS IS A PROPRIETARY PROGRAM. IT MAY ONLY BE USED UNDER THE TERMS
OF THE LICENSE AGREEMENT BETWEEN SOUTHWEST RESEARCH INSTITUTE AND
CLIENT.

SOUTHWEST RESEARCH INSTITUTE DOES NOT MAKE ANY WARRANTY OR
REPRESENTATION WHATSOEVER, EXPRESSED OR IMPLIED, INCLUDING ANY WARRANTY
OF MERCHANTABILITY OR FITNESS OF ANY PURPOSE WITH RESPECT TO THE
PROGRAM; OR ASSUMES ANY LIABILITY WHATSOEVER WITH RESPECT TO ANY USE OF
THE PROGRAM OR ANY PORTION THEREOF OR WITH RESPECT TO ANY DAMAGES WHICH
MAY RESULT FROM SUCH USE.

FFFFFFFF PPPPPPP ITIITIII
FF PP FP II

FF PP PP II
FFFFFFFF PPPPPPP II

FF PP II

FF PP I1

FF PP ITIIIIII
FAST PROBABILITY  INTEGRATOR

SOUTHWEST RESEARCH INSTITUTE, COPYRIGHT 1989

THIS EDUCATIONAL VERSION OF FPI HAS THE FOLLOWING LIMITS:
1. TOTAL RANDOM VARIABLES NUMER LIMIT = 7

TOTAL LIMIT STATES NUMBER LIMIT = 6

NO FAST CONVOLUTION METHODS

NO RESPON OR USERES OPTION

NO CONFIDENCE INTERVAL OPTION

aabeWwN

ok ok ok ok INPUT ECHO sk ok ok ok sk
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LINE

1 *FPI

2 Run #14: t=15.8, w=10

3 *RVNUM 5

4 *METHOD FORM

5 *GFUNCTION UEQN

6 g1=(Sy+Su) *(t/870)*(250/w)*x0.118*gin(2.2581) -P
7 *PRINTOPT LONG

8 *ANALTYPE ZLEV

9 *END

10 *ZLEVELS 1

11 0.0

12 *DEFRANVR

13 P

14 .4730000E+00 .4580000E+00 EVD1
15 8y

16 .3150000E+03 .1575000E+02 LOGN
17 Su

18 .5150000E+03 .2575000E+02 LOGN
19 t
20 .1602100E+02 .1602100E+00 NORM
21 W
22 .1014000E+02 .1014000E+00 NORM
23 *END

Fokkekok PARAMETER INTERPRETATION *okokokok

Problem Title: Run #14: t=15.8, w=10
Number of Random Variables: 5
Type of Response (g) Function Approximation:
6 = User-defined response function
Response function defined by closed-form equation in FPI input deck

Number of Datasets: 0

Solution Technique:
0 = First order reliability method
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Analysis Type:

1 = User-defined Response Function levels (Z-levels)
*ZLEVELS keyword is required in model input data

Confidence Interval Calculation on CDF:
0 = No

Print option:
1 = Long printout

Debugging Option:
0 = No

Hekokok ok MODEL INTERPRETATION

ok o ok ok

Problem Title: Run #14: t=15.8, w=10

User-Defined Response Function Z-levels:

Random Variable Statistics:

Random Variable Distribution Mean
P EVD 0.4730
SY LOGNORMAL 315.0
suU LOGNORMAL 515.0
T NORMAL 16.02
W NORMAL 10.14

Standard Deviation

———————— e

0.4580
15.75
25.75

0.1602

0.1014

User-Defined Response Function Equation Parameters (Sub [RESPON])

Equation Number = 1
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A Ak OUTPUT SUMMARY Aok oAk

PROBLEM TITLE: Run #14: t=15.8, w=10

RESPONSE FUNCTION (LIMIT STATE): USER-DEFINED FUNCTION
IN SUBROUTINE [RESPON]

PROBABILISTIC ANALYSIS METHOD: FIRST-ORDER RELIABILITY METHOD

APPROXIMATE STATISTICS FOR Z:
MEDIAN = 16.82
MEAN = 16.77
STANDARD DEVIATION = 0.,7957

NOTE: Standardized Normal Variates are used in the following analysis.
This means that the random variable, u, represents a normal
probability distribution with mean = 0 and standard
deviation = 1. For example, u = -3 implies that the chance
of observing a u value <= -3 is .00135 (cdf). Also, u =3
implies that the chance of observing a u value <= 3 is 0.99875.

FIRST-ORDER PROBABILITY ANALYSIS
LIMIT STATE VALUE (Z=Z0) = 0.0000

RANDOM VARIABLES (X)

VARIABLE DISTRIBUTION MEAN STD
P EVD 0.4730 0.4580
SY LOGNORMAL 315.0 15.75
SU LOGNORMAL 515.0 25.75
T NORMAL 16.02 0.1602
W NORMAL 10.14 0.1014

MPP IN THE INDEPENDENT u SPACE AND THE CORRESPONDING X VALUES
(FOR CORRELATED VARIABLES, THE u VALUES DO NOT CORRESPOND
ONE-TO-ONE TO THE x VALUES)
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VARIABLE u VALUE x VALUE

P 0.0000 14.85

SY -2.0650 283.8

SuU -3.1911 438.5

T -1.0632 15.85

W 0.1239 10.15
Standard normal variate (u) = -3.9488

Probability (Z<=20) = Probability u < -3.9488 0.3928542974E-04
Limit State Value (Z0) = 0.0000

Standard Normal Variate (u) = -3.9488
Probability (Z<=Z0) = Probability u < -3.9488
Probability (Z>Z0) = Probability u >= -3.9488

0.3928542974E-04
0.9999607146

s 2 2k 3 2k 2k 2 ok o ok s 3K ok ok ok 3k ok ak ok ok sk e sk ok ke ok ok ok ok ok o ok sk ak sk 2k d ok dk kK ok sk ok ok ek sk ok sk ok ok 2k ke ko ok ok koK ok ok K ok ok

Probabilistic Sensitivity Results printed by level
e o 3 3 e 3 o e ke e ok e e o ke e 3k ke o ke ke ok 3k e e ok o 3 ke ok ok ke ok e e ok 3 ke o ok ke e ok o ok e ok 3 el o e e ke ok ok ke e e ok ok ok e e ok ol ak ak ak ok ok R

NOTE: FOR CORRELATED VARIABLES, THE FOLLOWING Alpha VALUES DO NOT
CORRESPOND ONE-TO-ONE TO THE ORIGINAL RANDOM VARIABLES

Level No. 1 Beta = 3.949

Random Alpha d(beta)/ d(beta)/ d(prob)/ d(prob)/

Variable d(mean) d(std) d(mean) d(std)
1 0.1902E-31 0.000 0.5616E-03 0.000 -0.9212E-07
2 -0.5229 0.9351E-02 -0.1782E-01 -0.1534E-05 0.2923E-05
3 -0.8081 0.9288E-02 -0.2583E-01 -0.1523E-05 0.4236E-05
4 -0.2692 0.4278 -0.4528 -0.7017E-04 0.7427E~-04
5 0.3138E-01 ~-0.7877E-01 -0,7214E-02 0.1292E-04 0.1183E-05

STOP DUE TO FPI ANALYSIS COMPLETE

ELAPSED CPU TIME: 5.66 seconds
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RELIABILITY-BASED DESIGN EXAMPLE

Objective:

To determine the plate/web thickness combination that meets a target probability of failure

of 1 x 10°® for the ultimate limit state.

Plate/web thickness pairs:

As seen in results,

Constants:

Parameter Value [mm]

stiffener depth, d 250

stiffener spacing, s 600

stiffener span, L 1490

ice load breadth, b 870

Random Variables:

Variable Distribution Mean, L | Std. Dev., ¢
Load, P Gumbel(max) 0.473 0.458
Yield stress, Oy Lognormal 315 15.75
Ultimate stress, 6y r  |Lognormal 515 25.75
Plate thickness, t Normal 1.014t Olp
Web thickness, w Normal 1.014w .0lp

Analysis Method:

FORM - First Order Reliability Method

130




Results:

Run #: t [mm] w [mm] B P
1 12.50 7.50 -0.740 2.30E-01
2 13.00 8.00 -1.560 5.92E-02
3 13.50 8.50 -1.901 2.87E-02
4 14.00 9.00 -1.219 1.12E-01
5 14.50 9.50 -3.734 9.41E-05
6 15.00 10.00 -3.805 7.09E-05
7 15.50 10.50 -3.878 5.27E-05
8 16.00 11.00 -10.011 6.82E-24
9 16.00 10.00 -10.104 2.64E-24
10 15.50 10.00 -3.894 4 93E-05
11 15.75 10.00 -3.940 4.08E-05
12 15.90 10.00 -10.052 4.49E-24
13 15.85 10.00 -10.026 5.85E-24
14 15.80 10.00 -3.949 3.93E-05
15 15.82 10.00 -10.011 6.84E-24
16 15.81 10.00 -10.005 7.25E-24
17 15.805 10.00 -10.002 7.44E-24
18 15.802 10.00 -10.001 7.55E-24
19 15.801 10.00 -10.000 7.59E-24
Conclusion:

A sharp drop in the probability of failure is seen just above a thickness of 15.8 mm. Within
accuracies of normal mill tolerances, we can use a plate thickness of 15.8 mm and a web thic
of 10 mm to satisfy the target probability.
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