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ABSTRACT

Because of their high strength to weight ratio, stiffened steel plates are often used
in light structures where plates are placed into compression. The stability of steel
plates stiffened with longitudinal tee-shaped stiffeners and subjected to uniaxial
compression or combined axial compression and out-of-plane bending formed the
basis for this research project. The research was conducted to develop a simple
approach to assess the post-buckling behaviour of stiffened steel plates and
provide a limit states design procedure that accounts for the post-buckling

stability in the assessment of the resistance factor.

The behaviour of stiffened plates was investigated using a finite element model
that had been validated through comparison with test results. An exhaustive
parametric study, including 1440 finite element analyses, was conducted to
investigate the strength and behaviour of stiffened steel plates. A virtual work
model was developed to explain the effect of the formation of a plastic hinge
mechanism on the post-buckling strength and behaviour. Combined with the
numerical results, the theoretical model confirms that the plastic hinge mechanism
can cause a sudden loss of capacity. The required lateral deflection for a plastic
hinge development can be calculated using the virtual work model for prediction

of the unstable behaviour.

Based on a better understanding of the behaviour of stiffened steel plates, a set of
design equations were developed to calculate the strength of stiffened steel plate

subjected to compression in the direction of the stiffener and out-of-plane bending.



The proposed design equations were compared with current design guidelines
through a comparison of the design approaches with the finite element analysis
results. The proposed method showed much better accuracy than the current

design approaches.

A reliability analysis was conducted to provide appropriate resistance factors for
limit states design. Due to the complexity of the design formulas, the Monte Carlo
simulation technique was used to generate the statistical distributions of the
predicted strength. The second-moment method was used to calculate the
resistance factors for different values of safety index. The resistance factor varied

from 0.90 to 0.65 for values of safety index from 2.5 to 4.5, respectively.
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CHAPTER 1

INTRODUCTION

1.1 GENERAL

Steel plates stiffened with welded stiffeners are important components of many
structural systems such as ship hulls, offshore structures, and bottom flanges of
box-girders. Although local failure of individual panels will not cause widespread
collapse of the overall structure, each stiffened panel should be well designed to
ensure sufficient capacity.

Overall flexure of the structure can introduce dominant longitudinal compressive
stresses in the stiffened plates. This may be coupled with local bending moments
arising from transverse loads applied directly on the stiffened plate. Due to the
large width-to-thickness ratio of the plate and the predominantly in-plane

compressive load, stiffened plates are susceptible to buckling.

A common design approach to estimate the buckling capacity of stiffened plates is
to treat one stiffener with the corresponding plate as a simply supported beam-
column as seen in DNV-RP-C201 [Det Norske Veritas (DNV), 2002], API
bulletin 2V [American Petroleum Institute (API), 2000] and the ABS guide
[American Bureau of Shipping (ABS), 2007],, where the effective width concept
is used to account for buckling of the plate between the stiffeners (Faulkner,
1975). Various interaction formulas have been adopted in design documents when
stiffened plates are subjected to a combination of axial and flexural loads. A
number of researchers (Ghavami, 1994; Balaz and Murray, 1992; Sheikh et al.,
2002, 2003; Wang et al., 2006; Sun and Wang, 2005) have assessed various
design methods against test results and numerical analysis results, and the
agreements were not quite satisfactory. Their work has identified areas where
more research effort is required to improve the accuracy of the design methods.
As part of the study presented in the following chapters, behaviour of the stiffened

plates needs further investigation, especially the instability observed in recent



research (Sheikh et al. 2002, 2003; Wang et al. 2006) where tripping failure of the
stiffener may be involved as part of the failure process. Since a major goal of this
investigation is to propose a design method for stiffened plates, further

understanding of the behaviour is necessary to provide a rational approach.

With the development of the limit states design, resistance and load factors were
introduced in design to obtain a design that provides a consistent level of safety
against failure for the various possible failure modes. This design philosophy has
not been thoroughly applied in design documents for the design of stiffened steel
plate. Some design specifications such as API bulletin 2V (API, 2000), and the
ABS guide (ABS, 2007), are still based on allowable stress design. To address a
complete design approach, it is necessary to develop a statistical description of the
strength of stiffened steel plates and to derive the appropriate resistance factors

for given probabilities of failure.

1.2 OBJECTIVES

The main objectives of this study are as follows:

1. Establish a comprehensive database of stiffened steel plate configurations
under various load conditions. The database should include information about
loading history, stress distribution, strain distribution, deformed shape, and yield

pattern for each stiffened steel plate.

2. Gain further understanding of the behaviour of stiffened plates, especially the
cause of the sudden loss of capacity observed under certain loading conditions

and plate geometries.

3. Propose a more accurate approach to estimate the capacity of the stiffened
plates and predict the occurrence of sudden instability.

4. Assess the proposed approach and evaluate some current design guidelines with

the numerical results in the database.



5. Derive appropriate resistance factors for the selected design approach by using

a reliability analysis.

1.3 ORGANISATION

Chapter 2 mainly focuses on interpreting the behaviour of the stiffened plates and
proposes a method to predict the occurrence of sudden loss of capacity. It
describes the finite element model and the parameter values selected for a
factorial design of the database. A theoretical virtual work model is then
established to help interpret the instability behaviour. A number of representative
panels are selected as examples to describe the behaviour of stiffened steel plates
under combined in-plane compression and out-of-plane bending. Based on
analysis of the database, a simple method to predict the failure mode for stiffened

steel plates is proposed.

The information obtained in Chapter 2 is used to investigate the strength of
stiffened plates presented in Chapter 3. A design method is proposed to predict
the load carrying capacity of stiffened plate panels. The results of the database
introduced in Chapter 2 are used to assess this proposed method, and to evaluate

the current design guidelines.

Chapter 4 describes a reliability analysis associated with the proposed design
formulas in Chapter 3. Monte Carlo simulations are used in Chapter 4 to obtain
the statistical description of the capacity of the designed panels. Resistance factors

are recommended for safety indices varying from 2.5 to 4.5.

Finally, Chapter 5 presents a summary, conclusions, and suggestions for further

investigations.



1.4 THESIS FORMAT

This thesis is written in accordance with the regulations for a Paper Format Thesis
as set by the Faculty of Graduate Studies and Research at the University of
Alberta (FGSR, 2009). The introductory chapter and final chapter have their own
reference. Each of the other chapters is presented in a paper format without an
abstract, but with its own list of references. Tables and figures are grouped at the
end of each chapter. List of tables, figures and symbols are placed in the prefatory
pages. The definitions of the symbols are consistent throughout the thesis. A large
amount of data, including a sample input file of the finite element model, tables of
raw data, analysis results, load vs. deformation figures, virtual work model
development and Monte Carlo simulation results are presented in the appendices.
In the thesis, cross references to other chapters or appendices take the simple form

such as Chapter 2 or Appendix A.
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CHAPTER 2

BEHAVIOUR OF STIFFENED STEEL PLATES UNDER
COMPRESSION AND BENDING

2.1 INTRODUCTION

Because of their high strength to weight ratio, steel plates stiffened with
longitudinal stiffeners and transverse beams are extensively used in ship decks,
offshore structures and box girder bridges. Stiffened steel plates are often
subjected to compressive stresses in the direction of the stiffeners. These stresses
are commonly due to overall bending of the entire hull of a ship or negative
moments developed at the supports of steel box girders with a stiffened bottom
flange. They may also have to carry local bending moments arising from the
transverse water pressure on a ship hull, for example. Owing to the presence of
the axial compression, these panels are susceptible to overall flexural buckling,
with the plate either on the concave side of the stiffened plate or on the convex
side. The former mode is referred to as plate induced overall buckling and the

latter is referred to as stiffener induced overall buckling.

Since stiffeners are attached only to one side of a plate, overall buckling
behaviour of the panel differs in the two bending directions. For plate induced
overall buckling of stiffened panels with slender plates, the plate buckling failure
mode is often coupled with overall flexural buckling. Plate buckling itself does
not usually represent the limit of the capacity since stiffened plates can develop
significant post-buckling strength and, therefore, can reach the overall buckling
capacity of the panel (Faulkner, 1975). Due to the large in-plane stiffness of the
plate, plate induced overall buckling generally shows a stable post-buckling
behaviour. However, the interaction between plate induced overall buckling and
the formation of a plastic hinge may lead to a sudden loss of load-carrying
capacity. Such interaction has been identified in experimental and analytical work
(Aalberg et al., 2001; Sheikh et al., 2002, 2003; Chen et al., 2004; Hughes et al.,
2004; Wang et al., 2006).



Aalberg et al. (2001) conducted 21 tests on stiffened aluminium panels under
axial compression. A test specimen with trapezoid stiffeners showed a sharp drop
in capacity after a period of stable post-buckling behaviour. The ends of the
specimen were observed to rotate rapidly after the sharp reduction in capacity,

indicating the formation of a plastic collapse mechanism.

Sheikh et al. (2002, 2003) observed the same kind of behaviour in finite element
models of steel plates stiffened with tee stiffeners and subjected to axial loading
(load in the direction of the stiffeners) or combined out-of-plane bending and
axial loading. A few of the stiffened plate panels analysed showed a rapid loss of
capacity after overall buckling and some stable post-buckling behaviour. Some of
the models that displayed this instability had failed by plate induced overall
buckling. This behaviour was interpreted as the interaction of two failure modes,
namely, plate buckling followed by plate induced overall buckling. An
examination of the yield progression indicated the formation of a plastic hinge at
midspan when the post-buckling regime showed a sudden loss of capacity. Some
finite element models that failed by stiffener induced overall buckling also
showed a sudden loss of capacity. In this case the post-buckling behaviour was
unstable and loss of load carrying capacity was observed immediately after the
peak load. This failure mode was interpreted as stiffener tripping since the loss of

capacity lead to failure of the stiffener by tripping.

Unstable plate behaviour was also observed by Hughes et al. (2004) who noticed
the formation of a plastic hinge at midspan under the action of an axial
compression force. Since the stiffened plates modeled in their work simulated a
three-span panel under axial compression, both plate induced failure and stiffener
induced failure modes were involved in the failure mode. This led to the
conclusion that a multi-span stiffened plate panel fails only by stiffener induced
failure. In reality, plate induced failure may be the governing mode for some
cases, for example, local bending moments favour plate induced failure. In all
cases examined, Hughes et al. (2004) observed yielding of the stiffener web and,
in some cases, yielding of the plate. It should be noted that Hughes et al. (2004)
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based their observation on the calculated stress at the plate mid-thickness, which
may give the impression that the plate does not yield when the neutral axis is

located in the plate, which is often not the case as will be seen later in this chapter.

Using the analysis results presented by Sheikh et al. (2002, 2003), Wang et al.
(2006) designed test specimens to examine the stiffener tripping behaviour
experimentally. Four stiffened plate panels were tested under eccentric axial
loading; three specimens with an eccentricity of 5 mm or 10 mm towards the plate,
and one specimen with an eccentricity of 3 mm towards the stiffener flange. The
load versus displacement curves for two of the test specimens that failed by plate
induced modes showed a plateau between the peak load and the sudden reduction

of axial load carrying capacity.

Stiffener induced overall buckling results in a more sudden loss of capacity than
plate induced overall buckling because overall buckling places the stiffener flange
under increased compression, which can lead to instability of the stiffener
(stiffener tripping). Most panels failing by stiffener induced overall buckling
show a rapid loss of load carrying capacity due to the loss of stiffness resulting
from tripping of the stiffener. Although this mode of instability has received
considerable attention (Sheikh et al., 2003; Danielson, 1995; Hu et al., 2000;
Zheng and Hu, 2005), it is still not thoroughly understood. Given that the
formation of a plastic hinge causes severe instability in plate induced failure, it

should also have undesirable influence on stiffener induced failure.

The severe instability observed for certain stiffened plates in the post-buckling
regime does not affect the design load carrying capacity, but it directly determines
the consequence of failure and thus the selection of an appropriate safety index
for limit states design. An extensive investigation of this unstable behaviour will
be conducted using finite element analysis and earlier test results (Grondin et al.,
1998; Chen et al., 1997). A method will be proposed to predict this unstable post-
buckling behaviour. The analysis presented in the following is limited to plates

stiffened with longitudinal tee stiffeners, simply supported at the loaded ends, and
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subjected to uniaxial compression or combined axial compression and out-of-

plane bending.

2.2 FINITE ELEMENT ANALYSIS

2.2.1 Description of Model

Multiple longitudinal stiffeners are typically welded to the plate at equal spacing
and span between girders. Because of the symmetry of loading, geometry and
deformation, the behaviour can be investigated using only one stiffener with the

attached plate (Figure 2-1 (a)).

The finite element model of a stiffened plate panel was developed using the
commercial finite element code ABAQUS (2003). A stiffened plate panel was
modeled with 768 rectangular shell elements of type S4R; 512 elements for the
plate and 128 elements each for the web and the flange of a tee shape stiffener.
The S4R shell element is a 3-dimensional, 4-node, quadrilateral shell element
with reduced integration. The model incorporated initial imperfections, residual
stresses, and inelastic material properties, and used large deformation theory. A
similar model was developed and validated by Grondin et al. (1998) through

comparison with the results of tests on full-scale plates.

Initial imperfections were incorporated directly in the node coordinates definition.
From field measurements on 196 plates, Carlsen and Czujko (1978) determined
that the deformed shape of welded stiffened plates used in ship structures can be
expressed by a double trigonometric series. One half sine wave across the width
of the plate and four half sine waves along the length of the plate was
recommended by Grondin et al. (1999) as a shape that lead to conservative
estimate of stiffened plate capacity. This shape was adopted in this study. The
shape of the initial imperfections, depicted in Figure 2-1 (b), is expressed as

5,(%y)=05, sin(4T”Xj sin(%) [2-1]
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where X is the coordinate along the length L of the plate, y is the coordinate

across the width b, and ¢ is the maximum out-of-plane imperfection magnitude.

The initial imperfections in the web of the stiffener were defined by a half sine
wave along the length, with a parabolic variation over the web height, as
recommended by Sheikh et al. (2001). The shape of the initial imperfections of

the web is shown in Figure 2-1 (¢) and is expressed as:

5.(%,2) = 5{8 sin(%j [2-2]

where z is the distance perpendicular to the plate surface and is equal to 0.0 at
the plate to web junction, and d is the distance between the flange and plate
centerlines. Initial imperfections in the flange were introduced by forcing the
flange plate to remain at right angle to the web along its centreline. This conferred
a half sine wave imperfection in the plane of the flange and a half sine wave out-

of-plane imperfection along the length.

Residual strains were introduced into the model in the form of nodal temperature
changes, which were a function of the desired residual strain magnitude and the
coefficient of thermal expansion used for the analysis. The resulting residual

stress distribution, expressed as a fraction of the nominal yield strength, F,, is
shown in Figure 2-1 (d). The magnitude of the residual stresses varies from F, in
tension at the stiffener to plate welded junction, to 0.3 F, in compression in the

plate and at the flange tips. The adopted compressive residual stresses in the plate
are considered to be severe (Smith et al., 1992), although higher compressive

residual stresses have been adopted for design, such as 0.4 F, for stiffened box

girders in the AASHTO LRFD bridge design specifications (AASHTO, 2007).
The residual stress pattern shown in Figure 2-1 (d) satisfies self equilibrium of

moments and forces.
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A bi-linear, elastic-hardening, material model consisting of an elastic range with
a modulus of elasticity of 200 000 MPa, followed by a hardening range with a
modulus of 100 MPa, was implemented for the analysis. The hardening material
model was selected to model the yield plateau typical of mild steel while
providing some stiffness to facilitate convergence of the solution during the
analysis. The von Mises yield criterion and isotropic hardening rule were used

beyond the elastic range.

It is expected that in actual practice the stiffened plates would be welded to
massive transverse beams or girders that are stiff in their own planes but flexible
in the out-of-plane direction. An ideal boundary condition in analysis would allow
the ends of the stiffened plates to rotate locally but maintain the shape of the
cross-section which could be accurately simulated by a one-bay stiffened plate
model. In the finite element model of this study, the nodes of the loaded end
cross-sections were connected to corresponding nodes of rigid end plates. The
rigid plate was pinned at each loaded end at a point located at the centroid of the

stiffened plate.

An axial load was applied directly to the rigid end plates. Only one of the loaded
ends of the stiffened plate panel is allowed to move longitudinally and both
loaded ends are allowed to rotate about the transverse axis (y-axis). In order to
simulate plate continuity at the plate model edges, the unloaded edges are only
restrained from rotation about the longitudinal axis (x-axis) and in-plane twist
(rotation about the z-axis). The transverse in-plane translation degree of freedom
in structures with multiple stiffeners is in an intermediate state between free and
restrained. Both restraint conditions were investigated and the results will be

presented in section 2.2.2.

The loading procedure consists of up to three different load steps, namely,
application of the temperature change to introduce the desired residual strains,
application of the bending moment for the panels loaded under combined out-of-

plane bending and axial loading, and, in the last step, application of axial load
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until a nominal strain (change in length of the panel divided by the initial length)
of 1% in the longitudinal direction was reached. The solution strategy makes use
of the Newton-Raphson procedure in the first load step and the moment
application step. A modified Riks procedure is used in the last step (application of

the axial force) to trace the post-buckling behaviour through the softening regime.

The finite element model used for this investigation was validated by comparison
with full-scale test results as presented by Grondin et al. (1998). It was
demonstrated that the model provides accurate predictions of both the capacity
and the behaviour of stiffened steel plates subjected to axial compression or

combined axial compression and out-of-plane bending.

2.2.2 Parametric Study

A parametric study was conducted using the finite element model described above.
A set of dimensionless parameters that describe uniquely the behaviour of
stiffened steel plates was proposed and validated by Sheikh et al. (2002, 2003),

and will be used in this work. The nine input parameters ( S, to f,) are defined as:

Plate slenderness ratio, f, = T ?;
. _ hw FVS .
Web slenderness ratio, f, =—,|—;
t, VE
. f I:ys
Flange slenderness ratio, f3; = T\VE ;
f

F
Ratio of stiffener torsional slenderness to plate slenderness, S, = (L Eys J / B
yz

A

Stiffener to plate area ratio, S = A—;
p
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Plate imperfection ratio, S, = Tp;

: . : . 0
Stiffener imperfection ratio, £, = TS;

r

- : . F
Residual stress to yield strength ratio, S, = = ;
s

a

Applied to plastic moment ratio, f, = I\I\jll
p

In the above dimensionless parameters, t is the plate thickness, F,, is the plate
yield strength, E is the elastic modulus, h, and t, are the web height and

thickness, respectively, F is the stiffener yield strength, b, and t; are the

ys

flange width and thickness, respectively, r,, is the polar radius of gyration of the
stiffener about its centroid, A, and A, are the stiffener area and plate area,

respectively, F, is the maximum compressive residual stress, M, is the applied

a
end moments and is positive if putting the stiffener flange in flexural compression,
and M | is the plastic moment capacity of the full cross-section. The parameters
B, By, By, B, and B, define the basic geometry and material properties, [,
and f, define the level of initial imperfections for the plate and the stiffener,
respectively, S, defines the magnitude of residual stresses, and f, defines the

magnitude of the end moments. The virtue of these dimensionless parameters is

that they are scale independent (both geometry and material) (Sheikh et al., 2002).

Plate slenderness is well known to have a significant influence on the strength and
behaviour of stiffened plates (Faulkner, 1975; Smith et al., 1992; Grondin et al.,
1999). Faulkner (1975) indicated that practical values of f, are less than 3.0.

Sheikh et al. (2002) investigated four values of £, , namely, 0.7, 1.28, 2.0, and 2.7

where the minimum value represents a stocky plate for which full yielding is
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expected to take place before buckling. The values of 1.28 and 2.7 represent the
limit of inelastic and elastic plate buckling, respectively. The same four values of

p, as those used by Sheikh et al. (2002) are used in this work.

Selection of the tee cross-section is limited by the availability of standard rolled
sections. Inspection of the available rolled tee sections in the CISC Handbook of

Steel Construction [CISC, 2006] indicated that £, is in the range of 0.13 to 1.40
and S, from 0.17 to 1.06. An examination of the available European rolled tee
sections [British Standards Institution (BSI), 2005] indicated that f, ranges 0.71
to 1.39 and S, ranges from 0.38 to 0.81. Hughes and Ma (1996) indicated that the

typical range of S, is 0.76 to 1.53. Generally, an upper bound for stiffener

slenderness is set to prevent local buckling of the flange or the web before

yielding under uniaxial compression. These limits are 1.5 for £, and 0.89 for S,

according to the requirements for compression members in the North American
steel design standards [Canadian Standards Association (CSA), 2009; AISC,
2005].

For elements in flexural compression, CSA-S16-09 (CSA, 2009) recognizes four
classes of sections. In the four classes, classes 1 (plastic design), 2 (compact), and
3 (non-compact) sections allow either full or partial yielding of the cross-section
before local buckling. The web of a T-shape stiffener can be either fully or
partially in flexural compression when the stiffened plate is subjected to bending.
In the worst case scenario, the web may be in full compression when a plastic
hinge is developed and the neutral axis is not in the web. Thus the classifications
for flanges of rectangular hollow sections (web-type plates under uniform
compression) are used as a conservative approximation to reflect this worst case
scenario for the web. This gives the limits for the web slenderness of class 1, 2
and 3 sections as £, = 0.94, 1.17, 1.50, respectively. The classifications in CSA-
S16-09 (2009) for flanges of I-sections or T-sections gives the flange slenderness

limits for classes 1, 2 and 3 sections as f; = 0.65, 0.76, 0.89, respectively.
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When S, <1.50 and f; <0.89 the stiffener is at least a class 3 section. These
slenderness limits are consistent with the three design guidelines that specifically
include stiffened plate design, namely, DNV-RP-C201 [Det Norske Veritas
(DNV), 2002], API bulletin 2V [American Petroleum Institute (API), 2000], and
the ABS guide [American Bureau of Shipping (ABS), 2007], as presented in
Table 2-1. Based on the above review of availability and section classification,
B, is taken as 0.17, 0.8 and 1.5, and f3; is taken as 0.17, 0.6, and 0.9 in this study,
where the middle value is approximately the average of the upper and lower

bounds.

The stiffener to plate area ratio, f,, does not affect the strength of the panels

failing by plate buckling (Grondin et al., 1999; Timoshenko and Gere, 1961), but
it has an impact when the panels fail by stiffener induced overall buckling (Sheikh
et al., 2003). The area ratio commonly used in ship construction is 0.2 (Smith et
al., 1992). A value of the ratio less than 0.3 was found to trigger stiffener tripping
if the out-of-plane loading places the stiffener flange in flexural compression
(Grondin et al., 1999). Therefore, Sheikh et al. (2003) selected values of 0.075,
0.15 and 0.3 to study the panel behaviour especially for stiffener induced failure.

The same three values are adopted in this work.

The parameters f,, f,, ; and f; define the cross-section configuration, while
B, incorporates the panel length. When the values of S,, f3,, S, and f; are set,
1.e. the cross-section is set, a change in £, is achieved by varying the panel length.
A full factorial design (four values for f,, three values each for f5,, B, and f;)

results in 108 different cross-section configurations. If four values of A, and five

load cases are introduced, the number of analysis cases reaches 2160 (108 x 4 x
5). In order to reduce the number of cases to a more manageable size, a fractional

factorial design will be conducted with S, and f, taken as only three pairs,

namely, (0.17, 0.17), (0.8, 0.6), and (1.5, 0.9). This fractional factorial design

(four values for f,, three pairs for £, and f,, and three values for f;) leads to
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36 different cross-section configurations. For five load cases and four values of

B, , the total number of analysis cases is 720.

The four values of S, selected by Sheikh et al. (2002, 2003) were 0.5, 1.0, 1.5,

and 2.0. Using these four values with each of the 36 cross-section configurations
results in 144 panel configurations, as shown by the 144 data points presented in
Figure 2-2. In the figure, each vertical line corresponds to one cross-section
configuration with varying lengths. The four data points presented on one vertical
line, from bottom to top, represent the four panel aspect ratios corresponding to
values of £, of 0.5, 1.0, 1.5, and 2.0. The common range of aspect ratio (L/b)
varies from 1.5 to 6 for ship structures (Smith et al., 1987), and 1 to 5 for bridges
(Yoo et al., 2001). In this study the aspect ratio varies from 0.32 to 13 and most
panels have an aspect ratio ranging from 1 to 7, as shown by the shaded area in

Figure 2-3. In order to have a better control on the aspect ratio in the factorial

design, a new parameter, £ , is introduced. It is defined as

* 0.5 0.4 HO.1 0.5
IB 2131 2 M3 134 5 -

As S takes the values of 0.15, 0.4, 0.7 and 1.0, the plate aspect ratio varies from
0.93 to 6.85 as shown in Figure 2-3. B  is therefore selected as one of the
parameters for the fractional factorial design. The values of g, B,, B;, fs and

[ selected for the factorial design are listed in Table 2-2. Table 2-3 presents the

fractional factorial design adopted for this study, where each row represents four

configurations with identical cross-section but different lengths. The values of £,

resulting from each value of £ are listed in the last column of Table 2-3.

As described in section 2.2.1, Carlsen and Czujko (1978) showed that sinusoidal
imperfection shapes are representative of ship plating. Timoshenko and Gere
(1961) demonstrated that this imperfection shape is the critical shape for buckling
of stiffened plates. The magnitude of the plate imperfection has been found to be

proportional to ﬂf based on extensive surveys and the average magnitude
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corresponds to S, =0.137 (Smith et al., 1992). This average magnitude is

adopted in the current study.

The stiffener imperfection ratio, f,, reflects the out-of-straightness of the
stiffener. The magnitude of J, =0.0015L is considered by Smith et al. (1992) as
the average level. A fabrication tolerance of 6, =0.0015L or 6, =0.001L is also

quite common in design standards and guidelines such as DNV Classification

Notes No. 30.1 (DNV, 1995), CAN/CSA-S6-06 (CSA, 2006), CSA-S16-09 (CSA,
2009) and CSA G40.20-04 (CSA, 2004). Thus the stiffener imperfection ratio, £,

1s taken as 0.0015.

The parameter S, represents the level of residual stresses. The presence of

residual stresses is mainly due to welding of the stiffeners to the plate. According
to residual stress measurements presented by Thimmhardy (1988) and Grondin et
al. (1998), the residual stress distribution shown in Figure 2-1 (d) is representative
of the actual residual stresses in stiffened steel plates. The magnitude of the

compressive residual stress is around 0.2 F, for the plating in box-girder bridges
and 0.15 F, for plating in ship elements (Thimmhardy, 1988; Grondin et al.,

1998). The AASHTO LRFD bridge design specifications (AASHTO, 2007) have
adopted a much higher value of 0.4 F, for design purpose. As reported by Smith

etal. (1992), 0.15 F, and 0.3 F, are classified as the average and severe residual

stress magnitudes for ship construction representing mean and 97% fractile of the

survey results, respectively. In this study, the severe magnitude, i.e. 0.3 F, or f;

= 0.3, is used for the analysis.

The parameter S, defines the load condition rather than the panel configuration.
B, =0 corresponds to a concentric axial load. A value of S, = 0.2 indicates that a
moment of 0.2 M is applied to the panel prior to the application of the axial load.

Positive values of f, indicate that the end moment creates flexural compression
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in the stiffener flange. Five values of f, are investigated in this study, namely, —

0.4,-0.2,0,0.2 and 0.4.

The fractional factorial design used in this study leads to 720 separate cases (144
configurations described in Table 2-3 and five loading conditions) to be analyzed.
As mentioned in section 2.2.1, the real boundary condition along the unloaded
edges of the plate is such that the plate is neither completely free to expand nor
completely restrained transversely. In order to establish the error caused by an
ideal boundary condition in a model of a single stiffener panel both restraint
conditions have been applied in the finite element analysis for the 720 different
panel configurations. Two of the models had convergence problems when the
unloaded edges were fully restrained in the transverse direction. The remaining
718 configurations that converged are compared in Figure 2-4 where the plate

capacity ratio, P, / Py, for plates with unloaded edges fully restrained, is plotted

against the plate capacity ratio for the plates free to expand and contract. A small
number of cases show noticeable difference in capacity due to the difference of
failure mode. The data point farthest from the diagonal line, which lies above the
diagonal line, represents a normalized capacity of 0.665 when the unloaded edges
are free to expand and a normalized capacity of 1.103 when the unloaded edges
are fully restrained from in-plane translation. For a similar reason (failure mode
change), a limited number of points are observed below the diagonal line. For the
panel with the unloaded edges free to expand, failure took the form of plate
induced overall buckling whereas the panel with restrained unloaded edges failed
by stiffener induced overall buckling. In general, the mean value of the ratio of

capacities with plates restrained in the transverse direction to the capacities with

plate free in the transverse direction, (PC /Py) ained / (Pc / P, )f , is 1.043 and
restraine: ree

the associated coefficient of variation is 0.073. Less than 2% of the cases
investigated have a ratio less than 0.95. In order to control the number of analysis
cases to a manageable size, only the conservative condition, the edges free to
expand, will be used in the current work to form a database from which the

strength and behaviour of stiffened steel plates can be investigated.
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A typical input file for the finite element analysis for the boundary condition with
the plate free in the transverse in-plane direction is presented in Appendix A as an
example. The detailed analysis results for this boundary condition and the
dimensions and material properties for these panels are presented in Appendix B.
The capacity comparisons of the 718 panels shown in Figure 2-4 are also

presented in Appendix C for various load cases.

2.3 VIRTUAL WORK MODEL FOR PLASTIC HINGE

Although the post-buckling behaviour of stiffened plates was analyzed using
finite element analysis, a simple theoretical model describing post-bucking
behaviour of stiffened plates is desirable to provide a design tool to evaluate the
post-buckling stability of panels. The behaviour of primary interest is the sudden
loss of load carrying capacity observed in the post-buckling range because such

panels should be designed with a higher safety index.

In the presence of an in-span plastic hinge, the increasing lateral deflection at the
plastic hinge directly affects the moment equilibrium due to the second-order
effects resulting from the axial load. Since the moment resistance remains
constant at the plastic moment, the axial load cannot remain constant as the
deflection increases after the development of the plastic hinge. In current steel
design standards such as CAN/CSA-S16-09 (CSA, 2009), the plastic moment
capacity of a beam-column is estimated by using a cross-section strength
interaction equation for bending moment and axial force, where the P-¢ effect is
accounted for by applying an amplification factor to the first-order moment.
Although this simplified approach provides a reasonable estimate of the member
capacity at full yielding of the cross-section, it does not predict the behaviour of

the member beyond the peak load.

Another problem is that the interaction equation is dependent on the cross-section
shape. The interaction equations in some design standards, including the Canadian

design standards CSA-S16-09 and CSA-S6-06, are a linear approximation of the
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actual nonlinear interaction curves of doubly symmetric I sections. The only
variable affecting the nonlinear interaction curves of I sections is the area ratio of
the web to the full cross-section because the flanges are equal. This is obviously
not applicable for monosymmetric stiffened plates as the stiffener flange is much
smaller than the plate. Although the stiffened plate is not a doubly symmetric
section, API bulletin 2V (2000) uses the interaction curve derived by Soreide
(1981) based on I sections for stiffened plates. Other design guides for stiffened
plates such as DNV-RP-C201 (DNV, 2002) and the ABS guide (ABS, 2007) do
not consider the plastic behaviour. In this section, a theoretical model will be
derived to predict the load versus deformation characteristic of a stiffened plate

panel beyond the peak load.

2.3.1 Virtual Work Model

The proposed model is based on the principle of virtual work. Detailed derivation
of this model is provided in Appendix D. The plastic hinge mechanism is defined
as plate induced plastic hinge when the plate outer surface is in flexural
compression, or stiffener induced plastic hinge if the stiffener flange is in flexural
compression. For most commonly used stiffened plates the plate area is usually
larger than the stiffener area. In fact, the investigation presented in this report

used a range of stiffener to plate area ratio (f;) of 0.075 to 0.3. Thus the pure

bending plastic neutral axis (P.N.A.) is always located in the plate. For a plate
induced plastic hinge the part of the cross-section in compression would be from
the plate outer surface to the pure bending P.N.A. If an axial compression force is
superimposed to the bending moment, the portion of the cross-section in
compression will spread towards the flange outer surface, and the P.N.A. can be
anywhere between the pure bending P.N.A. and the flange outer surface. Three

equations are therefore required depending on the location of the P.N.A.

For the P.N.A. in the plate,
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For the P.N.A in the web,
u _AMy 2RAfz b (BB AC Yz o BmP A
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2A
122 P20
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[2-4]
For the P.N.A. in the flange,
M P P,—P 2A
ui:h_k Y L_vTT , izl__f [2-5]
L PL P L 4FbsL Py A

where U, is the out-of-plane deflection at the centre of the stiffened plate, A; is
the flange area, z, is the distance between the centroid of the full section to the
plate outer surface (see Figure D-1), z is the distance between the centroid of the

full section and the flange outer surface, and P, is the yield force of the full

section.

Since fs is less than 1.0, the P.N.A. for a stiffener induced plastic hinge under

bending only lies in the plate, with the stiffener and part of the plate in
compression. As an axial compression force is superimposed to the bending
moment, a larger portion of the cross-section goes into compression, thus forcing
the neutral axis to remain in the plate or move outside of the cross-section for all
combinations of axial compression and bending moment. Therefore, only one

equation is required for stiffener induced plastic hinge, that is:

UAZ%_ i_l Z_p_ﬁ [2-6]
L PL P L 4FbL
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Equations [2-3] and [2-6] can also be expressed in a simplified form, as shown by

Equations [2-7] and [2-8], respectively.

For plate induced buckling with the P.N.A. in the plate,

1+ 6y )M
v G (M, P Paih [2-7]
L L PL 4F,bL Py A
For stiffener induced buckling,
1- 4, M
u—3=d—°—( £) 0, P [2-8]
L L PL 4F bL

where d, is the distance between the pure bending P.N.A. and the centroid of the

full cross-section.

When plate buckling takes place, the plate cannot yield fully due to unloading of
the plate that takes place after the plate has buckled (the plate stresses decreases
where it is more flexible, half way between the stiffeners, and it increases near the
supporting stiffeners). In order to account for the loss of plate effectiveness when
plate buckling occurs, the plate can be replaced by a plate of effective width,
smaller than or equal to the plate actual width (Faulkner, 1975). The reduced plate
width and the attached stiffener can be considered as an effective cross-section
that can fully yield. The use of the effective cross-section with the virtual work
model gives rise to Equations [2-9] to [2-11] for plate induced plastic hinge and
Equation [2-12] for stiffener induced plastic hinge.

For plate induced plastic hinge and the P.N.A. in the plate,

U _AMy (Be VZe PetP) 2w 2 P 22 g
L PL P L 4FblL) L L Pye
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For plate induced plastic hinge and the P.N.A. in the web,

U _AMp 2RA (7 U (Re=2RAr Nz U Pe=P A
L PL P L 2L P L L 4FthL 2t,L
[2-10]

z z 2A
_ﬁ_,__p, 1_£§i51__f
L L A Pe A
For plate induced plastic hinge and the P.N.A. in the flange,
U _AMp (Fe 1)[Ze Pe=P | Ze 2z P
L PL P L 4FbsL L L Pre A
[2-11]
For stiffener induced plastic hinge,
u_3:,b’9Mp_ Pye_1 zpe_Pye—P +zpe_z_p (2-12]
L PL P L 4FbelL L L

where P, is the yield capacity of the effective cross-section, z , is the distance

between the plate outer surface and the centroid of the effective cross-section (see

Figure D-8), A, is the area of the effective cross-section, and z, is the distance

between the flange outer surface and the centroid of the effective cross-section. A
number of effective width equations are available in the literature for the
calculation of the effective cross-section. In this study, the effective plate width,

b, , is obtained using the equation proposed by Faulkner (1975) as follows:

=1 if p <1
[2-13]
A p

o|& o|&

The values of P and u; can be substituted into Equation [2-14] to obtain the
internal moment about the centroid at the midspan cross-section, M;, which is

equal to the applied end moment plus a second order moment due to the P-o
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effect. This equation is valid regardless of the stress distribution in the cross-

section.

For plate induced failure,

Mi _Pyy

= [2-14a]

p p

For stiffener induced failure,

M; Pu,
L __ "3 2-14b
M M Po [ ]

p p

2.3.2 Additional Considerations

Some factors are not accounted for in the virtual work model directly. However,
the finite element analysis shows that these factors have insignificant impact on
the stiffened plate behaviour, which will be presented in the following sections.

The factors are given as below:

1. Partial yielding at the plastic hinge cross-section, spread of plasticity along

the length of the panel, and strain-hardening behaviour;
2. Local buckling of the stiffener and stiffener tripping;

3. Presence of residual stresses and initial imperfections.

Partial yielding, spread of plasticity and strain-hardening effects

When the neutral axis lies in the cross-section, full cross-section yielding can
never be attained because the material near the neutral axis remains at low
stresses throughout the loading process. Partial yielding at the plastic hinge cross-
section and spread of plasticity cause a reduction in capacity and stiffness that are

not accounted for in the virtual work model.
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Material strain-hardening causes an increase in the plastic moment capacity. Since
it tends to offset the effect of partial yielding and spread of plasticity, these effects
are often neglected (ASCE, 1971; Neal, 1977; Chen and Han, 1988). The strain at
which strain-hardening starts in mild steel is generally in the order of 0.01 to 0.02
(Neal, 1977). The steel used in the finite element analysis was given a modulus of
100 MPa from the yield point to a plastic strain of 1.0 mainly to prevent
numerical convergence difficulties that may arise with a modulus of 0.0. This
material model is conservative because it underestimates the strain-hardening

effect.

The finite element analysis results that will be presented in section 2.4 indicates
that a plastic hinge behaviour can be developed in spite of partial yielding and
spread of plasticity. A good agreement always occurs between the virtual work
model and the finite element analysis results, although the deflection at which it
occurs is sometimes large when stiffened plates are proportioned such that overall
buckling occurs before the reduced plastic moment is developed as will be
described in section 2.4. Section 2.5 will demonstrate that, even for these
configurations, the virtual work model can be used to assess the level of stability

in the post-peak range.

Stiffener local buckling and stiffener tripping

Stiffener local buckling and stiffener tripping can result in a significant loss of
effectiveness of the stiffener. Given that premature local buckling was prevented
by limiting the width-to-thickness ratio of the stiffener flange and web, local
buckling of the stiffener was observed only in the post-buckling range; in the late
post-buckling range if the flange and web met the requirements of class 1 or 2
sections. In the 720 FEA models examined in this research, no instance of
stiffener tripping was observed prior to overall buckling of the stiffened plate as
well. The load carrying capacity, based on the observations in section 2.4, is not

affected by stiffener tripping and stiffener local buckling. As will be demonstrated
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in section 2.5, although the virtual work model cannot provide accurate prediction
for the entire post-buckling range, it provides a good prediction for the part of
most interest; the early post-buckling range. Since the design process would only
need to identify the severity of the loss of capacity, the prediction of the early

post-buckling behaviour provides sufficient information for design.

Residual stresses and initial imperfections

Although residual stresses will cause gradual yielding during loading process, the
plastic moment capacity of stiffened plates can be attained regardless of the

presence of residual stresses.

The out-of-straightness tolerance is generally in the order of 0.001 L to 0.0015 L
in most design guidelines and standards such as DNV Classification Notes No.
30.1 (1995), CAN/CSA-S6-06 (2006), CSA-S16-09 (2009) and CSA G40.20-04
(2004). The effect of initial imperfection can be captured if this tolerance is

superimposed to the U, term in the virtual work model equations. Since the post-

peak deflection investigated in this research is one order of magnitude larger than

the tolerance, the effect of initial out-of-straightness is not significant.

2.4 RESULTS OF ANALYSIS

2.4.1 Plate Induced Failure Mode

The main purpose of this section is to gain more insight into the panel behaviour
in both the pre-buckling and post-buckling ranges, based on stress and strain
distributions, deformed shapes, load history from the finite element analysis, and
theoretical verification of the overall stiffened plate behaviour. A number of
stiffened panels governed by plate induced failure will be selected from the
database of analysis results. Based on the practical range of values of the

parameters discussed in section 2.2.2, a typical panel is selected as the reference

-27 -



panel to illustrate the plate induced failure mode behaviour of stiffened steel
plates. A parametric analysis will then be conducted based on this reference panel.

The parameters to be examined in this section are the plate slenderness ratio, £,

and the plate aspect ratio, L/b, which are known to have a significant impact on

plate induced mode (Grondin et al.,1999; Sheikh et al., 2003).

The selected reference panel has the following properties: 500 mm % 17.90 mm
plate, 115.0 mm %X 6.59 mm web, 87.5 mm x 6.69 mm flange, 1249 mm length,
and 420 MPa yield strength. These dimensions result in the following non-
dimensional parameter values: g, = 1.28, , = 0.8, B, = 0.6, B, = 1.05, B, =
0.15, B~ =04, L/b =2.50. It is designated as panel 222 22. Each digit in the
designation indicates the sequence number, from Table 2-2, for the dimensionless
parameters, f3,, f,, By, Bs, and B, in that order. The number 2 for the first
digit indicates that the S, takes the second value tabulated in Table 2-2, namely
1.28, and so on. An underscore is inserted after the third digit to indicate that £, is
not specified in the specimen designation since it is defined through A" .
Therefore, the digit following the underscore refers to the value of f. as

tabulated in Table 2-2. This panel designation convention is illustrated in Figure

2-5. The values of the imperfection and residual stress parameters, S, to [, are

not varied in this parametric study. The loading case for the reference panel is

taken as f, = —0.4, namely, 40 percent of the plastic moment capacity is applied

to place the plate outer surface initially in flexural compression. The conclusions
drawn for this load case also apply for the other three load cases under which

plate induced failure was observed, namely, £, = 0.2, 0, and 0.2. At B, = 0.4

only stiffener induced failure was observed.

Effect of Plate Slenderness Ratio, g,
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As previously discussed, S, is one of the major parameters affecting the panel
strength and behaviour. Three plate slenderness ratios are investigated in this
section, namely, 0.7, 1.28, and 2.7. The plate slenderness ratio is varied by

changing the thickness of the plate. The other dimensionless parameters of the

parameter group were selected as S, = 0.8, B, = 0.6, B~ = 0.4, B, = 0.15,

By =0.1587, B, =0.0015, S5 = 0.3, B, = -0.4. The plate specimens selected for

this analysis are panels 122 22, 222 22 (the reference panel), and 422 22 and
L/b =2.50 for all the three.

Figures 2-6 to 2-8 present a detailed representation of the behaviour of panels
with values of f, varying from 0.7 to 2.7, respectively. The behaviour is
illustrated in terms of axial load versus deformation (axial deformation and lateral
deflection at the centre of the panel) and moment versus lateral deflection. The
deflection along the plate edge and the extent of yielding at various load stages
are also presented. Figure 2-6, for the plate with the smallest slenderness, shows
that from the peak axial load at A to the point of instability (between points B and
C) the internal moment increased to the point where at point B the stiffener flange
and the plate had both yielded, and the web had completely yielded by the time
point C was reached where a plastic hinge had formed at midspan. It is noted that
the plates with higher slenderness ratios ( 4, = 1.28 in Figure 2-7 and f, =2.7 in
Figure 2-8) were not able to yield by the time the peak load was reached at point
A. The deformed shape of the plate edge presented in figures (d) indicates that for
B, = 0.7 the plate yielded before overall buckling took place at point A, for g, =
1.28 the plate buckled, but only after substantial yielding (see Figure 2-7 (f) and
(g)), and for B, = 2.7 the plate buckled elastically (see Figure 2-8 (d) and (g) for
the extent of yielding at point B). An examination of figures (c) indicate that for
all three values of f,, point B is either very close to the formation of the reduced
plastic moment or has already reached the reduced plastic moment capacity. It is
seen that at point C, the internal moment has reached its full value, which,

according to figures (h), corresponds to full yielding of the cross-section. The
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region A-B in all figures (a) for the three values of S, corresponds to the zone of

stable post-peak capacity behaviour where a plastic hinge forms. It is noted that

as [, increases, the stable post-peak zone shortens, and at S, = 2.7, the stiffened

plate becomes unstable right at the peak, where the internal moment has reached

almost the full reduced moment capacity (Figure 2-8 (¢)).

A comparison of the virtual work model presented in section 2.3 with the finite
element analysis results is shown in figures (b) and (c). For the two cases with the
largest S, values (panels 222 22 and 422 22), two curves are shown for the

virtual work model, namely, the top curve corresponding to the full plate width,
and the lower curve corresponding to the effective plate width to account for the
plate buckling phenomenon observed for these two cases. Figure 2-6 shows that
the virtual work model provides an excellent prediction of the observed behaviour

past the peak load for a stiffened plate with S, = 0.7. For B, = 1.28, both the

calculations with the full cross-section and with the reduced section provide
similar predictions. This is expected since plate buckling took place in the
inelastic range, making the plate section almost fully effective. This is not the
case, however, for the specimen with the largest plate slenderness where a
significant discrepancy between the full section and the reduced section prediction
is observed, although as a plastic collapse mechanism sets in with the formation
of a plastic hinge at point C both models converge to the behaviour predicted by

the finite element analysis.

Effect of Plate Aspect Ratio, L/b

As previously discussed, length is one of the major parameters affecting the panel
strength and behaviour. Three stiffened plate panels with identical cross-section
but various lengths will be examined in this section. The plate specimens selected
for this analysis are panels 222 21, reference panel 222 22 described previously,

and 222 24. The values of L/b for the three panels are 0.94, 2.50 and 6.50, and
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B are 0.15, 0.40 and 1.00, respectively, in that order. The other dimensionless

parameters of the parameter group (5, to fB;, fs to f,) are kept at the reference
panel values, namely, S, = 1.28, 3, = 0.8, B, = 0.6, B, = 0.15, B, =0.157, f3,
=0.0015, g5 = 0.3, B, = —0.4. The behaviour of the three panels is illustrated in
Figures 2-7, 2-9, and 2-10.

The shortest of the three panels, 222 21 (L/b = 0.94), shows significantly smaller

out-of-plane deflection (uy) than the longer panels (maximum us; /L of less than

0.01 compared to values of over 0.07 for the other two panels). This reduced out-
of-plane response is due to the fact that the panel failed by plate buckling rather
than overall buckling as evidenced by a comparison of Figures 2-7, 2-9 and 2-10
(d). Because plate buckling is a relatively stable failure mode, Figure 2-9 (a)
shows a long stable post-peak behaviour. Figure 2-9 (d) indicates that plate
buckling was imminent at point A where the peak load was reached and almost
the full cross-section yielded in compression after point A with little bending
action. Panel 222 24, with the largest aspect ratio, failed by elastic overall
buckling. Overall buckling was triggered at point A on the load versus
deformation curves and a plastic hinge, resulting from the P-9 effects, was almost
entirely developed by the time point B on the load vs. deflection curves was
reached. The behaviour of panel 222 22, with an intermediate aspect ratio is
found to be one where plate buckling started at point A (see Figure 2-7 (d)), but
overall buckling, or the formation of a plastic hinge, took place between points B
and C, which resulted in a sudden loss of load carrying capacity. Because the
virtual work model is based on the formation of a plastic hinge, the predicted
behaviour based on this model for panels 222 22 and 222 24 is accurate only
once a plastic hinge has formed. Since panel 222 21 failed by plate buckling and
behave as an axial hinge rather than a flexural hinge on which the virtual work
model is based, the virtual work model did not predict the behaviour of this model

accurately.

-31 -



2.4.2 Stiffener Induced Failure Mode

While a stable post-buckling behaviour has been observed before a sudden loss of
capacity for some of the stiffened plates failing in the plate induced overall
buckling mode, a review of the literature indicates that the unstable behaviour of
stiffener induced failure is characterized by a sudden loss of load carrying
capacity immediately after the peak load. This failure mode has been designated
as stiffener tripping because the stiffener has been observed to fail by lateral
torsional buckling some time after the sudden loss of capacity. However, in the
case of plate induced failure mode investigated in section 2.4.1 the sudden loss of
capacity was found to result from a plastic hinge mechanism. Therefore, the effect
of plastic hinge mechanism on stiffener induced failure will be investigated in this

section.

Panel 222 22 will once again be used as the reference panel. The load case is

taken as S, = 0.4, namely, 40 percent of the plastic moment capacity is applied to

place the stiffener flange initially in flexural compression. The parameters to be

examined in this section are the stiffener slenderness ratios (£, and f;) and the

plate aspect ratio, L/b. It was found that these three parameters have a significant

impact on the behaviour for stiffener induced failure.

Effect of Plate Aspect Ratio, L/b

The stiffened plates selected for this analysis are panels 222 21, the reference

panel 222 22, and 222 24. The values of L/b for the three panels are 0.94, 2.50
and 6.50, and the values of £ are 0.15, 0.4 and 1, respectively. The other

dimensionless parameters of the parameter group (5, to B,, B to f,) are kept

at the reference panel values, namely, B, = 1.28, B, = 0.8, B, = 0.6, 5, = 0.15,

B, =0.187, B, =0.0015, B =0.3, B, =+0.4.
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Figures 2-11 to 2-13 summarize the behaviour of panels with L/b varying from
0.94 to 6.50. Figure 2-11(e), for the shortest of the three panels, 222 21, shows
that at point A (see figures (a) and (b)) the flange and 75% of the web have
yielded along most of the plate length. On the other hand, the two longer panels
(L/b=2.50 in Figure 2-12 and L/b= 6.50 in Figure 2-13), show less extensive
yielding at point A. A closer examination of the shortest panel (Figure 2-11b)

indicates that the out-of-plane deflection u; at point A (about 0.001 L) is

considerably smaller than the plate thickness (t = 0.038 L), and is in the same
order of magnitude as the panel edge deflection due to local buckling (Figure 2-11
(d)), meaning that the compression stresses in the plate are not insignificant.

Because the out-of-plane deflections in region A-B shown in Figure 2-11(b) (u; =

0.001~0.007 L) are small relative to the plate thickness(t = 0.038 L), the
behaviour of the stiffened plate in Figure 2-11 (a) shows stable behaviour between
A and B. The two longer panels (L/b=2.50 in Figure 2-12 (a) and L/b=6.50 in
Figure 2-13(a)), however, become unstable at the peak load (point A). An
examination of figures (c) indicates that at this point of instability, the rate of
change of the internal moment reduces significantly, indicating a plastic hinge
action. The yield patterns shown in Figures 2-12 and 2-13 indicate that the plastic
hinge is partially developed at point B and entirely developed at point C. However,
local buckling in the flange and web and tripping in the stiffener are also observed
in the deformed shape. It is therefore difficult to identify the failure mode at point
A.

In order to decouple the effects of plastic hinge and stiffener tripping, the finite
element models were re-analyzed with a laterally supported stiffener to prevent
tripping. The lateral support to the stiffener was provided by applying transverse

restraints along the flange tip at y = +0.5b; . The behaviour of the three panels in

the restrained models are compared to the behaviour of the unrestrained models as
shown in Figures 2-14 to 2-16. An examination of figures (a) to (c) indicates that
for all three values of L/b, the restrained models display identical behaviour to

their unrestrained counterpart up to the peak load at A. This indicates that
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stiffener tripping has no effect on the axial load capacity and the failure mode at
that point. It is noted that the two longer panels (L/b = 2.50 and 6.50), for which
instability was observed at the peak load when unrestrained (Figures 2-12 (a) and
2-13 (a)), still become unstable at the same peak load level when restrained. Since
tripping is effectively prevented in the restrained models, the instability is
believed to be the result of the accelerated P-o effect due to the plastic hinge
action. Both the restrained and the unrestrained finite element models showed
little to no increase of internal moment resistance with a significant increase in

curvature (see Figures 2-15 (c) and 2-16 (c)).

Because stiffener tripping has not taken place for the shortest panel with L/b=
0.94 as illustrated in Figure 2-14, it is deduced that the formation of a plastic
hinge is the primary failure mode observed in Figure 2-11(c). For this failure
mode the virtual work model is found to predict the internal moment accurately

up to point C where local buckling of the stiffener was observed (Figure 2-11 (g)).

For L/b= 2.50 (Figure 2-12 (¢)) and L/b= 6.50 (Figure 2-13(c)), the internal

moment ratio, M, / M, , obtained from the finite element analysis is significantly

lower than predicted by the virtual work model due to failure of the stiffener by a
combination of tripping and local buckling. When stiffener tripping is prevented
by providing lateral restraint to the edge of the stiffener flange the virtual work
model provides a good prediction of the internal moment ratio in region B-C for
the panel with L/b= 2.50 (Figure 2-15 (c)), indicating that a plastic hinge can
form when stiffener tripping is prevented. This observation is also made for the

plate with L/b = 6.50 as demonstrated in Figure 2-16 (c).

It is noted that good agreement between the finite element model and the virtual
work model starts before point B when stiffener tripping is restrained for the
panel with L/b=2.50 (Figure 2-15 (c)), which is before the plastic hinge is fully
developed at point C. In order to check if the panel can develop most of the
plastic moment capacity without yielding the entire section, the analysis of the

panel with L/b= 2.50 was repeated with pure end moments, with and without
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lateral flange restraint, as shown in Figures 2-17 and 2-18, respectively. Figure 2-
17, which shows the results for the restrained model, indicates that 90.4% of the
plastic moment capacity is developed by the time the flange and 75% of the web
have yielded. This is expected because about 75% of the plastic section modulus
of this panel is contributed by the stiffener. The results of the analysis on the
unrestrained model presented in Figure 2-18 show that stiffener tripping reduces
the moment capacity to 80.8% of the plastic moment capacity, most of which is

achieved when the flange and only 75% of the web have yielded.

Two sets of virtual work model curves are shown in Figures 2-11 and 2-12,
namely, one for the cross-section with the full plate width, and one with an
effective plate width to account for plate buckling. The behaviour predicted based
on the effective plate width (95% of the full width if using Equation [2-13]) is
almost identical to that based on the full plate width, indicating that the ineffective
portion of the plate does not contribute much to the plastic section modulus. In
fact, the effective width is even larger than the predicted value using the effective
width equation because the neutral axis resides in the plate. Since the axial force
reduces in the post-buckling range, the effective plate width calculated based on
the peak load is not strictly applicable past the peak load. Therefore, only the full
plate width was used for the panels in the following analysis for stiffener induced

failure.

Effect of stiffener local buckling (3, and ;)

This section investigates the effect of stiffener local buckling on the strength and
behaviour of stiffened steel plates. Therefore, panel 233 32 will be investigated
as a comparison to the reference panel 222 22. The web and flange slenderness

ratios (£, and f;) of panel 233 32 are set to 1.5 and 0.9, respectively, and the
maximum value of stiffener to plate area ratio ( f;=0.3) is used to maximize the

effect of stiffener failure on the stiffened panel behaviour. The flange slenderness
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ratio makes the section a class 3 section. The other dimensionless parameters for
panel 233 32 are as follows: B, = 1.28, B, = 0.55, B~ = 0.4, L/b =2.49, 3, =

+0.4. The behaviour of this panel is illustrated in Figure 2-19.

For an applied moment ratio of £, = 0.4, which places the stiffener initially in
compression, and an area ratio significantly smaller than 1.0 ( f;= 0.3) the neutral

axis is expected to remain in the plate for all values of axial force. This was
confirmed by the analysis results. Therefore, the full web is in compression and
its slenderness ratio should be calculated based on twice the web height when
compared to the classification limits. Based on CSA-S16-09 the slenderness limits

for webs of I-section beams subjected to flexural moment only are 243, <2.46,
3.80, and 4.25 (or B, <1.23, 1.90, and 2.13) for classes 1, 2 and 3 sections,

respectively. These limits will be reduced if an axial force is applied with the
moment. As for panel 233 32 being investigated, the web therefore could be in
class 2 or 3 depending on the axial force (it is at least a class 3 web as presented

in section 2.2.2).

Figures 2-19 (g) and (h) show large local buckling deformations of the flange and
web with the flange to web junction remaining virtually straight during the local
buckling process, indicating no stiffener tripping. The model with the stiffener
restrained for this panel (Figure 2-20) further confirms that there is no stiffener
tripping. Therefore, the discrepancy between the virtual work model curve and the
FEA curve in Figure 2-19 (c) is caused by deformation of the cross-section due to
stiffener local buckling. The virtual work model provides a good prediction of the

internal moment up to the point of stiffener local buckling (Figure 2-19 (c)).

In order to investigate the effect of stiffener local buckling without interference of

stiffener tripping, the restrained panel 233 32 (5, = 1.5, B, = 0.9) in Figure 2-
20(c) is compared to the restrained reference panel 222 22 (S, = 0.8, S, = 0.6)

in Figure 2-15(c). It is observed that the stiffened plate cannot develop its plastic

moment capacity when the stiffener local buckling sets in. This behaviour is also
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observed for the restrained panel 222 21 in Figure 2-14 (c), although the effect of

stiffener local buckling is less severe.

Extremely slender panels due to combined effects of all parameters

Low axial load carrying capacity and stable post-peak performance has been
observed for some panels in stiffener induced failure. This is believed to be a
combined effect of all the parameters making the stiffened panel slender against

overall buckling. Some examples are described below.

A representative panel 122 14 has the following parameters: S, = 0.7, 5, = 0.8,
B, =06, B =0.075, B =1, B, =04, L/b = 6.25. This panel is made of a
compact plate (4, = 0.7) and a small stiffener ( S; = 0.075). With the largest L/b,

the slenderness of the panel becomes large. As a result, the axial load capacity of
the panel is small. Therefore, the P-o effect is small and no sudden loss of
capacity is expected. As shown in Figure 2-21, the load carrying capacity of panel
122 14 is limited by overall buckling and then decreases very slowly. This
observation is not affected by stiffener tripping because tripping is observed only
at the late post-buckling range based on the comparison between the restrained
and unrestrained models in Figure 2-21 (c). The virtual work model was not able
to predict the behaviour accurately until the formation of the plastic hinge. This
behaviour, however, can be predicted in design as will be presented in section 2.5.
Three more panels are shown in Figure 2-22 and the observations for panel

122 14 apply to them as well.
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Stiffener induced failure observed in tests

Some experimental data have been presented in the literature for stiffener induced
failure. The behaviour observed in the tests was similar to the behaviour observed

in the FEA and will be briefly presented here.

Chen et al. (1997) reported the results of a series of tests on stiffened steel plate
panels where the results of three specimens of interest are described in the
following. The three specimens, designated as SP 1.4, SP 1.5, and SP 1.6, had
identical nominal dimensions and material properties. The averages of the
measured properties are: 500.4 mm x 9.67 mm plate, 119.1 mm x 6.22 mm web,
103.9 mm x 8.06 mm flange, 2000 mm length. The measured yield strength was
425 MPa for the plate, 411 MPa for the stiffener web and 395 MPa for the

stiffener flange. The corresponding dimensionless parameters are: S, = 2.39, £,
=0.86, B, = 0.58, B, = 0.85, B, = 0.326, and L/b = 4.10. The tee stiffener for

the three test specimens met CSA-S16-09(CSA, 2009) requirements for class 1
sections. Rotational restraints were applied along the unloaded edges for SP 1.4
and SP 1.6, but not for SP 1.5. The three specimens were intentionally designed to
fail by stiffener induced failure by applying third-point lateral loads to place the
stiffener flange in initial flexural compression. The magnitude of the third-point
out-of-plane loads was 25 kN for SP 1.4 and SP 1.5, and 10 kN for SP 1.6,
creating a constant moment region in the middle of the panel. The ratio of the

applied constant moment to plastic moment capacity (equivalent to S, " is 0.307

for SP 1.4 and SP 1.5, and 0.123 for SP 1.6.

These test results are presented in Figure 2-23 with the prediction from the virtual
work model. The three test specimens displayed the same post-buckling
behaviour, namely, a significant loss of capacity after the peak load, similar to the
behaviour of the FEA specimens discussed earlier. Figure 2-23 shows excellent

agreement between the test results and the predicted plastic hinge curve using

! The term equivalent is used to indicate the fact that the moment distribution used in the tests was
different from the moment distribution used in the parametric study.
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Equations [2-6] and [2-14b]. SP 1.4 and SP 1.5 have the same virtual work load
versus deformation behaviour because the virtual work model does not account

for the difference in boundary conditions along the unloaded edges.

Stiffener tripping was observed in the three specimens within the constant
moment region. However, Figure 2-23 indicates that more than 90 % the moment
capacity of the critical cross-section was developed at the peak axial load and it is

the subsequent plastic hinge action that caused the sudden loss of capacity.

The FEA results in the parametric study indicated that for the wide range of
practical configurations of tee stiffeners in this work the stiffeners have sufficient
torsional stiffness so that tripping occurs only in the post-buckling range.
Compared to panel 222 24 in the parametric study (see section 2.4.2), the three

test panels have similar web slenderness £, (0.86 vs. 0.80) and flange slenderness
B, (0.58 vs. 0.60). With a smaller aspect ratio (4.10 vs. 6.25) and smaller ratio of

stiffener torsional slenderness to plate slenderness, £, (0.85 vs. 2.63), the test
specimens are less likely to have early stiffener tripping. Therefore, stiffener
tripping of these three specimens is believed to occur in the post-buckling range

as for panel 222 24 ( 5, = 0.4) presented in section 2.4.2.

2.5 PROPOSED DESIGN APPROACH TO PREDICT SUDDEN
CAPACITY LOSS

Section 2.4 indicated that the abrupt loss of capacity observed after the peak load
is caused by a large increase in curvature while the internal moment resistance,

M;, , remains constant or decreases. The purpose of this section is to propose a

design approach to identify the stiffened plates that will experience such a sudden
loss of capacity. It was observed that the peak load can be maintained over some
deformation. Since the behaviour far beyond the peak load is not of practical
design interest, in the following discussion an unstable failure will be limited to

cases where the sudden loss of capacity occurs within an axial strain of 0.01. The
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value of 0.01 is approximately five times of the yield strain of an axially loaded
stiffened plate with no initial imperfections. Both the current research and earlier
work by Sheikh et al. (2001) have indicated that sudden failure occurs within the
axial strain of 0.008. An abrupt loss of capacity will be considered to have taken

place when an increase in u; /L of 0.0001 causes a reduction of P/P, of at least

0.02.

2.5.1 Stiffener induced failure

Stiffener induced plastic hinge behaviour is described by Equation [2-6] when the
P.N.A. lies in the plate. The out-of-plane deflection at the peak axial load as
predicted by the virtual work model indicates the midspan displacement in the
plane of bending required to initiate a plastic hinge mechanism. It is designated as

(us/ L)H and shown in Figure 2-24 (a). Since the virtual work model provides an

upper bound curve, the out-of-plane deflection predicted by the FEA is smaller
than or equal to the deflection predicted by the virtual work model. When the
magnitude of (us/ L)H is smaller than 0.015, the stiffened plate is expected to
follow the plastic hinge behaviour shortly after the peak axial load with an abrupt
loss of capacity, as illustrated in Figure 2-12. When the magnitude of (u3 / L)H is
large (greater than 0.015 or so), the stiffened plate is expected to deform
considerably before the formation of a plastic hinge. This is illustrated by the

stable post-buckling range in Figures 2-21 and 2-22. The configurations of the

panels in the figures are presented in Appendix B.

The value of (u3/ L)H can be obtained by substituting the stiffened plate capacity,

P, for P in Equation [2-6]. In 10 out of the 720 finite element analysis cases, the

peak load is greater than the yield load due to strain-hardening, where the
maximum peak load observed is 1.025 times of the yield load. Since Equation [2-
6] is valid with the axial load within the nominal yield strength, the plate

capacity, P, , for calculation of (u3 / L)H i1s the minimum of the peak load or the
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yield load. Although P. has been obtained so far from finite element analysis,

closed formed solutions for its determination are presented in Chapter 3.

Stiffener induced failures were observed in the FEA for three load conditions,

namely, Sy = 0, 0.2, 0.4. Figure 2-25 shows plots of normalized critical load,
P / Py , from the FEA results versus (u3 / L)H , calculated using Equation [2-6] for

a value of P equal to the FEA peak load. The data points are divided between
stable and unstable post-buckling behaviour depending on the FEA axial load vs.
axial deformation curves. Although the data set for Sy = 0 (see Figure 2-25 (a)) is
too small to draw any conclusion, Figures 2-25 (b) and (c) show that unstable
behaviour is observed mostly in the range of —0.015<(us/ L)H <0. A limited
number of cases with stable post-peak behaviour are also observed in this range.
They generally represent short panels, such as panel 222 21 ( Sy = 0.4) shown in
Figure 2-11, for which a plastic hinge doesn’t result in a large out-of-plane
deflection. Since the points of stable and unstable post-peak response presented in
Figures 2-25 (b) and (c) are clustered in the range of most interest (P, / Py >0.2)
and stiffener local buckling and tripping are likely to take place after overall

buckling, all the stiffener induced failures should be treated as unstable failure as

a simple and conservative approach.

2.5.2 Plate induced failure

When considering plate induced failure, the value of (u3/L)H is calculated using

the minimum of P, and P,y (the load at which the P.N.A. is at the centroid, see

Figures 2-24 (b) and (c)). Because plate induced plastic hinge behaviour is
described by three equations, depending on the behaviour range (Equations [2-3],

[2-4] and [2-5]), the appropriate range must first be determined.

Plate induced failures were observed in the FEA in four loading conditions,

namely, Sy = —0.4, —0.2, 0, 0.2. Figure 2-26 shows plots of normalized critical
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load, P, / P, , versus (us/ L)H for the four levels of applied moment. Unlike
stiffener induced failure, some data points that have a large value of (u;/ L)H
show stable post-peak behaviour above P, / Py = 0.4. A clear boundary between
stable and unstable post-peak behaviour exists at (us / L)H = 0.025. In total, 93%

(183/197) of the data points having unstable failure and 18% (49/271) of the data
points having stable failure lie on the left of (u;/ L)H =0.025.

The (u3/ L)H approach for plate induced failure is more difficult to apply than
that for stiffener induced failures since it makes use of three equations rather than
a single equation to describe the plate behaviour. It also introduces an extra

variable, Py . In order to find a simplified method, the above (us/ L)H approach

for plate induced failure is further investigated.

Since the axial load used to calculate (u;/ L)H is either less than or equal to Py ,

(u3/ L)H can be evaluated using the part of the virtual work model curve for

which the P.N.A. lies below the centroid (see Figures 2-24 (b) and (c)). Due to the
large area of the plate relative to that of the stiffener, the centroid of a stiffened

plate is either in the plate or in the web, close to the plate. Therefore, (u3 / L)H is

calculated using either Equation [2-3] (P.N.A. in the plate) or Equation [2-4]
(P.N.A. in the web). For the wide range of panel configurations investigated in
this research, the centroid of the stiffened plates was always close to the plate,
even when it was in the web. For this case, Equation [2-4] can be accurately

approximated by Equation [2-3] with the extended domain as follows.

M, (P, Yz, P, +P
u; _ oMy P{_mj[ 0 Ty J — s [2-15]
y

L P (P L 4FpbL

The results of (u3 / L)H calculated using the minimum of P, and P,y in Equation
[2-15] are shown in Figure 2-27. The difference between (us / L)H calculated

using Equations [2-3] to [2-5] and that using Equation [2-15] alone is smaller than
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1.21%. Using Equations [2-15] alone, 92% (182/197) of the data points
experiencing unstable failure and 18% (49/271) of the data points experiencing
stable failure lie on the left of (uy/ L)H = 0.025. This is the same limit as the limit
obtained using Equations [2-3] to [2-5]. Equation [2-15] is therefore a good
substitute for Equations [2-3] to [2-5].

A further simplification of this procedure to identify cases of sudden loss of
capacity for plate induced failure consists of using P, in Equation [2-15], thus
avoiding the need to calculate P,y . The result of this approach is presented in
Figure 2-28. It should be noted that only the points that were calculated using
P,y are affected by this simplified approach, that is, only the points for which

P,> Py, are affected. For all the other points (P,<P,y ) the values of (us / L)H

remain unchanged because they were originally obtained based on P,. Using this
simplified approach with Equation [2-15] and P = P,, 98% (193/197) of the data

points having unstable failure and 23% (61/271) of the data points having stable

failure lie on the left of (us/ L)H = 0.025. Although being conservative because

more panels actually experiencing stable failure are predicted to be unstable (23%
in this simplified approach compared to 18% in the original approach), the 2.5%

limit still stands. Therefore, calculation of (us/ L)H with Equation [2-15] and

P = P, is recommended.

2.6 SUMMARY AND CONCLUSIONS

Recent experimental and analytical research of stiffened steel plates has identified
a phenomenon of sudden loss of load carrying capacity in the post-buckling range.
For some plate induced failure the sudden loss of load carrying capacity may be
preceded by a stable post-buckling range. The sudden loss of capacity occurs as a
result of the formation of a plastic hinge mechanism, which causes a large

increase in curvature and decrease or little increase of internal moment resistance.
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A theoretical model using the principle of virtual work is proposed to describe
stiffened plate behaviour once a plastic hinge has formed. The model is described
by Equations [2-3] to [2-5] for plate induced plastic hinge mechanism, and
Equation [2-6] for stiffener induced plastic hinge mechanism. Comparisons
between the proposed plastic hinge model and non-linear finite element analyses
showed that the plastic hinge model can predict the post-buckling behaviour
accurately unless an axial hinge takes place instead of a flexural plastic hinge. In
either case, however, the virtual work model can be used to predict the occurrence

of the sudden loss of capacity.

For the range of plate geometries and loading conditions used in this research and
presented in section 2.2, it can be concluded that all stiffened plates in stiffener

induced failure and stiffened plates with (us / L)H less than 0.025 as calculated

from Equation [2-15] for plate induced failure are susceptible to a sudden loss of
capacity within an axial strain of 1%. These plates should therefore be designed
for a lower probability of failure since the consequence of failure is more severe.
A proposed limit states design approach, which account for all possible stiffened

plate and the consequence of failure is presented in Chapter 3.
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Table 2-1 Local buckling requirements for stiffeners

Web, p, Flange, p,

148" 0.75 "
API
1.49°2 0.56 2
0.960 3
DNV 1.440
1.028 *
ABS 1.5 0.8

1 .

for compact sections
? for non-compact sections
3 for welded stiffeners

% for rolled stiffeners

Table 2-2 Values selected for the factorial design

ﬂ] ﬂZ 183 ﬂS ﬂ*

0.7 0.17 0.17 0.075 0.15
1.28 0.8 0.6 0.15 0.4
2.0 1.5 0.9 0.3 0.7
2.7 1.0
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Table 2-3 Fractional factorial design

*

A B B s B s,

0.70 0.17 0.17 0.075 0.15/0.4/0.7/1 1.59/4.23/7.41/10.59
1.28 0.17 0.17 0.075 0.15/0.4/0.7/1 1.17/3.13/5.48/7.83
2.00 0.17 0.17 0.075 0.15/0.4/0.7/1 0.94/2.5/4.38/ 6.26
2.70 0.17 0.17 0.075 0.15/0.4/0.7/1 0.81/2.16/3.77/ 5.39
0.70 0.17 0.17 0.150 0.15/0.4/0.7/1 1.12/2.99/ 5.24/ 7.48
1.28 0.17 0.17 0.150 0.15/0.4/0.7/1 0.83/2.21/3.87/5.54
2.00 0.17 0.17 0.150 0.15/0.4/0.7/1 0.66/1.77/ 3.1/ 4.43
2.70 0.17 0.17 0.150 0.15/0.4/0.7/1 0.57/1.52/2.67/ 3.81
0.70 0.17 0.17 0.300 0.15/0.4/0.7/1 0.79/2.12/ 3.7/ 5.29
1.28 0.17 0.17 0.300 0.15/0.4/0.7/1 0.59/1.57/2.74/ 3.91
2.00 0.17 0.17 0.300 0.15/0.4/0.7/1 0.47/1.25/2.19/3.13
2.70 0.17 0.17 0.300 0.15/0.4/0.7/1 0.4/1.08/1.89/2.69
0.70 0.80 0.60 0.075 0.15/0.4/0.7/1 0.75/2.01/3.52/5.02
1.28 0.80 0.60 0.075 0.15/0.4/0.7/1 0.56/1.49/2.6/3.71
2.00 0.80 0.60 0.075 0.15/0.4/0.7/1 0.45/1.19/2.08/2.97
2.70 0.80 0.60 0.075 0.15/0.4/0.7/1 0.38/1.02/1.79/ 2.56
0.70 0.80 0.60 0.150 0.15/0.4/0.7/1 0.53/1.42/2.49/3.55
1.28 0.80 0.60 0.150 0.15/0.4/0.7/1 0.39/1.05/ 1.84/2.63
2.00 0.80 0.60 0.150 0.15/0.4/0.7/1 0.32/0.84/1.47/ 2.1
2.70 0.80 0.60 0.150 0.15/0.4/0.7/1 0.27/0.72/ 1.27/ 1.81
0.70 0.80 0.60 0.300 0.15/0.4/0.7/71 0.38/1/1.76/2.51
1.28 0.80 0.60 0.300 0.15/0.4/0.7/1 0.28/0.74/ 1.3/ 1.86
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Table 2-3 Fractional factorial design (continued)

*

By s, P B B s,
2.00 0.80 0.60 0.300 0.15/0.4/0.7/1 0.22/0.59/ 1.04/ 1.49
2.70 0.80 0.60 0.300 0.15/0.4/0.7/1 0.19/0.51/0.89/1.28
0.70 1.50 0.90 0.075 0.15/0.4/0.7/1 0.56/1.5/2.63/3.75
1.28 1.50 0.90 0.075 0.15/0.4/0.7/1 0.42/1.11/1.94/2.77
2.00 1.50 0.90 0.075 0.15/0.4/0.7/1 0.33/0.89/1.55/2.22
2.70 1.50 0.90 0.075 0.15/0.4/0.7/1 0.29/0.76/ 1.34/ 1.91
0.70 1.50 0.90 0.150 0.15/0.4/0.7/1 0.4/ 1.06/ 1.86/ 2.65
1.28 1.50 0.90 0.150 0.15/0.4/0.7/1 0.29/0.78/ 1.37/ 1.96
2.00 1.50 0.90 0.150 0.15/0.4/0.7/1 0.24/0.63/ 1.1/ 1.57
2.70 1.50 0.90 0.150 0.15/0.4/0.7/1 0.2/0.54/0.95/ 1.35
0.70 1.50 0.90 0.300 0.15/0.4/0.7/1 0.28/0.75/1.31/ 1.88
1.28 1.50 0.90 0.300 0.15/0.4/0.7/1 0.21/0.55/0.97/ 1.39
2.00 1.50 0.90 0.300 0.15/0.4/0.7/1 0.17/0.44/0.78/ 1.11
2.70 1.50 0.90 0.300 0.15/0.4/0.7/1 0.14/0.38/0.67/ 0.95
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P¢/Py for plate with unloaded edges restrained in

1.2

Statistical values of
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capacity ratio
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P/Py for plate with unloaded edges free in transverse direction

Figure 2-4 Effect of the unloaded edges’ boundary conditions
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Second value of the B;presented in Table 2-2

First value of the B;presented in Table 2-2

First value of the B,presented in Table 2-2

L Third value of the B, presented in Table 2-2

Examples: Name B, B, B, Bs B
31124 2.0 0.17 0.17 0.15 1.0
233 .12 1.28 1.5 0.9 0.075 0.4

Figure 2-5 Panel designation convention
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Figure 2-6 Behaviour of panel 122 22 (B, =0.7, B, =—0.4)
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Figure 2-7 Behaviour of panel 222 22 (B, =1.28, f, =—-0.4, L/b =2.50)
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Figure 2-12 Behaviour of panel 222 22 (L/b =2.50, g, =0.4)
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CHAPTER 3

A DESIGN APPROACH FOR STIFFENED STEEL PLATES
UNDER COMPRESSION AND BENDING

3.1 INTRODUCTION

Traditional failure modes for stiffened steel plates include plate buckling, stiffener
tripping, and overall buckling (Grondin et al., 1998). While stiffener tripping has
been considered as the only failure mode that leads to a sudden loss of load
carrying capacity, the interaction of overall buckling with the formation of a
plastic hinge was found in Chapter 2 to display similar post-peak behaviour.
Although this instability results from the interaction of two failure modes, it will
be treated as one failure mode in this research, namely, plastic hinge instability. It
is desirable to predict this instability because its consequence of occurrence (the
sudden loss of load carrying capacity) would require a lower probability of

occurrence, hence a higher safety index.

These failure modes can be categorized as plate induced failure or stiffener
induced failure, depending on the element that lies on the concave side (flexural
compression side) of the panel when it buckles. Plate induced failure includes
plate buckling, plate induced overall buckling and plate induced plastic hinge
instability. Stiffener induced failure includes stiffener tripping, stiffener induced

overall buckling and stiffener induced plastic hinge instability.

The plastic hinge instability failure mode is not recognized in any current design
documents. The current design procedures do not specifically address the post-
peak behaviour and treat plates that suffer from sudden loss of capacity after
buckling the same way as plates with a stable post-buckling behaviour. The
representative design documents dealing with the stiffened steel plates include
DNV-RP-C201 [Det Norske Veritas (DNV), 2002], API bulletin 2V [American
Petroleum Institute (API), 2000], the ABS guide [American Bureau of Shipping
(ABS), 2007], AASHTO LRFD bridge design specifications [American
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Association of State Highway Transportation Officials (AASHTO), 2007] and
CAN/CSA-S6-06 [Canadian Standards Association (CSA), 2006a].

DNV-RP-C201 (DNV, 2002), API bulletin 2V (API, 2000), and the ABS guide
(ABS, 2007) account for several failure modes such as plate buckling, stiffener
tripping, and overall buckling. In these design documents, a stiffener with an
effective plate width is treated as a beam-column. The effective width is used to
reflect the loss of plate effectiveness when plate buckling occurs (Faulkner, 1975).
This commonly used approach of dealing with the effect of plate buckling
recognizes the post-buckling capacity of stiffened plates until flexural buckling of
the overall panel is reached (Faulkner, 1975).

The overall buckling capacity of stiffened steel plates is most commonly
calculated using beam column interaction equations for a stiffened plate panel
with the effective plate width. Stiffener tripping is usually treated by analyzing
the behaviour of the stiffener alone, twisting about the stiffener to plate junction.
Different design concepts have been adopted for overall buckling and stiffener

tripping. These concepts will be introduced in the following section.

AASHTO (2007) and CAN/CSA-S6-06 (CSA, 2006a), only consider plate
buckling. Both design codes use classical elastic plate buckling equations
(Timoshenko and Gere, 1961) to estimate the elastic plate buckling capacity, and
use an arbitrarily selected sine curve between the elastic buckling curve and the
yield load to calculate the inelastic buckling capacity (CSA, 2006b). The post-

buckling behaviour and other failure modes are not concerned.

A number of researchers (Ghavami, 1994; Balaz and Murray, 1992; Sheikh et al.,
2002, 2003; Wang et al, 2006; Sun and Wang, 2005) have assessed and
compared various design methods including DNV-RP-C201 (DNV, 2002), API
bulletin 2V (API, 2000), the ABS guide (ABS, 2004), Ontario Highway Bridge
Design Code (Ministry of Transportation and Communications, 1983), and some
other design codes that will not be introduced in this thesis. The 2004 version of
the ABS guide (ABS, 2004) has the same design equations as the updated 2007
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version (ABS, 2004) for the load cases investigated in this research. The Ontario
Highway Bridge Design Code (Ministry of Transportation and Communications,
1983) also has the same design equations for stiffened plate as that of AASHTO
(2007) and CAN/CSA-S6-06 (CSA, 2006a). The assessment work of these
publications showed that the five current design procedures introduced previously
need to improve their ability to predict stiffened plate capacity and understanding

of failure behaviour.

This chapter will look at the effect of different post-buckling behaviours on the
design process for stiffened steel plates loaded in compression parallel to the
stiffeners, combined with out-of-plane bending. It is concerned with prediction of
the ultimate load capacity and also failure mode of steel plates stiffened with
longitudinal tee stiffeners. The load cases considered in this study are axial
compression (applied parallel to the stiffeners) and a combination of compression

and out-of-plane bending.

3.2 REVIEW OF DESIGN STANDARDS AND GUIDELINES

The design approaches for stiffened steel plates from three different sources were
selected for evaluation since they provide the most comprehensive design
guidelines for stiffened steel plates, namely, Bulletin 2V of the American
Petroleum Institute (API, 2000), recommended practice DNV-RP-C201 of the Det
Norske Veritas (DNV, 2002), and the design guide of the American Bureau of
Shipping (ABS, 2007). A brief description of the procedures presented in these

design documents is presented below.

3.2.1 API bulletin 2V (API, 2000)

API bulletin 2V (API, 2000) considers four failure modes for stiffened plates,
namely, plate buckling, overall buckling, stiffener tripping and “plastic bending”.

The last failure mode, “plastic bending”, is not the same as plastic hinge
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instability that was mentioned previously, while the difference will be introduced
later. API bulletin 2V (API, 2000) uses the effective plate width, 5,, proposed by

Faulkner (1975) as follows:

=1 if p <1
[3-1]
:ﬂ%—ﬂilz if B, >1

SHSEC Ry

where b is the plate width and g, is the plate slenderness ratio defined as:

_b :
A-HF 52

where ¢ is the plate thickness; F,, is the plate yield strength; and £ is the

modulus of elasticity. The stiffener and the effective plate width constitute an

effective panel designed using the following beam-column interaction equation:

M
P o Mo [3-3]
P, 1-P/Py M,

ue e

where P is the applied axial load; B, is the overall buckling capacity of the
effective panel; Py, is the Euler buckling load of the effective panel as given in
Equation [3-4]; M, is the end moment about the centroid of the effective cross-
section; M, is the plastic moment capacity of the effective panel; and @, is an

equivalent moment coefficient to account for the moment distribution along the
plate length and is equal to 1.0 for a constant moment distribution. The axial load
P cannot be greater than the torsional flexural buckling (stiffener tripping)
capacity of the stiffened plate in API bulletin 2V (API, 2000).
n’El,
Ee — (KL)Z

[3-4]

where 7, is the moment of inertia of the effective cross-section; L is the panel

length; and KL is the effective length, which is a function of the boundary
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conditions. The load case of interest in this research is a constant out-of-plane

moment, M, and an axial load P applied at the centroid of the full cross-section

at both panel ends. When the effective panel is used in capacity calculation, the
end moment should be taken about the centroid of the effective cross-section.

Therefore, M ,, in Equation [3-3] would include the applied A/, and a moment
equal to the applied axial force multiplied by the distance between the centroid of
the full plate section and the centroid of the effective section. Both M, and M,

1

L, is used to account
l_ P/PEe

are first-order moments and an amplification factor,

for the second order moment resulting from the action of the axial force on the
deformed panel (P-o effect). In calculation of the overall buckling capacity,
inelastic behaviour of the stiffened plate is accounted for using the Ostenfeld-

Bleich column curve expressed as follows:

P, _ { 1-p(1-pJi} 7, <U\p, a5
P, 1, if 2,>1p,

where p. is the ratio of the proportional limit to the yield strength of steel, taken
as 0.5; P, is the yield capacity of the effective panel cross-section; and 4, is the

column slenderness ratio of the effective panel defined as:

L _[E k[E
* \F, nr \7Z°E

e e

[3-6]

where F,, is the Euler buckling (elastic buckling) stress of the effective specimen;
F, is the yield strength; and 7, is the radius of gyration of the effective cross-

section about an axis through its centroid and parallel to the plate.

Stiffener tripping is considered as torsional flexural buckling of the effective
panel. The elastic torsional flexural buckling capacity is calculated using the
classical torsional flexural buckling equation derived by Timoshenko and Gere

(1961). The inelastic torsional flexural buckling capacity is evaluated from the
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elastic buckling analysis results using the Ostenfeld-Bleich column curve in the

same manner as the flexural buckling.

“Plastic bending” (this term is given by API) is also a mode considered by API. It
was derived by Soreide (1981) for a symmetric I-section, but was adopted for
monosymmetric sections by API. It calculates the plastic section capacity taking
into account the interaction of the axial force and internal moment, but does not
consider progression of plastic hinge and the effect of second-order moments.
Therefore, it is not the same as the plastic hinge instability mode that was found in
Chapter 2.

3.2.2 DNV-RP-C201 (DNV, 2002)

DNV-RP-C201 (DNV, 2002) considers three failure modes, namely, plate
buckling, overall buckling and stiffener tripping. The plate effective width
adopted by DNV (2002) is that proposed by Winter and is given as:

b 4 if B,<1.28

S 190 079 [3-7]
Do 2 200 i g 5128

b B B

The design approach is based on the first yield criterion, and is expressed by the

following interaction equations:

P 1 M,
+

<1 (for the flexural compression side) [3-8a]
FkAe 1_P/PEe Mye,c

P P 1 |m, o
-2—+ <1 (for the flexural tension side) [3-8b]
F,A, P, 1-P/P, M,

e ye

where F, is the characteristic buckling stress of the element being checked,

which can be either the plate or the stiffener. Since the concept of effective width

is implemented, F, is taken as F, for the plate side of the effective panel. For the

stiffener side, F, is taken as the torsional buckling stress of the stiffener for
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buckling about the stiffener to plate junction line to account for stiffener tripping.

M, . and M, , in Equation [3-8] are the yield moments of the effective panel

for yielding on the flexural compression side and on the flexural tension side,

respectively; and 4, is the area of the effective cross-section. The general design

philosophy is to ensure that the maximum stress on each side of a bending panel
is below the yield strength. In the process of calculating the characteristic
buckling stresses, the Ayrton-Perry formula (Ayrton and Perry, 1886) is adopted
for the elasto-plastic behaviour. This formula entails calculation of a number of
coefficients, and thus is not provided here. The form of Equation [3-8b] considers
the possibility that the flexural tension side can be either in compression (when
the axial compression force is dominant) or in tension, but the source of this

equation is not clear.

3.2.3 The ABS guide (ABS, 2007)

The ABS guide (ABS, 2007) considers three failure modes, namely, plate
buckling, overall buckling, and stiffener tripping. Its philosophy is also based on

the first yield criterion expressed as follows:

P 0.75 M
— <1 3-9
P +1—((P/A)/FEL,)M},GZ [3-91

ue

where M, is the yield moment capacity for the effective cross-section. As for

API Bulletin 2V (API, 2000), the axial load P cannot be greater than the
torsional flexural buckling (stiffener tripping) capacity of the stiffened plate.
Although Equation [3-9] is expressed in terms of stress in the ABS guide, it has
been expressed in terms of axial force and moment here in order to be consistent

with the presentation for other design guides and standards.

The effective plate width used to calculate P, and F,, is based on the Faulkner

effective width formula (Equation [3-1]), which accounts for the loss of
effectiveness due to plate buckling. However, the effective plate width used to
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calculate M, accounts for the shear lag phenomenon associated with flexural

bending (Faulkner, 1975). It is obtained from tabulated values in the ABS guide
(ABS, 2007), which is believed to be derived from the work of Faulkner
(Faulkner, 1975). In general, the first yield design philosophy of Equation [3-9]
adopted by the ABS guide (ABS, 2007) is the same as Equation [3-8] of DNV-
RP-C201 (DNV, 2002).

As for API Bulletin 2V (API, 2000), the ABS guide (ABS, 2007) uses the
Ostenfeld-Bleich column curve (Equation [3-5]) for calculating the inelastic

buckling capacity, P, , where the proportional limit ratio p, is taken as 0.6

though.

The stiffener tripping calculation approach used in the ABS guide uses an
iterative procedure to obtain the number of buckling waves corresponding to the
minimum elastic torsional buckling capacity. The inelastic stiffener tripping
capacity is accounted for using the Ostenfeld-Bleich column curve as well.

The ABS guide (ABS, 2007) also has a requirement for the minimum moment of

inertia of the effective cross-section as follows:

bt LY L L
I > 26+4.08. )= | +124=-13.2 |= 3-10
‘ 12‘1—1/2{( ﬂS)(bj b b} [3-10]

where 7, is the moment of inertia of the effective cross-section; v is Poisson’s
ratio (taken as 0.3 for steel); and g; is the stiffener to plate area ratio. A stiffener

satisfying this requirement is believed to have sufficient flexural stiffness to form
a rigid nodal line between buckled plates. A similar requirement for the moment
of inertia is found in CAN/CSA-S6-06 (CSA, 2006a) and the AASHTO LRFD
bridge design specifications (AASHTO, 2007). Futhur discussion of this

requirement will be introduced later when assessing the proposed method.
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3.3 PROPOSED DESIGN APPROACH FOR STIFFENED
PLATES UNDER COMPRESSION AND BENDING

3.3.1 Failure modes and underlying philosophy

The proposed approach considers the three traditional failure modes (plate
buckling, overall buckling and stiffener tripping) that are included in current
design documents (API, 2000; DNV, 2002; ABS, 2007), and adds the plastic
hinge instability mode that was identified in Chapter 2.

Plate buckling is a common failure mode in stiffened plates. However, plate
buckling does not represent the ultimate limit state for a stiffened steel plate.
Since a plate can maintain its load carrying capacity in the post-buckling range
(Faulkner, 1975), failure generally starts with plate buckling before overall
buckling occurs. Therefore, the proposed approach uses the effective width
concept to account for interaction between plate buckling and overall buckling.
This approach is consistent with the other design approaches reviewed in the

previous sections.

The work presented in Chapter 2 indicated that the capacity of stiffened steel
plates is governed by the overall buckling mode. Due to the presence of local
plate buckling, the overall buckling capacity would be obtained using the

effective panel that consists of the effective plate and the stiffener.

Stiffener tripping has not been observed as the governing mode in all cases
investigated in this research. It is believed that stiffened plates with tee stiffeners
of sizes commonly available in rolled shapes would have stiffener tripping
occurring only in the post-buckling range of overall buckling. This practical
configuration is controlled by the slenderness ratios of the stiffener web and

flange as given in Equations [3-11] and [3-12]

p, =" |2 <15 [3-11]
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b, [F,
B, =L =2 <009 [3-12]

where £, and ¢, are the web height and thickness, respectively; F_ is the

s

stiffener yield strength; 5, and ¢, are the flange width and thickness, respectively.

These two requirements will be adopted in this proposed method. They are also

consistent with the current design standards and guidelines as shown in Table 2-1.

The plastic hinge instability was found to affect significantly the post-buckling
behaviour, resulting in a sudden loss of load carrying capacity. A criterion to
determine whether a stiffened plate would be susceptible to such a sudden loss
was proposed in Chapter 2. Although this plastic hinge instability does not reduce
the ultimate stiffened plate capacity, the critical nature of the failure mode should
be accounted for in the design process. Limit states design offers a rational
approach to account for the severity of the failure mode since the probability of
failure can be easily reduced for these undesirable failure modes through an

increase of safety index (Kennedy and Gad Aly, 1980).

In general, the capacity of stiffened plates with tee stiffeners of most common
sizes available is governed by the overall buckling capacity. Plate buckling affects
the pre-buckling behaviour while stiffener tripping and plastic hinge formation
affect the post-buckling behaviour. The post-buckling behaviour needs to be
predicted. The formulations to evaluate the capacity and behaviour are presented

in the following.

3.3.2 Fomulations of the proposed approach

Overall buckling capacity of stiffened steel plates is obtained by treating the
effective panel as a beam-column. As for API Bulletin 2V (API, 2000) and the
ABS guide (ABS, 2007), the beam-column formulation adopted here considers
first yield as the ultimate limit state for plate induced overall buckling as given in
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Equation [3-13a]. The beam-column formulation for stiffener induced overall
buckling is given in Equation [3-13b].

1 Pe— M

P P .

—+ <1 if Pe—p,M >0 3-13a

I)ue 1_P/PEe Mye,p %f‘ ‘ ﬂg ! [ ]
M —Pe

P L BM TP b gy <0 [3-13b]

Bxe 1_P/PE6 Mpe !

The eccentricity e in the interaction equations is the distance between the

centroids of the effective cross-section and the full cross-section, and M, , is the

yield moment capacity of the effective section based on yielding of the extreme

fibre on the plate side.

An effective plate width formula is needed to calculate the parameters P

ue !

PEe 1 €,
M, and M, in Equation [3-13]. One option is the Faulkner formula (Equation

[3-1]), which is used in the API bulletin 2V (API, 2000) and the ABS guide (ABS,
2007). Another choice is the Winter formula (Equation [3-7]), which is used in
DNV-RP-C201 (DNV, 2002), CSA-S136-01 (CSA, 2002) and Eurocode EN
1993-1-5 [European Committee of Standardization (CEN), 2006]. The selection
of a suitable effective width formula will be conducted in the later section of the

model assessment.

The calculation of the parameter P, for the effective stiffened plate requires a

column buckling model. One of the column buckling formulae currently used in
CAN/CSA-S6-06 (CSA, 2006a) and CSA-S16-09 (CSA, 2009) corresponds to the
SSRC column curve 2 and is given by Equation [3-14]. The one used in
ANSI/AISC 360-05 (AISC, 2005) is given in Equation [3-15].

Lo (g 200 [3-14]

ye

22 : <
P, {0.658 if 3, <15 [3-15]

10877/2% if 4, >15
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The column curve used in the design guides for stiffened plates is the Ostenfeld-
Bleich parabola (Equation [3-5]). It was adopted in API bulletin 2V (API, 2000)
and the ABS guide (ABS, 2007), where the proportional limit ratio p. is taken as
0.5 and 0.6, respectively. These four options, namely, Equation [3-14], Equation
[3-15], Equation [3-5] with p, = 0.5 and Equation [3-5] with p = 0.6 are plotted
in Figure 3-1 and will also be tested in section 3.5 where they will be tried in the
proposed design models 1 to 5 to find out the best option.

Equation [3-13a] applies to plate induced overall buckling. Under out-of-plane
bending only the stiffener flange yields in tension before the plate yields in
compression since the elastic neutral axis is much closer to the plate. As the axial
load increases, the tensile stresses in the stiffener decrease, allowing the plate to
yield in compression before yielding of the stiffener in tension. Therefore, the first
yield criterion is applied on the plate side (the flexural compression side) for plate

induced overall buckling by using M, , in Equation [3-13a]. Equation [3-13a] is

applicable assuming small deformations prevail at the ultimate limit state. If
external moments have already created a large deformation, the axial compression
capacity may not be large enough to offset the tensile flexural stresses when the
deflected shape is accentuated by the second order effect. In such cases, the
panels would fail mainly due to the applied bending moment, with a small axial
load. Some requirements to prevent this type of failure will be discussed in the
next section for the range of load cases investigated.

Equation [3-13b] applies to stiffener induced overall buckling. When the stiffener
extreme fibre is placed in flexural compression, the stiffener flange yields in
compression before the plate outer surface yields in tension. As indicated in the
previous section, the slenderness of the stiffener flange and web is controlled to
prevent local buckling before full yielding of the stiffener. Therefore, the first
yield criterion for the stiffener in flexural compression would be overly

conservative. The full plastic moment capacity of the effective cross-section, M ,,,

is therefore selected for the interaction Equation [3-13b]. Both the plate on the
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tension side and the stiffener on the compression side are allowed to fully yield.
As for Equation [3-13a], Equation [3-13b] also assumes small deformations
prevail at the ultimate limit state.

Equations [3-13a] and [3-13b] are therefore used to check the maximum stress on
the flexural compression side of the buckled panel. The stresses on the flexural
tension side do not govern since the simultaneous application of an axial

compression force would reduce the tensile stresses.

When the left hand side of Equation [3-13a] reaches 1.0, the applied load, P,

corresponds to plate induced overall buckling capacity, P.. Similarly, P, for

stiffener induced overall buckling can be obtained by setting the left hand side of

Equation [3-13b] equal to 1.0. The minimum value of the two values of P,

establishes the buckling direction and the ultimate capacity.

If plate induced overall buckling governs, the theoretical normalized out-of-plane

deflection, (u,/L),,, can be evaluated from

(”_3j ='89Mp + £+1 Z _BAE [3-16]
L), PL P L 4FybL

c c

where u, is the midspan out-of-plane deflection; z  is the distance between the

centroid of the full section to the plate outer surface. If the value of (u,/L),
obtained from Equation [3-16] is less than 0.025, plate induced overall buckling
will progress into plastic hinge instability. A higher safety index, £, should be

used for this case.

If stiffener induced overall buckling governs, failure is usually accompanied by a
sudden loss of strength immediately after the peak load due to plastic hinge
instability. Therefore, a higher safety index should be used for all stiffener

induced failure.
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3.3.3 Area and slenderness requirements for the stiffener

Three slenderness requirements and one area requirement are set for stiffened
plates in order to fully develop the capacity predicted by Equation [3-13]. The
first two slenderness requirements are given in Equations [3-11] and [3-12] for the

stiffener web slenderness ratio, S, , and the flange slenderness ratio, S,. They are

consistent with the current design practice (CSA, 2009; API, 2000; DNV, 2002;
ABS, 2007) and are set to prevent stiffener local buckling before yielding.

The third slenderness requirement and the area requirement are applied to the
whole stiffener and are intended to provide sufficient support to the plate to
prevent overall buckling before buckling of the plate panels bounded by the
stiffeners. The slenderness requirement for stiffeners was first investigated by
Timoshenko and Gere (1961). They investigated the behaviour of a compressed
plate simply supported along the two unload edges. When the plate was stiffened
by a longitudinal stiffener along its midline, it was found that the plate capacity
could increase by a factor of four when the stiffener had sufficient stiffness to
form a point of inflection across the width of the plate. In that case, the stiffener
effectively divides the plate into two simply supported plates of width 5/2 .
Timoshenko and Gere (1961) presented a relationship between the plate buckling

strength and the stiffness of the stiffener.

2 2
gw:k_;ZELT[ij [3-17]
120-v)*\b

where & is the plate buckling coefficient, which reflects the boundary restraint
from the stiffener to the plate. The minimum value of £ applicable for a plate

bounded by stiffeners is given by:

2[\/1+I/bt32 +1}
‘e 12(l—v)

(m+1)°[1+ 5]

[3-18]
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where [ is the moment of inertia of the full section of one stiffener with its
associated plate about the centroidal axis parallel to the plate; m is the number of

stiffeners on a stiffened panel (between the adjacent girders or box-girder webs).

Based on the work of Timoshenko and Gere (1961), Mattock et al. (1967)
proposed Equation [3-19] to be the minimum required moment of inertia of
stiffeners. Equation [3-19] was believed to be an approximate expression of the
exact but cumbersome Equations [3-17] and [3-18] (AASHTO, 2007) and was
adopted by CAN/CSA-S6-06 (CSA, 2006a) and AASHTO LRFD bridge design
specifications (AASHTO, 2007).

I >0.125k%3 =1
{s 0.125k%b  form [3-19]

1,>20.07k°m*t*h  for m>1

where 7, is the moment of inertia of the stiffener about an axis parallel to the

plate and taken at the base of the stiffener.

In North American bridge design practice a reasonable value of & (ranging
normally from 2 to 4) is first assumed, from which the minimum required /;
value is obtained (AASHTO, 2007). However, in design practice the stiffness
requirement expressed by equation [3-19] was found to be unreasonably

conservative when m is large.

In the recent research, Yoo et al. (2001) and Choi (2002) made further
investigation on the minimum stiffness requirement of tee stiffeners by using the
finite element method. An iterative process was adopted to find out the minimum
I, that is required to cause buckling of the plate sub-panels bounded by the
stiffeners before overall buckling of the stiffened panels. For each model, the
iterative process used the same values of the aspect ratio L/b, the number of
stiffeners m , the plate width b, and the plate thickness ¢, but with various /. .
Based on the regression analysis for the results of over one hundred models, Yoo
et al. (2001) and Choi (2002) proposed Equation [3-20] for the minimum stiffness
requirement where the effect of the aspect ratio was recognized.
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1,>03(LIb) \Jm b [3-20]

Although Equation [3-20] was demonstrated to be more rational than Equation [3-
19], it is derived based on a limited range of m (m <4). It has not been tested for
the plate stiffened by more than four stiffeners. On the other hand, Equation [3-20]

is derived for one load condition, axial compression, only.

The provisions for "under-stiffened” panels in API bulletin 2V (API, 2000) and
CSA-S136-01 (CSA, 2002) are also applicable only for the axial compression
load condition. The number of stiffeners, m , is included in the provisions but
there is no limit for m though. Both design codes evaluate the plate buckling
strength accounting for the reduced restraining effect of light stiffeners. Their

provisions are also based on the work of Timoshenko and Gere (1961).

The ABS guide (ABS, 2007) is the only design guide reviewed in this study in
which the stiffener stiffness requirement (Equation [3-10]) eliminates the variable
m , i.e. applicable for the plate stiffened with any number of stiffeners. Therefore,
Equation [3-10] can be directly applied to an isolated single stiffener—attached
plate panel that represents the whole plate stiffened by multiple evenly spaced
stiffeners. Equation [3-10] is applicable to both load cases of axial compression
and combined compression and bending. Although the source of Equation [3-10]
is not clear, it certainly has advantages over Equations [3-19] or [3-20] as the
limitations for m and load conditions are removed. Therefore, Equation [3-10] is
selected as the third slenderness requirement in the proposed approach to avoid

"under-stiffened" configurations.

A requirement for the stiffener-to-plate area ratio, g, is also attempted here to

supplement the slenderness requirement to prevent “under-stiffened” panels.
Although desirable values have been adopted for £, in common design practice
(such as a typical value of 0.2 in ship constructions (Smith ez al., 1992)), no literal
requirement has been included in current design standards and guidelines studied

in this research. Although the area ratio requirement does not have as explicit
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meaning as the three slenderness requirements, it is observed in later section that a

requirement of S, >0.15 is a reasonable supplement.

3.4 ASSESSMENT OF DESIGN MODELS

This section presents a comparison of predicted stiffened plate capacities with the
FEA results obtained on 720 stiffened plate configurations presented in Appendix
B and Appendix E. The effective plate width equations and column curves
introduced in section 3.3.2 are combined into five different design models, all
using the proposed interaction Equation [3-13]. The three current design
guidelines, reviewed in section 3.2, are also introduced here as three more models.
However, it should be noted that the three guides are not using the same
interaction equations and failure mode classification as the proposed models. The

total of eight models include:

(1) Model 1 (control model) — Faulkner effective plate width equation and
CSA column curve (Equations [3-1] and [3-14]);

(2) Model 2 — Winter effective plate width equation and CSA column
curve (Equations [3-7] and [3-14]);

(3) Model 3 — Faulkner effective plate width equation and AISC column
curve (Equations [3-1] and [3-15]);

(4) Model 4 — Faulkner plate width equation and Ostenfeld-Bleich column
curve with p, =0.5 (Equations [3-1] and [3-5]);

(5) Model 5 - Faulkner plate width equation and Ostenfeld-Bleich column
curve with p, =0.6 (Equations [3-1] and [3-5]);

(6) Model 6 — API Bulletin 2V model (API, 2000);

(7) Model 7 - DNV-RP-C201 model (DNV, 2002):
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(8) Model 8 —the ABS model (ABS, 2007).

When calculating the capacity using any of the design models presented above,
the resistance factor is taken as 1.0. Mean FEA-to-predicted capacity ratio and the
corresponding coefficient of variation (COV) are presented in Table 3-1. The ratio

of the applied moment to the plastic moment, Sy, is positive if the applied

moment causes compression in the stiffener flange. The mean and COV presented
in Table 3-1 are based on a database of 720 samples (see Appendix B). The first
column indicates the moment ratio (load case). There are 144 samples for each
moment category and 720 in total. However, for the DNV-RP-C201 (2002) model
some plate samples are not applicable because their predicted axial load carrying
capacities are zero, which will be explained later. Due to the limited space, only
the number of plate samples, N, used for DNV-RP-C201 (2002) model, which is
different from other models, is tabulated in Table 3-1. A comparison between the
predicted capacities and the FEA results is presented graphically in Figure 3-2.
The points above the diagonal solid line represent the stiffened plates with the

predicted capacity less than the FEA results (conservative prediction).

The 720 samples summarized in Table 3-1 and presented in Figure 3-2 all satisfy
the requirements for stiffener web slenderness ratio (Equation [3-11]) and flange
slenderness ratio (Equation [3-12]). Of these 720 samples, only 350 meet the
moment of inertia requirement (Equation [3-10]). These are shown in Table 3-2
and Figure 3-3. If the area requirement is further applied with the moment of
inertia requirement, the numbers of valid samples reduces to 280, and they are
shown in Table 3-3 and Figure 3-4.

An examination of Tables 3-1 through 3-3 and Figures 3-2 through 3-4 indicates
that the three design guidelines need to improve their ability to predict the
stiffened steel plate capacities. Before the data screening, the maximum means of
FEA-to-predicted capacity ratio for one load case are 1.347, 6.352 and 2.130, for
the API model (API, 2000), the DNV model (DNV, 2002) and the ABS model

(2007), respectively. These mean values are much larger than that of model 1, a
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maximum mean value of 1.074. The overall mean values for these three models

are also larger than that of model 1.

The overall mean value for the DNV model (DNV, 2002) is based on a total
number of 648 samples (Table 3-1). As shown in Figure 3-2 (g), 72 data points

are located on the y-axis. These points represent 72 samples with g, =-0.4, 0.2

or 0.4 that are predicted to fail in bending before the application of the axial load.
The predicted axial load carrying capacity of these samples is therefore zero.
After these data points were excluded, the number of overall samples is 648 as
presented in Table 3-1. There are also some data points located very close to the
y-axis, i.e. with low predicted capacity and thus large FEA-to-predicted capacity
ratios. These data points, although included in calculation of the mean and COV
values, result in the substantially large mean values for the DNV model (DNV,
2002) as shown in Table 3-1.

A similar sample point that is close to the y-axis is observed in Figure 3-2 (h) for
the ABS model (ABS, 2007) at (0.004, 0.546). The FEA-to-predicted ratio of this
data point is 126.9, virtually in the same sense as those points on the y-axis in
Figure 3-2 (g) that would have infinite FEA-to-predicted ratios. If this point
(0.004, 0.546) is removed, the mean and COV for the rest of the overall set (719
samples) for the ABS model (ABS, 2007) will be 1.043 and 0.376, respectively.

The COV values of the overall set for the three design guides are larger than that
of model 1 as well (Table 3-1). The COV values for the DNV model (DNV, 2002)
and the ABS model (ABS, 2007) are even one order higher than that of model 1.
Scatter of the data set for DNV model (DNV, 2002) is especially visually obvious
as shown in Figure 3-2 (Q).

Screening of the data does not help for the APl model (API, 2000) and the DNV
model (DNV, 2002) (Tables 3-1 through 3-3). Data screening by the moment of
inertia requirement (Equation [3-10]) adopted in the ABS guide (ABS, 2007)
itself doesn’t help the performance of the ABS model (ABS, 2007) (Tables 3-1
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and 3-2). Data screening by both Equation [3-10] and g, >0.15, however,

reduces the mean values of the ABS model (ABS, 2007) from 1.218 to 1.050 and
COV from 3.865 to 0.211 (Tables 3-1 and 3-3). The ABS model (ABS, 2007) is
still not as good as the performance of model 1 though.

An examination of Tables 3-1 through 3-3 and Figures 3-2 through 3-4 indicates
that models 1 and 2 yield very similar performance, i.e. they show a mean FEA-
to-predicted ratio very close to 1.0 and almost identical COV values. Although
screening of the data did not change significantly the mean FEA-to-predicted ratio,
it resulted in a significant reduction in COV value, with COV =0.21 for the
unscreened data and COV =0.10 for the screened data. The small differences
between models 1 and 2 indicate that the Faulkner effective width formula or the
Winter effective width formula yield similar predicted capacities.

Models 3 through 5 also have similar results to models 1 and 2 as shown in
Figures 3-2 through 3-4, while the data points for models 4 and 5 are slightly
skewed to the low side of the diagonal line. The data in Tables 3-1 through 3-3
indicate that models 3 through 5 have mean FEA-to-predicted values very slightly
lower than the value for model 1 but they generally have lower COV values
compared to model 1. The maximum difference between the means of model 1
and models 3 to 5 is 0.088, while the maximum difference between the COVs is
0.038. Model 1 certainly does a slightly better job in terms of the mean FEA-to-
predicted ratio. Specifically for the 280 valid samples in Table 3-3, the mean

value of the overall dataset is 1.000 and the mean values for various S, are in a

narrow range of 0.983 to 1.014. Model 1 is slightly more scattered than models 3
through 5. The maximum COV of model 1 is 0.106 in Table 3-3, those of models
3 through 5 being 0.097, 0.094, and 0.094, respectively. However, the COV
values for model 1 show more consistency with the maximum COV difference of
0.006 (Table 3-3), while those of models 3 through 5 are 0.011, 0.023, and 0.024,

respectively.
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In general, models 1 through 5 show a better performance than models 6 through
8, the design guidelines. Although the differences between models 1 through 5 are
small. models 1 and 2 have an advantage that the CSA column buckling curve
(Equation [3-14]) adopted in models 1 and 2 is one continuous equation instead of
a combination of discrete segments (Loov, 1996). This will be a useful feature in
terms of simplicity in the reliability analysis that will be conducted in Chapter 4.
Therefore, model 1 is selected for the proposed approach, i.e. the beam-column
equation (Equation [3-13]), the effective plate width formula proposed by
Faulkner (Equation [3-1]) and CSA column curve (Equation [3-14]) are selected
for the prediction of stiffened steel plate capacity.

3.4.1 Effect of moment of inertia and area requirements for the
stiffener

Comparisons of the FEA results and the predicted capacities using model 1 are
shown in Figure 3-2 (a) for all the data without screening. Screening of the data in
terms of stiffener stiffness and area ratio lead to Figures 3-3 (a) and 3-4 (a). The
same pool of data is correspondingly presented in Figure 3-5 with the FEA-to-
predicted capacity ratio plotted against the FEA capacity.

Before screening of the data, a large portion of points on the left of

Pc/Py (FEA) = 0.4 show considerable scatter, with a large number of data points

showing FEA-to-predicted ratios lower than 0.8 or higher than 1.2 (Figure 3-5(a)).
The minimum and maximum FEA-to-predicted ratios are 0.300 and 1.715,

respectively. The data points with low P./P,(FEA) values are the “under-

stiffened” panels as presented previously in section 3.3.3, which undergo large
deflection before reaching the desired overall buckling capacity of the effective

panel.

Applying the moment of inertia requirement (Equation [3-10]) eliminates most of
the points that show large scatter and reduces the COV from 0.211 to 0.120 (see

Figure 3-5). After screening based on both the moment of inertia requirement
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(Equation [3-10]) and the area ratio requirement ( S, > 0.15), the remaining 280

valid samples are mostly controlled with the FEA-to-predicted ratio between 0.8
and 1.2, Figure 3-5 (c). Although the moment of inertia requirement has done an
excellent job in reducing the scatter, the application of the extra area requirement
makes the performance slightly better. The mean of the overall dataset is 1.000
and in the range of 0.983 to 1.014 when grouping the data according to the
applied bending moment. The COV reduces to 0.102 for the overall dataset and
varies from 0.100 to 0.106 for the five datasets with varying levels of bending

moment.

The large scatter of the 720 data points could potentially be accounted for by a
lower resistance factor in the limit states design if the moment of inertia and area
requirements were not applied. However, the stiffened plates of practical
configurations (the 280 panels) would be penalized in order to balance the effects
of the large scatter of the undesired panels (the 440 panels). Therefore, it is
recommended to apply the moment of inertial and area requirements in practice

for a more economic design.

It is believed that in design practice and lab experiments the specimens have been
designed to make sufficient use of the material strength. In the work of Soares and
Gordo (1997), 115 test results from various sources were collected and about 95%
of these specimens were found to have their test capacities greater than 40% of
the yield capacity. According to these results, the moment of inertia requirement

(Equation [3-10]) and the area requirement (S, >0.15) may be automatically

satisfied in design even though they were not explicitly checked. Since
assessment of design methods are usually based on a database of test results, the
specimens in the database most likely have already satisfied the moment of inertia
and area requirements. It is possibly for this reason that setting explicit stiffener

requirements hasn’t raised much attention.
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3.5 CONCLUSIONS

The design methods currently used for stiffened plates still need improvements in
both behaviour understanding and capacity prediction. Design philosophies
among those methods are also not consistent. This chapter proposes a
comprehensive design approach for stiffened plates with longitudinal tee

stiffeners based on the work of behaviour understanding in Chapter 2.

The failure modes considered in the proposed approach are plate buckling, overall
buckling, plastic hinge instability, and stiffener tripping. The ultimate capacity of
the stiffened plate is governed by overall buckling. Plate buckling may take place
in the pre overall buckling period, and its effect is taken into account by using the
effective cross-section instead of the full cross-section in the design equations.
Plastic hinge instability and stiffener tripping may cause sudden capacity loss in
the post overall buckling period. This severe consequence can be predicted and

given a lower resistance factor in limit states design.

The proposed approach (model 1) uses the beam-column equation (Equation [3-
13]) to evaluate the stiffened plate capacity, while the various parameters in
Equation [3-13] are obtained using Faulkner plate width formula (Equation [3-1])
and CSA column buckling curve (Equation [3-14]). When plate induced overall
buckling governs, the capacity has to be used in Equation [3-16] to calculate

(u5/L),, . IF this (u,/L), is less than 0.025, the plate induced overall buckling

will progress into plastic hinge instability and a lower resistance factor than that
for normal overall buckling should apply. When stiffener induced overall
buckling governs, a sudden capacity loss due to plastic hinge instability and

stiffener tripping is believed to always occur, and a lower resistance factor should

apply.

Four requirements were presented to ensure the stiffened plates reach the desired

capacity. The requirements of the web slenderness ratio (5, <1.5) and flange

slenderness ratio (£, <0.9) were set to prevent local bucking in the stiffener
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before yielding. The moment of inertial requirement (Equation [3-10]) and the

area requirement ( S, >0.15) were to warrant sufficient stiffening from the

stiffener to the plate, i.e. to prevent “under-stiffened” configurations.

Five models of equation combinations and three current design guidelines for
stiffened plates were assessed based on a database of 720 finite element analysis
models. The proposed approach (model 1) shows advantage in both mean and
COV of the FEA-to-predicted capacity ratios.
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-112 -



CHAPTER 4

RESISTANCE FACTORS FOR STIFFENED STEEL PLATES
UNDER COMPRESSION AND BENDING

4.1 INTRODUCTION

The actual capacity of a structural member cannot be described by a deterministic
value. Uncertainties about structural components usually originate from three
sources: member sizes, material properties, and the analytical model. Owing to
the variability of these factors, the value of the actual capacity differs from the

nominal one; the design capacity.

A method to predict the nominal capacity of steel plates stiffened by longitudinal
tee stiffeners was presented in Chapter 3. This chapter presents the results of a
reliability analysis conducted to assess the suitability of these design equations
and determine an appropriate resistance factor for the design equations. The

reliability analysis consists of the following steps:
(1) Select the design equations to be evaluated;
(2) Identify the basic variables that govern the design strength;

(3) Collect raw data to formulate probabilistic distributions for each basic

variable;

(4) For each nominal panel previously analyzed using the non-linear finite
element analysis procedure presented in Chapter 3, run Monte Carlo
simulations to determine the variability of the predicted resistance due

to the variability in material and geometric properties;

(5) For each nominal panel, determine the mean and C.O.V. for the
professional factor (ratio of the actual capacity to the capacity
predicted using the design equation to be evaluated);
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(6) For each nominal panel, calculate the resistance factor for desired

target safety index, £, using the procedure outlined in section 4.2.

(7) Select the appropriate resistance factor applicable to limit states design

based on the values obtained from all panels.

4.2 METHODOLOGY FOR THE DETERMINATION OF
RESISTANCE FACTORS

The resistance factor depends on the variability of both resistance and loads, as
well as the selected target safety index, which is in turn dependent on the desired
probability of failure. It can be obtained as (Kennedy and Baker, 1984; Schmidt
and Bartlett, 2002b):

9= pr @exp(— BANVg +V§ ) [4-1]

where p; is the bias coefficient for the resistance (i.e. the ratio of the mean

resistance to the nominal resistance), S; is one nominal load, ¢; is the associated
load factor, S is the mean of the total load, £ is the target safety index, and V,
and V, are the coefficients of variation (COV) associated with p, and S ,

respectively. Equation [4-1] is applicable when the load statistics are known,
otherwise a simplified equation should apply as (Galambos and Ravindra, 1973;
Fisher et al., 1978; Grondin et al., 2007):

¢ =Cpx EXp(_ PagVy ) [4-2]

where «, is a separation variable used to separate the effect of loading and

resistance on the probability of failure so that the resistance factor can be

calculated using resistance statistics only. The value of «,= 0.55 was proposed

by Galambos and Ravindra (1973) as a value that provided a reasonable
approximation over a wide range of load effects for steel buildings (the dead to

live load ratio ranging from 0.1 to 4) and a safety index £ = 3.0, which represents

a probability of failure of 1.35x10 over the life of the structure. A correction
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factor C is applied to make Equation [4-2] applicable to different values of safety
index (Fisher et al., 1978). For arange 1< # <5 Grondin et al. (2007) derived the
following expression for C based on the procedure outlined in Fisher et al.
(1978):

C =0.0083% —0.15843 +1.4056 [4-3]

Since the load variability on stiffened steel plates is not available at this point,
Equation [4-1] cannot be used and the simplified equation, Equation [4-2], based
on dead to live load ratio ranging from 1 to 4 for steel buildings (Galambos and
Ravindra, 1973), will be adopted in this research in determining the resistance
factors.

The basic form of the resistance parameters ( p, and V) is well established

(Kennedy and Gad Aly, 1980; Ravindra and Galambos, 1978; MacGregor, 1976)
as Equations [4-4] and [4-5], respectively:
Pr = Pw PsPp [4-4]

where p,, , ps , pp are bias coefficients for the material, geometry and
professional factors, respectively. Since p,, , ps , pp are assumed to be

independent quantities, the COV for the resistance is:

Vo = V2 +V2 +V2 [4-5]

where V,,, Vg, and V, are the COV associated with p,, , o5 , pp, respectively.

The material and geometric factors recognize that the actual material properties
and geometric properties are different from their nominal values. When the design
equation is simply the product of a material property and a geometric property,
such as the plastic moment capacity, the associated bias coefficient and COV are
directly obtained from the known distribution of the calculated variables such as
yield strength and plastic section modulus. As the complexity of the problem
increases, such as when calculating the inelastic column buckling capacity, the

procedure must be simplified. The simplification makes the statistical analysis
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only approximate when the distributions of various basic variables need to be
combined. When the resistance expressions, such as the ones introduced later in

this chapter, are too complex to have p,, and p. clearly defined and calculated,

the Monte Carlo simulation technique provides a good approach (Kennedy and
Baker, 1984; Melchers, 1999).

The professional factors reflect the ability of the design equation to predict the
actual capacity of the structural component. Although the results of a reliable
analytical model could be assumed as an accurate simulation of the actual
capacity, in this work test results will be considered as the actual capacity.
Therefore, this chapter evaluates the ability of the proposed design equations to
predict the finite element analysis results and the ability of the finite element
analysis to predict the actual test results. The bias coefficient for the professional

factor, p, , and the associated COV, V,, can be determined as follows:

Pp = Pp1Prr = [mean of %}(mean of hj [4-6]

n FEA

V, =V2 +V2 [4-7]

where pp, and V,, are the mean and COV for the ratio of the FEA results to the
predicted capacities using the design equation; pp, and Vp, are the mean and
COV of the ratio of the test results to FEA results; Rgga is the capacity predicted
using the finite element analysis; R, is the nominal resistance predicted using

design equations; Ry is the actual resistance from test results.

Another factor, the discretization factor, was also proposed as one of the
parameters to include in the reliability analysis (Schmidt and Bartlett, 2002b;
Kennedy and Baker, 1984). The discretization factor accounts for the fact that the
capacity provided is usually larger than that required because the available
member sizes are of discrete and limited sizes. The discretization factor is not
considered in the present study for two reasons: (1) there are variables in stiffened
plate design (plate width, and stiffener size for welded stiffeners) that permit as-
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built structures with a capacity very close to the required capacity; (2) since the
design capacity is usually larger than required, ignoring the discretization factor

will lead to a conservative estimate of the resistance factor.

4.3 DESIGN EQUATIONS

The design equations proposed in chapter 3 are used to calculate the nominal

resistance, R , of stiffened plates. This approach uses the Faulkner formula

n !

(Equation [4-8]) for the effective plate width.

=1 if g <1

[4-8]
2.t if g, >1

A B

ol o|&

where b, is the effective plate width; b is the plate width (stiffener spacing);
o :b/tJpr/E is the plate slenderness ratio; t is the plate thickness; F, is the

plate yield strength; and E is the elastic modulus. The capacity of the stiffened
panel is obtained by treating a single stiffener and the tributary plate width as a

beam-column. The column slenderness ratio of the effective panel is defined as:

F KL | F
ﬂ,e = F—y = r— 7Z.ZyE [4-9]
Ee e

where F, is the elastic buckling strength of the effective panel; F, is the yield

strength of the stiffened panel; L is the length; K is the effective length factor;

and r, is the radius of gyration of the effective cross-section about the centroidal

axis parallel to the plate. Using the column equation presented in CSA-S16-09

(CSA, 2009), the overall buckling capacity of the effective panel, P, is:

% = (1 2,2 ) [4-10]

ye
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where P, is the yield strength of the effective cross-section. When the panel is

subjected to combined axial compression and end moments, the following

interaction equations are used:

P, 1 Pe-M,
I:)ue 1- PC/PEE M
Pc

=1 ifPe-M,2>0 [4-11a]
ye.p

N 1 M,-Pe
P. 1-P /P, M

ue

=1 ifPe-M, <0 [4-11b]

pe
where P, is the stiffened plate axial load resistance; e is the distance between the
centres of gravity of the effective cross-section and the full cross-section; M is
the value of the applied moment (taken as positive when placing the stiffener
flange in flexural compression); M,  is the yield moment of the effective cross-
section calculated with respect to the plate outer surface; and M, is the plastic
moment capacity of the effective cross-section. The axial load resistance, P,
obtained from Equation [4-11] represents the nominal resistance R, in the

reliability analysis. The minimum resistance calculated from Equations [4-11a]
and [4-11b] determines whether the failure is a plate induced mode (Equation [4-
11a]) or stiffener induced mode (Equation [4-11b]).

The parameters required to calculate P. using Equation [4-11] are

c

PeiPec €, M v M

ue !

e and M. M is a deterministic parameter when the load
is given. Except for M, all the other parameters can be derived based on basic
cross-section, length and material parameters: plate width (b ), plate thickness (t),
stiffener web height (h,,), stiffener web thickness (t,,), stiffener flange width (b, ),
stiffener flange thickness (t; ), panel length (L), yield strength (F, ), and modulus

of elasticity (E). These basic parameters will be the input variables in the Monte

Carlo simulations performed in the present study.

An equation was proposed in Chapter 2 to determine whether the panel will

experience a stable or unstable post-buckling behaviour. The unstable behaviour
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was found to be caused by the formation of a plastic hinge. Stiffened plates that
fail by the formation of a plastic hinge display a rapid load drop after the
formation of the plastic hinge. For all the stiffened plates with the wide range of
tee stiffener sizes investigated in this study, which is believed to cover the full
range of practical sizes, stiffener tripping was observed not to govern the axial
load capacity but affects the post-buckling range, as discussed in Chapter 2.
Although the post-buckling behaviour does not affect the axial load resistance of
stiffened steel plates, it must be considered in the selection of the resistance factor.
Plates that display a stable post-buckling behaviour such as observed in plate
induced overall buckling can be designed with a lower safety index (higher
probability of failure and higher resistance factor) than plates that display an

unstable failure mode.

As presented in Chapter 3, the stiffeners were proportioned to prevent local
buckling of the web and the flange before the capacity expressed by Equation [4-
11] is reached.

4.4 DATA COLLECTION: VARIABILITY OF BASIC
VARIABLES

The variability of resistance of stiffened steel plates comes from three sources:
geometry, material, and analysis. A compilation of probabilistic data for
calculated geometric properties (such as area and moment of inertia) and
measurable (basic) geometric dimensions (such as plate thickness and web height)
are available in the literature (Hess et al., 1998; Schmidt and Bartlett, 2002a). The
variability of the calculated geometric properties depends on the variability of the
basic geometric variables. Therefore, the Monte Carlo simulation technique
requires only the distributions of the basic geometric dimensions. For material
properties, only the distributions of yield strength and modulus of elasticity are

needed in the Monte Carlo simulations.
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Hess et al. (1998) compiled a database of geometric and material data for
stiffened plates used in ship structures. The part of this data that is relevant to this
work is summarized in Table 4-1, where the statistics are presented in terms of the
bias coefficient (i.e. ratio of the measured to the nominal value) for the variables.
The plate width (stiffener spacing) and panel length are also included in Table 4-1,
although they have usually been assumed deterministic in most research (Schmidt
and Bartlett, 2002a; Hess et al., 1998). The plate and stiffeners are assumed to

have identical material properties to simplify the analysis.

For the variables listed in Table 4-1 that follow a lognormal distribution, their
mean and standard deviation have to be transformed to those of their natural
logarithm for the subsequent operations in the Monte Carlo simulations. The
following equations are used for the transformation (Melchers, 1999), and the

results are presented in Table 4-2.

Oy =4/ INV, " +1) [4-12]

2

Inx=In 7—‘7'% [4-13]

where X is a variable; o, is the standard deviation of Inx; V, is the COV of x;

Inx is the mean of Inx;and X is the mean value of x.

The variability of initial imperfections and residual stresses is another source of
uncertainty but difficult to quantify. Four half sine waves along the length of the
stiffened plate, one half sine wave across the width and a magnitude representing
the average plate imperfections of actual stiffened plates were used for initial
imperfections in the finite element model as presented in Chapter 2. The selected
distribution of the initial imperfections was demonstrated to be a conservative
estimate for the actual imperfection of stiffened plates (Grondin, et al., 1999). As
presented in Chapter 2, the selected distribution of the residual stresses used in the
finite element model is representative of the actual residual stresses in stiffened
plates and the selected magnitude in the model is a conservative estimate of the

actual values. Since the initial imperfections and the residual stresses used in the
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finite element model in this research were both based on conservative estimates,
the mean of the variability of the initial imperfections and the residual stresses

will be assumed to be one and the corresponding COV to be zero.

45 MONTE CARLO SIMULATION

45.1 General

The Monte Carlo simulation provides an approach to derive the probability
density function of a desired variable through a large number of simulated
experiments (Melchers, 1999). By injecting into the design equation one random
value of each input variable based on its distribution, one sample of the stiffened
plate resistance is obtained. This process is repeated until the number of plate
resistance values is sufficiently large to be representative of the population. Let’s
consider, for example, a generic problem where the variable Y is a function of

basic variables (x;, x,, X,, etc.), each with known statistical distributions. As
demonstrated in Figure 4-1, one value of each x; is generated randomly according

to its distribution and is then used in the mathematical model describing the value
of Y . If this procedure is repeated a large number of times, the statistical

distribution of Y will eventually be revealed.

Few variables in structural engineering follow a uniform distribution® within a
specified range. Therefore, an indirect method has to be used to generate random

values for each variable x, as demonstrated in Figure 4-2. The process is to
generate a random number between 0 and 1, which is then used to obtain a value
of x; using its cumulative density function (CDF). A restriction is applied to

exclude negative or zero sample values of the basic variables. Although negative

or zero values are not realistic for member sizes and material properties, their

1 A uniform distribution is a distribution where each value within a certain range has the same
probability of occurrence.
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probability of occurrence is not zero. For this reason, the imposed restriction is
required.

In order to ensure the quality of the data set so that it is representative of the
population, a sufficiently large number of data points must be sampled. Mirza and
MacGregor (1982) used Monte Carlo simulations for reinforced concrete
members under different load combinations and generated 500 to 5000 random
data points for each nominal member. Grant et al. (1978) also used this method
for concrete columns under eccentric loading and used 250 random columns for
each nominal one. Melchers (1999) recommended a method to control the quality
of the data by plotting the mean and coefficient of variation of the output variable
against the number of samples. This provides a direct monitoring of the rate and

accuracy of convergence of the statistical parameter.

4.5.2 Monte Carlo simulation Procedure

The Monte Carlo simulation method is adopted in the present work to derive the
statistical parameters of the distribution of stiffened plate resistance, reflecting the
uncertainties of the material and geometric properties. Since the strength Equation
[4-11] is too complex to separate the material and geometric components, it is
more efficient to treat their mutual influence as a whole. Correspondingly, the
fundamental Equations [4-4] and [4-5] are converted to Equations [4-14] and [4-
15] as follows:

Pr = PucPr [4-14]
Ve = V2 +V2 [4-15]

where p,, is the combined material and geometry bias coefficient and V,,; is the

corresponding coefficient of variation. Equations [4-14] and [4-15] are consistent
with the philosophy of Equations [4-4] and [4-5] in determining p; and Vg,

which will be applied in Equation [4-2] for resistance factors.
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In this chapter, 280 representative nominal panels have been selected based on the
research presented in chapter 3. The 280 samples consist of 56 nominal stiffened
plates under five different load conditions. The loading conditions represent

different magnitudes of end moments, namely, -0.4, 0.2, 0, 0.2, and 0.4 times
the nominal plastic moment capacity of the full cross-section, I\7IP . The

configurations of these nominal panels are presented in Table B-2 of Appendix B,
and their capacities and associated failure modes, predicted using Equations [4-11]

and the finite element analysis are presented in Tables B-4 to B-8 of Appendix B.
The predicted nominal capacity is denoted as R, or R (M,G), where M and
G are nominal material and geometric parameters, respectively. For each of the

280 nominal specimens analyzed using the finite element model, the following

procedure is adopted:

1. For each basic geometric and material variable presented in Table 4-1

(denoted as X; ), generate a random value (X, ) using the sampling method

illustrated in Figure 4-2.

2. A set of random parameter values (X,,, X,;, X3, ... X;,...) obtained in

step 1 constitutes a particular combination of material properties and
geometric dimensions (M and G ). These values are used as input to

Equation [4-11] to calculate the nominal capacity R, of this panel.

3. The nominal capacity R, that is predicted using design equations and
actual material and geometric properties (M and G) is divided by the

nominal capacity Iin that is predicted using design equations and nominal

material and geometric properties (I\7I and G ). This gives one sample

point of the sample set of Rn/FAQn .

4. Repeat steps 1 through 3 5000 times to establish the sample set for a

particular nominal panel.

-123 -



Steps 1 to 4 are repeated for each of the 280 nominal panels. It is recalled that the

values of x; generated in step 1 must be positive.

The sample size of Rn/lin (or output variable Y ) is 5000 for each nominal panel.

This has been demonstrated to be a sufficiently large sample size (Mirza and
MacGregor, 1982; Grant et al., 1978; Melchers, 1999) to obtain an accurate
representation of the population. The convergence of the mean and COV has also
been monitored as a function of sample size. As an example, the estimated Y and
V, of the observed results for panel 433_31 under M, / M » = —0.4 are plotted in
Figure 4-3 against the number of samples. The fluctuating amplitude is less than

0.005 for both parameters beyond the sample size of 2000, indicating
convergence of the statistical parameters.

4.6 DETERMINATION OF p,; AND V,,,

The resistance parameters p,,; and V,,; can now be determined for each of the

280 nominal panels based on the distribution of its 5000 samples of R, / R,

(abbreviated as Y in the following discussion) obtained in the previous section.
Lognormal curves are usually fitted to the observed distributions of the Monte
Carlo simulation results. Since the lower range of the strength distribution is
critical for the reliability analysis, the equivalent lognormal distribution curves
will be obtained by fitting the lower 5% tail of the observed distributions. This

normalization procedure was used by Kennedy and Baker (1984), and Mirza and
MacGregor (1982). One example of panel 433_31 under M, / M p=—0.4 is shown

in Figure 4-4 to illustrate the fitting, where the range of interest (the lower 5% tail)
shows excellent agreement while the insignificant range (the rest of the curve)

may not have as good match.
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In the present study, Y,q, and Y,,; are selected to determine the equivalent
lognormal curve, where Y,,, and Y,,, are the 0.1% and 5% fractiles of the

variable Y, respectively. Recognizing that, for a normal distribution the distance
between the mean and the 0.1% and 5% fractiles are 3.090 and 1.645 standard

deviations, respectively, it follows that:

InY —=InY,,, =3.0900,, [4-16]

InY -InY,,, =1.6450,, [4-17]

A comparison can be made between a fractile obtained from the fitted lognormal
curve and a fractile of the same percentage from the Monte Carlo simulation
results to verify the goodness of fit. Since the fitted curve is determined from
Yoo @Nd Y, fractiles, we assess the goodness of fit within the range of interest
(the lower 5% tail) by comparing the fitted lognormal curve with the Monte Carlo
simulation results at the 0.5% fractile, Y, ;. A comparison of Y, between the

fitted curve and the Monte Carlo simulation results for each of the 280 nominal
panels is presented in Figure 4-5. The values of the fitted curves are in close
agreement with the Monte Carlo simulation (MCS) results, where the mean of the
MCS-to-fitted ratios is 1.002 and the COV is 0.015. A similar comparison at the
1% fractile, Y, , is presented in Figure 4-6. The mean of the MCS-to-fitted ratios
is 1.002 and the COV is 0.012. It is therefore concluded that the fitted curve is in
excellent agreement with the distribution obtained from the Monte Carlo

simulation within the range of interest, namely, the lower 5% tail.

The values of InY and o, obtained from Equations [4-16] and [4-17] are then

substituted into Equations [4-18] and [4-19] (Melchers, 1999) to obtain Y and

o,, where Y is p,,. and o, is the associated standard deviation.

puc =V =exp(inY +0502, ) [4-18]

PucVye =0y = \/ exp(ZW +ol, )x [exp(aﬁ]Y )—1J [4-19]
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Values of the observed and fitted Yo, Yoos» Yooos Yoor» Pums and Ve for the

280 nominal panels are presented in Appendix F.

4.7 DETERMINATION OF p, AND V,

The calculations presented in section 4.6 did not include the variability due to the
difference between the capacity predicted from Equations [4-11] and that
predicted using the finite element analysis, nor did they include the variation
between the finite element analysis and the actual capacity (the test capacity). In
this section we evaluate the ability of the proposed design equations to predict the
finite element analysis results and the ability of the finite element analysis to

predict the actual test results. The bias coefficient for the professional factor, p,,

and the associated COV, V,, can be determined using Equations [4-6] and [4-7].

The factors p,, and V, are obtained based on the same 280 nominal panels
previously used. Their values for different failure modes in various slenderness
ranges are presented in Table 4-3, where p,, varies from 0.842 to 1.205, and V,,
varies from 0.018 to 0.152. It should be noted that the calculation of p,, and V,,

has nothing to do with the Monte Carlo simulations. It simply represents the
ability of the proposed design equations to predict the finite element analysis

results.

The factors pp, and Vp, are obtained based on the five test results presented by

Grondin et al. (1998). For these tests the test set-up was carefully designed and
the test procedures were carefully controlled to eliminate uncertainties in the
numerical analysis as much as possible. This resulted in very accurate prediction
of the test results, which may not reflect the majority of test data available in the
literature. It is acknowledged that the size of this data set is limited and it is

desirable to re-evaluate pp, and Vp, when more data is available. The mean

value of the ratio of the test capacity to finite element analysis capacity, predicted
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by the same numerical approach used in this investigation, pp,, was found to be

0.972 and the corresponding COV 0.0439. Mirza and MacGregor (1982) pointed
out that there are uncertainties in test measurements that need to be eliminated
from the COV of this measured capacities. The measurement uncertainties result
mainly from the variations of the actual specimen dimensions, differences
between the material properties of the test panels and the material coupons, and
inaccuracies in the load recordings. Mirza and MacGregor (1982) suggested
reducing the COV of the test-to-predicted ratios by 0.04. Kennedy and Baker
(1984) further recommended that the reduction should vary linearly when the
COV of the test-to-predicted ratios is less than 0.06. This strategy is adopted in
the present work in such a way that the COV of the test-to-FEA capacity ratio is
reduced by the lesser of two thirds of itself and 0.04. Therefore the revised COV

for the test-to-FEA ratio, Vp,, is 0.0327 (\/0.04392 —~min(0.0439x2/3, 0.04)2) :
The factors p,, (0.972) and Vp, (0.0327) have negligible effect compared to p;,
(0.842 to 1.205) and V,, (0.018 to 0.152) in Table 4-3 and the values of p,,
(1.168 to 1.935) and V,,; (0.077 to 0.337) in Appendix F. In fact, pp, and Vp,

have been ignored in some reliability analyses when the numerical model is able
to predict the test results accurately as is the case for the present problem (Hess et
al., 1998).

The overall professional factors, p, and V., are determined for each of the 280
nominal panels by using in Equations [4-6] and [4-7] the corresponding p,, and
V,, from Table 4-3, the value of 0.972 for p,,, and the value of 0.0327 for Vp,.

The values of p, and V, are presented in Table 4-4.
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4.8 DETERMINATION OF RESISTANCE FACTORS ¢

Now that the parameters p,,;, Vs, ©p and V, are available, Equations [4-14]
and [4-15] can be used to determine p, and V, shown in Figures 4-7 and 4-8,
respectively. The values of p, and V, are then used in Equation [4-2] to obtain
the resistance factor ¢ for each of the 280 nominal panels. The safety index £ in

Equation [4-2] directly relates to the expected safety level of the structures and it
reflects, among other things, the severity of limit state considered. A safety index
of 3.0 is commonly used for ductile failure modes in steel building structures, and
4.5 for connection failures. For example, when considering failure of a bolted or
riveted member, a safety index of 3.0 is used when considering the ultimate limit
state of yielding of the gross section. However, when considering rupture at the
net section, the safety index is increased to 4.5 to reflect the fact that there is no

reserve of strength beyond rupture.

An appropriate selection of safety index for stiffened steel plates includes
considerations of whether the failure has stable post-buckling behaviour and
whether the stiffened plates are primary load carrying members (i.e. consequence
of failure). An extensive analysis and a prediction method of stable and unstable
post-buckling behaviour were presented in Chapter 2. There are three categories
for combinations of post-buckling behaviour and the load carrying role of the
stiffened plates. Stiffened plates that are primary load carrying members and have
unstable post-buckling behaviour are in the worst category. Stiffened plates that
are non-primary load carrying members and have stable post-buckling behaviour
are in the best category. Stiffened plates that are primary load carrying members
but have stable post-buckling behaviour and stiffened plates that are non-primary
load carrying members but have unstable post-buckling behaviour are in the
intermediate category. The worst category requires the largest safety index. In
order to provide a comprehensive basis to facilitate further decision of code
writers, five values for the safety index, namely, 2.5, 3.0, 3.5, 4.0 and 4.5, will be
analyzed in this research.

-128 -



The resistance factors are plotted in Figures 4-9 to 4-13 against the column
slenderness ratio of the effective panel, A,, for the five values of the safety index.
The points are divided by failure modes that were obtained from the finite
element analysis results. Being the lowest value of the five, g = 2.5 should apply

only to the best category, stiffened plates that are non-primary load carrying
members and have stable post-buckling behaviour. From Figures 4-9 (c) and (d)

that show the points of stable failure, ¢ =0.90 is appropriate for § = 2.5.

Figures 4-10 to 4-12 show the values of ¢ for g = 3.0, 3.5 and 4.0, respectively.

They may correspond to the intermediate category. Therefore, both unstable and

stable failures need to be considered to determine the selection of ¢. For f =3.0
in Figure 4-10, a line representing ¢ = 0.87 (or 1/1.15) is drawn, where 1.15 is
the material factor used in DNV-RP-C201 (DNV, 2002), which is analogous to

the resistance factor. There are only five out of 280 points in Figure 4-10 that fall

below ¢ = 0.87, and only one point lies below ¢ = 0.85. Therefore, ¢ = 0.85 is
an appropriate resistance factor for g = 3.0. Resistance factors ¢ = 0.75 and 0.70
are applicable for g = 3.5 and 4.0, respectively, according to Figures 4-11 and 4-
12.

For # = 4.5 in Figure 4-13, only the unstable failures need to be concerned since
S = 4.5 can only correspond to the worst category. All the points in Figure 4-13
(a) is above ¢ = 0.65, and only two out of 65 points in Figure 4-13 (b) are below
¢ =0.65. Therefore, ¢ =0.65 may be selected for g =4.5.

In general, ¢ = 0.90, 0.85, 0.75, 0.70, 0.65 are recommended for g = 2.5, 3.0,
3.5, 4.0, 4.5, respectively. Selection of appropriate g for various failure modes

will depend on code writers’ decision.
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4.9 DISCUSSION

The separation factor, o, used in Equation [4-2] was found to give an acceptably
small, but conservative, approximation of the more general Equation [4-1]
(Galambos and Ravindra, 1973). The derivation of the value of 0.55 for «; was
mainly based on the reasonable variations of resistance and loads for steel
buildings. A specific investigation of « for stiffened steel plate structures may

be worthwhile if the data of load variability was available.

We should keep in mind that the accuracy of the calculated failure probability is
highly dependent on the knowledge of the statistical distribution of the input
variables and the type of distribution for the resistance and the load. MacGregor
(1976) pointed out that the probability of failure could differ from the actual value
by a factor of 10 in case of inadequate knowledge of the strength distribution.
Ang and Cornell (1974) observed that the failure probability, implied by the

safety index £, was not affected greatly by the choice of distribution type when

the failure probability is high, but became sensitive for low failure probability.
This is likely due to the fact that when a lower failure probability is set, the
critical portion of the lower tail the distribution curve is smaller, and that it is
easier to fit a shorter range of the observed distribution by a lognormal curve than
for a longer portion of the curve as shown in Figure 4-4. Melchers (1999) clearly
presented it as the tail sensitivity problem, which was merely a reflection of the
uncertainties involved in quantifying the required statistical data. Allen (1975)

indicated that S could be considered only as a relative measure of safety, even if
the correct distribution were known. As £ is considered as the nominal, or

relative, safety index, it works effectively as a consistent indicator of the safety
level of structures, especially when comparing and calibrating design rules.
However, a more advanced analysis is recommended when the exact failure

probability of a specific structure is required.
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4,10 SUMMARY AND CONCLUSIONS

This chapter presented a reliability analysis to derive the adequate resistance
factor for the design of stiffened steel plates under axial compression and out-of-
plane bending moment, based on the statistical distributions of geometric and
material properties presented by Hess et al. (1998), and data relating to the
professional factor presented in the work of Grondin et al. (1998) and the finite
element analysis of Chapter 2. The equations to predict stiffened plate capacity

were presented in Chapter 3.

The Monte Carlo simulation technique was used to derive the distribution curves

of the ratio of design capacities using random material and geometric properties to
design capacities using nominal properties (Rn/lin ), where the input variables are

the basic material and geometric variables. A total of 280 representative nominal
panels, of varying configurations and load conditions, were analyzed. For each
nominal panel, a set of 5000 random panels were generated to form the

probability density functions needed for the reliability analysis.

The 0.001 and 0.05 fractiles of the Monte Carlo results of R, / Iin were used to
determine the combined material and geometric factors ( o, and V,,;) of the

equivalent lognormal curve for each nominal panel.

Uncertainties due to accuracy of the design model are accounted for by the
statistics for the professional factor, p, and V. This includes the consideration
of the ability of the design model to predict the FEA results, and the ability of the
FEA to predict the actual capacity of stiffened steel plates.

The resistance factors ¢ = 0.90, 0.85, 0.75, 0.70, 0.65 are recommended for g =
2.5, 3.0, 3.5, 4.0, 4.5, respectively. Selection of appropriate safety index depends
on the code writers’ decision. These resistance factors are applicable for the
design equations presented in section 4.3. The method to predict unstable failure
was presented in Chapter 2.
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Table 4-1 Statistical parameters for the bias coefficient of the basic variables
(Hess et al., 1998)

X b t h t b, t, L F E

Distri-
N LN N LN LN LN LN LN N
bution*

X 0992 1.048 0.99% 1.255 1014 1.132 0988 1.206 0.987

o, 0.028 0.045 0.019 0.113 0.016 0.104 0.047 0.183 0.075

* Note: N: normal distribution; LN: log normal distribution.

Table 4-2 Statistical parameters for the log of the bias coefficient for the basic

variables in Table 4-1 that follow lognormal distribution

In(x) In(t) Int,)  In(o,) In(t, ) In(L)  In(F,)
In(x) 0.046  0.223 0014 0120  -0.013 0.175
T o) 0.043  0.090 0016 0092  0.047 0.151
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Table 4-3 Statistical parameters for professional factor p,, and V,

M,/M,  -04 0.2 0 0.2 0.4
o Per Ve Per Ve P Ve Per Vp Per Vo
Plate induced failure
(0.0,0.2] 0981 0.07 0956 0.091 0934 0.078 0842 0018 — —
(0.2,0.4] 0990 0.100 0962 0.079 0938 0.064 088 0.039 — —
(0.4,0.6] 1.022 008 1.002 0.081 0978 0.079 0959 0.075 — —
(0.6,0.8] 1.085 0076 1.086 0.060 1.066 0.059 1.078 0.088 — —
(0.8,1.0] 1079 0.118 1.187 0.056 1.205 0.053 1159 0157 — —
Stiffener induced failure
(0.0,02] — — - — — — 0976 0.062 0.985 0.069
(0.2,04] — S — — —  — 0978 0.055 0.972 0.090
(0.4,0.6] — — — — — — 1.007 0.044 0.989 0.100
(0.6,0.8] — — — — — — 1157 0.128 1.020 0.087
(0.8,1.0] — — — — — — 1111 0.057 1.153 0.152

" The value of 0.15
only one sample lies in that range.

is conservatively selected. It can not be calculated because
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Table 4-4 Statistical parameters for overall professional factors p, and V,

M,/M,  -04 0.2 0 0.2 0.4

A, Pp B Pp B Pe Ve Pe Ve Pe Ve

Plate induced failure
(0.0,0.2] 0954 0.112 0.929 0.097 0908 0.085 0818 0.037 — —
(0.2,04] 0962 0105 0935 0.086 0912 0072 0861 0.051 — —
(0.4,0.6] 0993 0.092 0974 0.087 0951 0.08 0932 0.08 — —
(0.6,0.8] 1.055 0083 1.056 0.068 1.036 0.067 1.048 0.094 — —
(0.8,1.0] 1.049 0122 1.154 0065 1.171 0062 1127 0154 — —

Stiffener induced failure

(0.0,0.2] — — — — — — 0949 0.070 0.957 0.076
0204 — — — — — — 0951 0.064 0945 0.096
(0.4,0.6] — — — — — — 0979 0055 0.961 0.105
(0.6,0.8] — — — — — — 1125 0.132 0991 0.093
(0.8,1.0] — — — — — — 1080 0.066 1.121 0.155

-137-



Probability Density Function (PDF) of Input variables

A AN

\‘ /\L /::::::

N\ /Y

Y =f( X, X,, X5, vennns )
o
o Fitted distribution
N 7
%
1L e Al o
1 B

Output variable Y

Figure 4-1 Schematic representation of Monte Carlo simulation

CDF
3 U
Cumulative distribution
P-————— = > function curve
I
A random :
number I A random value of x; is obtained
I
_ v
0 variable x;

Figure 4-2 Generation of a random value of a variable of any arbitrary distribution

- 138 -



Relative frequency

1.330

g
o 1.320
=
1.310
0.150
>
O 0.140
®)

0.130

0

1000 2000

3000 4000 5000

Number of samples

Figure 4-3 Convergence of observed statistics as a function of sample size

0.14 r

0.12

0.10 |

0.08

0.06

0.04

0.02

0.00

(panel 433_31,M, /M,

1.0391

= -0.4)

1 Monte Carlo Simulation
— Fitted curve
— — 5% fractile

0.5

1.0 1.5

2.0 2.5

R, of random panel / R, of nominal panel

Figure 4-4 Distributions of Ry / FAQD of panel 433_31 (M, / M p=-0.4)

- 139 -




100 T T |
Statistical values of MCS-to-Fitted ratio
- N: 280 o
& 0.95 —Mean: 1.002 o
g COV: 0.015 S &°
: S
2 090 B BT
= 5
8 o 05@80 %o 8 c)o o
[
£ 085 O%?%o ;
= S °
\-L/O ° gég)00 g °
8 ° %o
=1 o %8
s> 0.80 o o
o o
° )
0.75 L
0.75 0.80 0.85 0.90 0.95 1.00

Y o005 (Fitted lognormal curve)

Figure 4-5 Comparison between the Monte Carlo simulation (MCS) results and

the fitted lognormal curve at the lower 0.5% fractile

1.00 ‘ T
Statistical values of MCS-to-Fitted ratio o
N: 280 Set,
S  0.95 |-Mean: 1.002 °o°°
E COVv: 0.012 .08 o
=] o0 O
% ° 5 i 2°8 c?’ °
° 0.90 N
= o
5 30 i
(O] e’ o@®° o
E 0.85 Voo
o @ o o
2
> 080 f
0.75 L
0.75 0.80 0.85 0.90 0.95 1.00

Y .01 (Fitted lognormal curve)

Figure 4-6 Comparison between the Monte Carlo simulation (MCS) results and

the fitted lognormal curve at the lower 1% fractile

- 140 -



2.0

o Plate induced failure
- Stiffener induced failure

18 - - - )
16 -— -_ = == R ] = -
- - - - _ o ©
& I - - - ) % °
- - - o °
1.4 . & o g go o
. 3, o - o B o ® o ° 8 o8
L 9 OO- ° 9 ;O 5 '_0 ® @ - 80 % 8 o o ) o o
o -
Ooog%o%ogo @ o%oge Oogo 0o ©
12 Ooo [e OX¢))) O 8 Ow ©
o 0RID O g, 0 © 8 ° o
008 ® o %0 o
- (o) o 8 @
(o] © e} o
1.0 , 0 O, ° N 1 N 1 N 1
0.0 0.2 0.4 0.6 0.8 1.0
A, of the nominal panel
Figure 4-7 Professional factor, p,, for the 280 nominal panels
0.4
0.3 ot == —
O; - (<] O-' o o o - - ° o
>g: 02 | __C%C%%O%O C)-go o _ o - = . o o _
08d & o 30 B % ° = o o
o8 Q?%Og ® Bo, 00 o 0 © °
0% Qo co 8 @% 8 & o0 - °
L ° %oooga ° e ® o
*® o 8 ° OOO 3] g [o}e) ° ° o
o R (o} 80 oo o ° ° o OGQD 3 8 o . 8 o o °
0.1 o0
i o Plate induced failure
- Stiffener induced failure
OO 1 [l 1 [l 1 [l 1 [l
0.0 0.2 0.4 0.6 0.8 1.0

Figure 4-8 COV for the professional factor, V, for the 280 nominal panels

A of the nominal panel

- 141 -



1.4

o Plate induced failure
1.3 5
o & 9
1.2 °
- 8%, o
1 l [e] ° [e]
' 0 %0 8 °
o o
1.0
0.9
0.0 0.2 0.4 0.6 0.8 1.0

A ¢ Of the nominal panel

(@) Unstable plate induced failure

1.4
3 ‘ o Plate induced failure
1.3
o0
°
1.2
S o o® é; © oo

11 0%0 % °° 9 ¢

oo om®° °© o © °

0999 oo O, 0R0 o8 “2)8%7
10 b oo %8 oo ®

oig §0(85’ °g€:o S

o 8 o
°© o
0.9 S .
0.0 0.2 0.4 0.6 0.8 1.0

A g Of the nominal panel

(c) Stable plate induced failure

1.4
a Stiffener induced failure 2 A
13
T S
3 A ®
12+ 4 a
a8 a A a a
- AAAAA AAAAAAA AA}Z
a
11 PR,
s A
1.0 r
a
0.9
0.0 0.2 0.4 0.6 0.8

A ¢ Of the nominal panel

1.0

(b) Unstable stiffener induced failure

1.4
a Stiffener induced failure
1.3
12 | . )
Y apte L,

1.1 P

10

0.9
0.0 0.2 0.4 0.6

A ¢ Of the nominal panel

0.8 1.0

(d) Stable stiffener induced failure

Figure 4-9 Values of resistance factor ¢ of the 280 nominal panels (S = 2.5)

- 142 -



1.2
o Plate induced failure o
1.1 ° o
g g® o8 .
S 10 o
0 %% 0
. o
09
0.87
0.8 :
0.0 0.2 0.4 0.6 0.8

A ¢ Of the nominal panel

1.0

(@) Unstable plate induced failure

1.2
L ‘ o Plate induced failure
1.1 f R
oo § 2 oo
= 1.0 ¥
o %0 08 0 ° Do%
®,0 0° © g) 9 o
0.9 B BT o3
' 38% @é?fgoogm k) 087
° 0
o
08 . .
0.0 0.2 0.4 0.6 0.8

A g Of the nominal panel

(c) Stable plate induced failure

1.0

12

» Stiffener induced failure “L e
117 P ¢
S
a
9N A A&A A
S 1.0 AAAAAAAAAA =
S
09
0.87
0.8 *
0.0 0.2 0.4 0.6 0.8

A ¢ Of the nominal panel

1.0

(b) Unstable stiffener induced failure

1.2
a Stiffener induced failure
11 R
s 10 a s A 2
a2t K R
0.9
0.87
0.8 L
0.0 0.2 0.4 0.6 0.8

A ¢ Of the nominal panel

1.0

(d) Stable stiffener induced failure
Figure 4-10 Values of resistance factor ¢ of the 280 nominal panels (5 = 3.0)

- 143 -



11 11
o Plate induced failure Qo g L | = Stiffener induced failure
10 b sl ® 10 b .. .
Z% 8° E 8 24 a4 ara
% b
S 09 ooy 5 S 09 T iaE
2? R
5] a A
08 r 08 r .
0.7 —_— 07 : :
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
A ¢ Of the nominal panel A ¢ Of the nominal panel
(@) Unstable plate induced failure (b) Unstable stiffener induced failure
11 11
L ‘ o Plate induced failure ‘ ° » Stiffener induced failure
1.0 1.0 .
0§ ° oo
< 09 %2 < 09 —
0 9% % ° N
8,0 %gﬁgg o oog%o aa 3
dEaby L 0 :
0.8 8§g§)§8°o§° 0.8
0.7 —_— 07
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
A g Of the nominal panel A ¢ Of the nominal panel
(c) Stable plate induced failure (d) Stable stiffener induced failure

Figure 4-11 Values of resistance factor ¢ of the 280 nominal panels (5 = 3.5)

- 144 -



1.0 - 1.0
o Plate induced failure oo N » Stiffener induced failure
al Beoshy 00T s. P
° ° o aa 254 saa
< 08 ot CERN: I - 2
s I ﬁﬁg AMMAAAAA%A A§ w8
0.7 07 »
06 —_— 0.6 : :
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
A ¢ Of the nominal panel A ¢ Of the nominal panel
(@) Unstable plate induced failure (b) Unstable stiffener induced failure
1.0 5 1.0
L ‘ o Plate induced failure » Stiffener induced failure
0.9 09 f
g8 8° 00 .
&3
S 08 5 S 08
o &sgg%@gs 2%58::0 IS VORI .
W L te f
07 b °%e g6 07 t
06 —_— 0.6
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
A g Of the nominal panel A ¢ Of the nominal panel
(c) Stable plate induced failure (d) Stable stiffener induced failure

Figure 4-12 Values of resistance factor ¢ of the 280 nominal panels (5 = 4.0)

- 145 -



1.0

09

S 08

0.7 r

0.6

o Plate induced failure

0.0

0.2 0.4 0.6
A ¢ Of the nominal panel

0.8

1.0

(@) Unstable plate induced failure

1.0

09

S 08

0.7 r

0.6

L ‘ o Plate induced failure
2 g0 50
808
©45 8 %08&)
oo @fe%" f°
s8¢ faf® &
0.0 0.2 0.4 0.6 0.8

(c) Stable plate induced failure

A g Of the nominal panel

1.0

1.0
a Stiffener induced failure
09
S 0.8 Iy
AAA 22 ¢ R
07 F ,0 » 2 N
AAAA QQ\AAA 5° . Aé
0.6 .
0.0 0.2 0.4 0.6 0.8

A ¢ Of the nominal panel

1.0

(b) Unstable stiffener induced failure

1.0

09

a Stiffener induced failure

0.7 r

0.6

0.2 0.4 0.6 0.8
A ¢ Of the nominal panel

1.0

(d) Stable stiffener induced failure
Figure 4-13 Values of resistance factor ¢ of the 280 nominal panels (5 = 4.5)

- 146 -



CHAPTER 5

SUMMARY AND CONCLUSIONS

5.1 SUMMARY AND CONCLUSIONS

An investigation of the behaviour of thin steel plates stiffened with longitudinal
tee stiffeners was conducted. The loading conditions concerned in this study are
compression parallel to the axis of the stiffeners, and combined compression and
bending out of the plane of the plate.

The research was carried out mainly based on a database of finite element
analysis results. The finite element model that was used to analyze various
stiffened plates was presented in Chapter 2. The model incorporated initial
imperfections, residual stresses and inelastic material behaviour, and it used large
deformation theory. A total of 720 cases were run with the FEA model to form the
database. These cases represented a fractional factorial design of a parameter
matrix, where the parameter values were selected to cover the full range of

practical stiffened panels.

The sudden loss of capacity observed in some plates of certain geometry and
loading conditions was demonstrated to be associated with plastic behaviour
where a sudden loss of load carrying capacity is observed once a plastic hinge is
formed in the stiffened plate. A prediction model, developed using the principle of
virtual work, was proposed to describe the development of a plastic hinge at
midspan, and in turn predict the post-peak behaviour of stiffened plates. Showing
excellent agreements with the finite element analysis results of the stiffened plate
models where the sudden instability was observed, the virtual work model
provided theoretical support to the conclusion that the sudden load drop is caused

by the plastic hinge mechanism.

A method to predict the sudden loss of capacity experienced by some plates was

proposed (Equation [2-15]) for plate induced failure. A sudden loss of capacity in
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plate failing by plate induced failure was found to occur if the calculated
deformation ratio from Equation [2-15] is less than 0.025. On the other hand, all
stiffened plates failing in a stiffener induced mode have been found to experience

a sudden loss of capacity and should be treated as unstable in the post-peak range.

Based on the comprehensive behaviour investigation in Chapter 2, a design
procedure was proposed in Chapter 3. The design philosophy is to treat the
stiffened plate as an equivalent beam column, which consists of a stiffener and the
associated effective plate width. Design equations are proposed for plate and
stiffener induced failure. Plate induced failure prediction is based on the first-
yield criterion since the panel is assumed to have failed once the plate outermost
fibre yields in compression. For this case the stiffener side of the stiffened plate
does not need to be checked. Stiffener induced failure is predicted based on the
reduced plastic moment capacity obtained from interaction Equation [3-13b]. The
second order effects due to the axial force acting on the deformed panel is
accounted for using an amplification factor used to increase the applied bending
moment. Once the buckling direction and capacity have been established, the
method presented in Chapter 2 can be used to determine if the post peak
behaviour will be stable or unstable. This is important in limit states design since
the appropriate resistance factors need to be selected based on the consequence of
reaching the peak capacity; plates that display an unstable post-peak behaviour

are designed for a higher safety index.

Requirements for practical panel configurations were outlined in Chapter 3. The
requirements were set to ensure that the panel can reach the expected resistance
level. Three stiffener slenderness requirements and one stiffener area requirement

were proposed.

Three design guidelines currently in use for the design of stiffened plates were
reviewed. The proposed method and the three guidelines were assessed against
the 720 stiffened plate samples contained in the database. It was found that the

current design guidelines do not accurately predict the panel capacities mainly
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due to inappropriate design philosophy. The proposed method shows better
correlation with the numerical results than the current design guidelines. A
proposed screening process to avoid stiffened plates of impractical dimensions
results in a mean value of the FEA-to-predicted ratios between 0.98 and 1.01, and

a maximum coefficient of variation is 0.106.

The panels of practical dimensions from Chapter 3 were used in Chapter 4 to
accomplish the final phase of the proposed design approach; the determination of
appropriate resistance factors to provide a consistent level of safety. Due to the
complexity of the proposed design equations in Chapter 3, a Monte Carlo
simulation technique was used for the reliability analysis. Based on the
probabilistic distributions of the basic variables, such as plate width and yield
strength, random panel configurations were generated around the nominal one.
For each representative nominal panel, 5000 random panels were generated to
constitute the sample set of ratios of predicted resistance of actual panels to the
nominal panel. The 5% lower tail of distribution curves of the Monte Carlo results
was used to find the means and coefficient of variations of the equivalent log-

normal curves, considering that the lower strength area is critical in design.

Uncertainties in strength prediction arise from the geometric and material factors
and also from the accuracy of the design formulas. This is considered by using
professional factors that come out of the statistical distributions of the FEA-to-

predicted and the test-to-FEA capacity ratios.

Resistance factors varying from 0.90 to 0.65 are recommended for safety indices
from 2.5 to 4.5, respectively.

5.2 FUTURE WORK

As noted in Chapter 2, the parameter values of the fractional factorial design is
determined to fully and evenly cover the practical configurations of stiffened steel

plates. Based on the parameters in the current study, future work should aim at
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developing a more refined database of practical configurations. This may need
sufficient collections of panel configurations from realistic design. Chapter 3
discusses the requirements to screen out the impractical configurations. However,

they seem to be conservative and need further refinement.

Additional research is required to establish a criterion for unstable failure modes.
In the current work unstable failure was defined as a sudden loss of capacity
within a nominal longitudinal strain of 1%, which is about five times the yield

strain. This strain limit may be too conservative for most design applications.

In the parametric study the initial geometric imperfections and residual stresses
are set at the average and severe levels, respectively. These two variables and
their magnitude and distribution should have been considered as statistical
parameters in the Monte Carlo simulation. The parametric study should be
expanded to include a wider variety of initial imperfections and residual stress
magnitudes and distributions.

The current work presents only two common load cases; axial compression
loading, and compression plus bending. Additional research is necessary to
investigate the interaction of other loads, such as transverse in-plane compression
and edge shear. The moment distribution is another aspect that would affect the
strength of a stiffened steel plate panel. The constant moment distribution

assumed in this research is conservative.

The mean and COV for the ratio of the test results to FEA results used in the
reliability analysis were calculated based on a limited set of test results by
Grondin et al. (1998). This data set of test results should be expanded. When new
data are added to the data set, it is important that the test conditions, initial
imperfections of the specimens tested and material properties be representative of
the specific test specimens since all these parameters will affect the magnitude of
the test to FEA result ratio. The test data reported by Grondin et al. (1998) were
the only ones where all these factors had been specifically measured. More data of
this kind is needed to better quantify the test to FEA ratio.
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Only tee shaped stiffeners were considered in this study. Given that the torsional
rigidity of the other open-sectioned stiffeners, such as bar shape or L shape, is
considerably smaller than the tee stiffeners, the findings and formulas proposed in
this study may not apply directly to stiffeners of other shapes. The scope of this
study should be expanded to include other stiffener shapes.
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APPENDIX A

SAMPLE ABAQUS INPUT FILE
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This appendix presents a sample input file for the load condition of Sy = 0.4 and

the boundary condtion that the unloaded plate edges are free in transverse in-plane
direction. Change of load condition and boundary condition will result in minor
modification to the input file, and the modification will be pointed out in the text
boxes next to the corresponding input lines. The explaination of the finite element
model is presented in Chapter 2. The general coordination definition is shown in

Figure 2-1.

The sample input file as below is for panel 122_14. Its geometry shape and
meshing are shown in Figure 2-21. In the sample input file, the command lines in
normal fonts are general lines that are common to all specimens. The command

lines in Italic fonts are specific for the target panel.

*heading

This is the parametric study. Case A: Unloaded edges free to expand transversely.
Hardening=iso

UNITS: mm,kg,s,N,MPa

*parameter

#

#geometric/load parameters,
L,tp,tw,tf,bp,bf,h0(hw+tp/2+tf/2),centroid(height), MP(Plastic M)

#independent
L=3123.44897078438
tp=32.7326835353989
tw=6.29732085890498
tf=6.39335592627242
bp=500
bf=83.7086785055319
h0=129.498065488384
centroid=6.74605508466603
MP=105782915.509366
#dependent
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PercentL=0.01*L
HalfL=L/2

Halfbp=bp/2
Quaterbf=bf/4
Halfbf=bf/2
Quaterh0=h0/4
Halfh0=h0/2
ThreeQuaterh0=0.75*h0

Mapply=0.4*MP <+—

Indicates 40% of plastic moment applied ( 5, = 0.4)

#

#material parameters, E, fyp,fyw,fyf

E=200000
fyp=420
fyw=420
fyf=420
fypp=fyp+100
fywp=fyw+100
fyfp=fyf+100

*hhkkkikhkhkkikhkhkkikkhkkkikkhkkhkkhkkhkkikkiikiik

** Build the stiffened plate

*hhkkkikhkhkkikhkhkkikkhkkkikkhkkhkkhkkhkkikkiikiik

**

** Node definiton

**

*node

1,-1561.72448539219,-250,-3.93003487252386E-16
2,-1464.11670505518,-250,-0.613786528606488
3,-1366.50892471816,-250,-1.13412962222138
4,-1268.90114438115,-250,-1.48181176176368
5,-1171.29336404414,-250,-1.60390149323454
6,-1073.68558370713,-250,-1.48181176176369
7,-976.077803370118,-250,-1.13412962222138
8,-878.470023033106,-250,-0.613786528606488
9,-780.862242696094,-250,1.96501743626193E-16
10,-683.254462359082,-250,0.613786528606489
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11,-585.646682022071,-250,1.13412962222137
12,-488.038901685059,-250,1.48181176176368
13,-390.431121348047,-250,1.60390149323454
14,-292.823341011035,-250,1.48181176176369
15,-195.215560674024,-250,1.13412962222138
16,-97.6077803370117,-250,0.613786528606488
17,0,-250,0
18,97.6077803370117,-250,-0.613786528606488
19,195.215560674024,-250,-1.13412962222138
20,292.823341011035,-250,-1.48181176176369
21,390.431121348047,-250,-1.60390149323454
22,488.038901685059,-250,-1.48181176176369
23,585.646682022071,-250,-1.13412962222138
24,683.254462359083,-250,-0.613786528606487
25,780.862242696094,-250,5.15773603181671E-16
26,878.470023033106,-250,0.613786528606488
27,976.077803370118,-250,1.13412962222138
28,1073.68558370713,-250,1.48181176176368
29,1171.29336404414,-250,1.60390149323454
30,1268.90114438115,-250,1.48181176176368
31,1366.50892471817,-250,1.13412962222137
32,1464.11670505518,-250,0.613786528606488
33,1561.72448539219,-250,3.93003487252386E-16
101,-1561.72448539219,-218.75,-3.85452035444279E-16
102,-1464.11670505518,-218.75,-0.601992792567039

For brevity, the lines for nodes 103 to 133, 201 to 233, 301 to
333, 401 to 433,..., 2301 to 2333, 2401 to 2431, are omitted.

2432,1464.11670505518,-37.191726187369,132.512019222867
2433,1561.72448539219,-37.1691657965894,132.52660245615
*nset,nset=EndA,generate

1,2401,100

*nset,nset=EndB,generate

33,2433,100

*nset,nset=Mid,generate
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17,2417,100
*nset,nset=MidPlate,generate
17,1617,100
*nset,nset=MidWeb,unsorted
817,1717,1817,1917,2017
*nset,nset=MidFlange,unsorted
2417,2317,2017,2117,2217
*nset,nset=Clamp,generate
2,32,1

1602,1632,1
*FxEx*F*nset,nset=Clamp
*HAx**5,11,17,23,29,
*Hx**1605,1611,1617,1623,1629
*NSET,NSET=P1,GENERATE
1,331
*NSET,NSET=P2,GENERATE
101,133,1
*NSET,NSET=P3,GENERATE
201,233,1
*NSET,NSET=P4,GENERATE
301,333,1
*NSET,NSET=P5,GENERATE
401,433,1
*NSET,NSET=P6,GENERATE
501,533,1
*NSET,NSET=P7,GENERATE
601,633,1
*NSET,NSET=P8,GENERATE
701,733,1
*NSET,NSET=P9,GENERATE
801,833,1
*NSET,NSET=P10,GENERATE
901,933,1
*NSET,NSET=P11,GENERATE
1001,1033,1
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*NSET,NSET=P12,GENERATE
1101,1133,1
*NSET,NSET=P13,GENERATE
1201,1233,1
*NSET,NSET=P14,GENERATE
1301,1333,1
*NSET,NSET=P15,GENERATE
1401,1433,1
*NSET,NSET=P16,GENERATE
1501,1533,1
*NSET,NSET=P17,GENERATE
1601,1633,1
*NSET,NSET=W1,GENERATE
1701,1733,1
*NSET,NSET=W2,GENERATE
1801,1833,1
*NSET,NSET=W3,GENERATE
1901,1933,1
*NSET,NSET=W4,GENERATE
2001,2033,1
*NSET,NSET=F1,GENERATE
2101,2133,1
*NSET,NSET=F2,GENERATE
2201,2233,1
*NSET,NSET=F3,GENERATE
2301,2333,1
*NSET,NSET=F4,GENERATE
2401,2433,1

**

**element connectivity

*k

*element,type=s4r

1, 1,2,102,101

513, 801,802,1702,1701
514, 1701,1702,1802,1801
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641, 2401,2402,2302,2301
642, 2301,2302,2002,2001
643, 2001,2002,2102,2101
644, 2101,2102,2202,2201
*elgen,elset=Plate

1, 16,100,1, 32,1,16
*elgen,elset=Web

513, 32,1,4

514, 3,100,1, 32,14
*elgen,elset=Flange

641, 32,14

642, 32,1,4

643, 32,1,4

644, 32,1,4

**

** Section & Material

*ok

*shell section, elset=plate, material=plate
<tp>

*material,name=plate

*elastic

<E>, 0.3

*plastic, HARDENING=isotropic
<fyp>,0

<fypp>,1

*EXPANSION, TYPE=ORTHO
.0000117,0,0

*shell section, elset=web, material=web
<tw>

*material,name=web

*ELASTIC

<E>, 0.3

*PLASTIC, HARDENING=isotropic
<fyw>,0

<fywp>,1
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*EXPANSION, TYPE=ORTHO
.0000117,0,0

*shell section, elset=flange, material=flange
<tf>

*MATERIAL, NAME=FLANGE
*ELASTIC

<E>, 0.3

*PLASTIC, HARDENING=isotropic
<fyf>,0

<fyfp>,1

*EXPANSION, TYPE=ORTHO
.0000117,0,0
A
** Build the rigid frames
A
*ok

** Node definiton

*ok

*node,nset=RBEndA
10001,-<HalfL>,-<Halfbp>
11601,-<HalfL>, <Halfbp>
11701,-<HalfL>, 0, <Quaterh0>
11801,-<HalfL>, 0, <Halfh0>
11901,-<HalfL>, 0, <ThreeQuaterh0>
12001,-<HalfL>, 0, <h0>
12101,-<HalfL>, <Quaterbf>, <h0>
12201,-<HalfL>, <Halfbf>, <h0>
12301,-<HalfL>,-<Quaterbf>, <h0>
12401,-<HalfL>,-<Halfbf>, <h0>
*ngen,nset=RBENdA
10001,11601,100
**11701,12001,100

*ncopy,old set=RBENdA,new set=RBEndB,
reflect=mirror,change number=32
0,0,0, 0,1,0
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0,0,1

*node

20001,-<HalfL>, 0, <centroid>
20033, <HalfL> ,0, <centroid>

**

** element conectivity
*ok

*element, type=rb3d2,elset=RBENndA
1001,10001,10101
1017,10801,20001
1018,20001,11701
1019,11701,11801
1022,12401,12301
1023,12301,12001
1024,12001,12101
1025,12101,12201
*elgen, elset=RBenda
1001,16,100,1

1019, 3,100,1

*elcopy,old set=RBenda,element shift=1000,

shift nodes=32,new set=RBendb

*rigid body,elset=RBenda,ref node=20001
*rigid body,elset=RBendb,ref node=20033

**

** MPC

*ok

*mpc
beam,enda,RBenda
beam,endb,RBendb
*nset,nset=Ppoint
20033
*nset,nset=RFpoint
20001

*pboundary
Ppoint,2,4
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Ppoint,6
RFpoint,1,4

RFpoint,6 Note:

**clamp,2  «— For the boundary condition that has transverse in-plane
clamp,4 restraints along unloaded plate edges, this line is “clamp,2”

clamp,6
*initial conditions,type=temperature
P1,0
P2,0
P3,0
P4,0
P5,0
P6,0
P7,0
P8,0
P9,0
P10,0
P11,0
P12,0
P13,0
P14,0
P15,0
P16,0
P17,0
W1,0
W2,0
W3,0
W4,0
F1,0
F2,0
F3,0
F4,0

*khhhhkhkhkkkkhkhkhihhhhkhkkhhhiirhiihkhhiikx

** History

*khhhhkhkhkkkkhkhkhihhhhkhkkhhhiirhiihkhhiikx
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**

**step 1

*ok

*step,nlgeom

apply residual stress
*static

0.01,0.1

*temperature
P1,53.8461538461538
P2,53.8461538461538
P3,53.8461538461538
P4,53.8461538461538
P5,53.8461538461538
P6,16.1928651059085
P7,-52.6755852842809
P8,-116.08138238573
P9,-179.48717948718
P10,-116.08138238573
P11,-52.6755852842809
P12,16.1928651059085
P13,53.8461538461538
P14,53.8461538461538
P15,53.8461538461538
P16,53.8461538461538
P17,53.8461538461538
W1,94.2307692307692
W2,32.9059828461538
W3,-10.4700855
W4,-53.8461538461538
F1,0
F2,53.8461538461538
F3,0
F4,53.8461538461538
*end step

**
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** step 2

**

*step,nlgeom Note:

40% plastic moment If By =0, step 2 should be removed.
*static

0.01,0.1

*cload

Ppoint, 5,-<Mapply>
RFpoint, 5, <Mapply>
*monitor, dof=1, node=Ppoint
*output,field,frequency=1
*node output

u

*node output,nset=Ppoint
cf

*node output,nset=RFpoint
rf

*element output

s,e
*output,history,frequency=1
*energy output

allwk

*energy output,elset=Plate
allse,allpd,allie

*energy output,elset=Web
allse,allpd,allie

*energy output,elset=Flange
allse,allpd,allie

*end step

**

** step 3

**
*step,nlgeom,inc=1000
axial load

*static, riks
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0.05,1,,,,Ppoint,1,-<PercentL>
*cload

Ppoint,1,-10000

*monitor, dof=1, node=Ppoint
*output,field,frequency=1
*node output

u

*node output,nset=Ppoint

cf

*node output,nset=RFpoint
rf

*element output

s,e
*output,history,frequency=1
*energy output

allwk

*energy output,elset=Plate
allse,allpd,allie

*energy output,elset=Web
allse,allpd,allie

*energy output,elset=Flange
allse,allpd,allie

*end step
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APPENDIX B

FINITE ELEMENT ANALYSIS RESULTS
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A total of 720 stiffened steel plates were analysed as described in the fractional
factorial design matrix shown in Table B-1, where g, and g, are taken as only
three different pairs, namely, (0.17, 0.17), (0.8, 0.6), and (1.5, 0.9). The 720 cases
consist of 144 panel configurations and five load cases (five values of fq). The

dimensions of the panels and the values of the dimensionless parameters for the
144 specimens are presented in Table B-2 and Table B-3, respectively. The
material properties are selected as F,, = 420 MPa, F = 420 MPa, E = 200000

MPa for all the panels. The numbering convention for the panel designation is

explained in Figure B-1.

The failure modes for stiffened steel plates include plate and stiffener induced
modes. Refined classifications may be also needed to provide more information.

The refined modes are as follows:
PB (Plate Buckling): Buckling of the plate between the stiffeners;
PI (Plate Induced overall buckling): Stable plate induced overall buckling mode;

PP (Plate induced Plastic hinge instability): Formation of a plastic hinge

following plate induced overall buckling;

Sl (Stiffener Induced overall buckling): Stable stiffener induced overall buckling

mode;

ST (Stiffener Tripping): Tripping of the stiffener about the stiffener to plate

junction;

SP (Stiffener induced Plastic hinge instability): Formation of a plastic hinge

following stiffener induced overall buckling.

One stiffened plate must undergo an overall buckling mode in failure and may
normally have other failure modes before, after, or simultaneously with overall

buckling. The detailed analysis of these behaviours was presented in Chapter 2.
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When a stiffend plate undergoes evident plate buckling deformation, the plate
induced overall buckling displacement is less evident, and the post-buckling
behaviour is stable, the failure is designated as PB. When a stiffend plate
undergoes more evident plate induced overall buckling than plate buckling and
the post-buckling behaviour is stable, the failure is designated as Pl. When a
stiffened plate fails in plate induced overall buckling and the post-buckling

behaviour is unstable, the failure is designated as PP.

For stiffener induced failure, stiffener tripping and stiffener local buckling is
normally seen shortly after or at the peak axial load. However, as analyzed in
Chapter 2, stiffener induced overall buckling is the mode governing the axial load
capacity and the plastic hinge mechanism is the main reason for the post-buckling
instability. Therefore, the stiffener induced failure mode in this appendix will be
simply designated as Sl if the post-buckling range is stable and as SP if the post-
buckling range is unstable. Stiffener tripping and stiffener local buckling will not
show in the mode designation for simplicity, although they may take place with

plastic hinging in the post-buckling range.

The observed capacities and failure modes from the finite element analysis, and
the calculated capacities and failure modes using the proposed design method, are
presented in Tables B-4 to B-8 for gy = -0.4, -0.2, 0, 0.2, and 0.4, respectively.

The normalized out-of-plane deflection that is to determine the plastic hinge

instability, (u3/L),, , is also presented in Tables B-4 to B-8. It is calculated using

both the observed and calculated capacities and Equation [B-1] or [B-2].

M P, z, P +P
[u—3) :h+(—y+lj[—p #J for plate induced failure [B-1]
H

L PL (P L 4FbL
M, (P, Yz, P,-P

(U_SJ :ﬂg P| L1 -2-—L_°| forstiffener induced failure  [B-2]
L), PL |P L 4FbL

Figures B-2 to B-4, each including three force versus deformation plots, the
extend of yielding and the deformed shape, show three examples that fail in the
mode of plate induced plastic hinge instability (PP) with the predicted deflection
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magnitude in ranges of 0 < (uz/L),, < 1%, 1% < (u3/L), <2.5%, and (u3/L),,

> 2.5% respectively. Figures B-5 and B-6 show two examples failing in other
plate induced modes with the predicted deflection magnitude in ranges of 1% <

(us/L)y < 2.5% and (uz/L), > 2.5% respectively, while the range of 0 <

(us/L), < 1% is missing here since no sample falls in it.

Figures B-7 to B-9, each including three force versus deformation plots, the
extend of yielding and the deformed shape, show three examples that fail in the
mode of stiffener induced plastic hinge instability (SP) with the predicted
deflection in ranges of of 1% < (us/L), < 0, 2% < (uz/L),, < -1%, and

(u3/L)H < —2% respectively. Figures B-10 and B-12 show examples failing in

the mode of stiffener induced overall buckling (SI) with the predicted deflection
in ranges of =1% < (uz/L)y <0, =2% < (us/L), < -1%, and (u3/L),, <-2%,

respectively.
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Table B-1 Parameter values

;81 182 ﬂs ﬂ* 135 ﬂe ﬂ7 138 ﬂ9
07 017 017 015 0075 ggpz2 00015 03 04
1.28 0.8 0.6 0.4 0.15 -0.2
2.0 1.5 0.9 0.7 0.3 0
2.7 1.0 0.2
0.4
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Table B-2 Dimensions of analyzed specimens (mm)

Specimen b t h,, t, b t, L
111 11 500 32.73 50.7 13.66 44.6 12.01 514
111 12 500 3273 507 13.66  44.6 12.01 1370
111 13 500 3273 507 13.66  44.6 1201 2397
111 14 500 32.73 50.7 13.66 44.6 12.01 3424
21111 500 1790 375 10.10  33.0 8.88 514
211 12 500 1790 375 10.10  33.0 8.88 1370
211 13 500 1790 375 10.10  33.0 8.88 2397
21114 500 1790 375 10.10  33.0 8.88 3424
311 11 500 11.46 30.0 8.08 26.4 7.11 514
311.12 500 1146  30.0 8.08 26.4 7.11 1370
31113 500 1146  30.0 8.08 26.4 7.11 2397
31114 500 1146  30.0 8.08 26.4 7.11 3424
411 11 500 8.49 25.8 6.96 22.7 6.12 514
411 12 500 8.49 25.8 6.96 22.7 6.12 1370
411 13 500 8.49 25.8 6.96 22.7 6.12 2397
411 14 500 8.49 25.8 6.96 22.7 6.12 3424
111 21 500 3273 717 19.32  63.0 16.99 514
111 22 500 3273 717 19.32  63.0 16.99 1370
111 23 500 3273 717 19.32  63.0 16.99 2397
111 24 500 3273 717 19.32  63.0 16.99 3424
211 21 500 17.90 53.0 14.29 46.6 12.56 514
211 22 500 1790 53.0 1429  46.6 1256 1370
211 23 500 1790 53.0 1429  46.6 1256 2397
211 24 500 1790 53.0 1429  46.6 1256 3424
311 21 500 11.46 42.4 11.43 37.3 10.05 514
311 22 500 11.46 42.4 11.43 37.3 10.05 1370
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Table B-2 Dimensions of analyzed specimens (mm)

Specimen b t h,, t, b t, L
311.23 500 1146 424 1143 373 10.05 2397
311 24 500 11.46 42.4 11.43 37.3 10.05 3424
411 21 500 8.49 36.5 9.84 321 8.65 514
411 22 500 8.49 36.5 9.84 321 8.65 1370
411 23 500 8.49 36.5 9.84 321 8.65 2397
411 24 500 8.49 36.5 9.84 321 8.65 3424
111 31 500 3273 1014 2732 891 24.02 514
111 32 500 3273 1014 2732 891 24.02 1370
111 33 500 3273 1014 2732 891 24.02 2397
111 34 500 3273 1014 2732 891 24.02 3424
211 31 500 17.90 75.0 20.20 65.9 17.76 514
211 .32 500 1790 75.0 20.20  65.9 17.76 1370
211 33 500 1790 75.0 20.20 65.9 17.76 2397
211 34 500 1790 75.0 20.20 65.9 17.76 3424
311 31 500 11.46 60.0 16.16 52.7 1421 514
311.32 500 1146  60.0 16.16  52.7 14.21 1370
311.33 500 1146  60.0 16.16  52.7 1421 2397
311 34 500 11.46 60.0 16.16 52.7 1421 3424
411 31 500 8.49 51.6 13.91 45.4 12.23 514
411 32 500 8.49 51.6 13.91 45.4 12.23 1370
411 33 500 8.49 51.6 1391 454 12.23 2397
411 34 500 8.49 51.6 13.91 45.4 12.23 3424
12211 500 3273 1099 6.30 83.7 6.39 469
122 12 500 3273 1099 6.30 83.7 6.39 1249
122 .13 500 3273 1099 6.30 83.7 6.39 2186
122 14 500 3273 1099 6.30 83.7 6.39 3123
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Table B-2 Dimensions of analyzed specimens (mm)

Specimen b t h,, t, b t, L
22211 500 1790 813 4.66 61.9 4.73 469
22212 500 1790 813 4.66 61.9 4.73 1249
22213 500 1790 813 4.66 61.9 4.73 2186
222 14 500 1790 813 4.66 61.9 4.73 3123
322_11 500 1146  65.0 3.73 49.5 3.78 469
322_12 500 1146  65.0 3.73 49.5 3.78 1249
322_13 500 1146  65.0 3.73 49.5 3.78 2186
322_14 500 1146  65.0 3.73 49.5 3.78 3123
422 11 500 8.49 56.0 321 42.6 3.26 469
422 12 500 8.49 56.0 321 42.6 3.26 1249
422 13 500 8.49 56.0 321 42.6 3.26 2186
422 14 500 8.49 56.0 321 42.6 3.26 3123
122 21 500 3273 1555 891 1184  9.04 469
122 22 500 3273 1555 891 1184  9.04 1249
122 23 500 3273 1555 891 1184  9.04 2186
122 24 500 3273 1555 891 1184  9.04 3123
222 21 500 1790 1150  6.59 87.5 6.69 469
222 22 500 1790 1150 6.59 87.5 6.69 1249
222 23 500 1790 1150  6.59 87.5 6.69 2186
222 24 500 1790 1150 6.59 87.5 6.69 3123
322.21 500 1146 920 5.27 70.0 5.35 469
322.22 500 1146 920 5.27 70.0 5.35 1249
322.23 500 1146 920 5.27 70.0 5.35 2186
32224 500 1146 920 5.27 70.0 5.35 3123
422 21 500 8.49 79.2 4.53 60.3 4.60 469
422 22 500 8.49 79.2 4.53 60.3 4.60 1249
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Table B-2 Dimensions of analyzed specimens (mm)

Specimen b t h,, t, b t, L
422 23 500 8.49 79.2 4.53 60.3 4.60 2186
422 24 500 8.49 79.2 4.53 60.3 4.60 3123
122 .31 500 3273 2199 1259 1674 1279 469
122 .32 500 3273 2199 1259 1674 1279 1249
122 33 500 3273 2199 1259 1674 1279 2186
122 34 500 3273 2199 1259 1674 1279 3123
22231 500 1790 1626  9.31 1238  9.46 469
222 32 500 1790 1626  9.31 1238  9.46 1249
222 33 500 1790 1626  9.31 1238  9.46 2186
222 34 500 1790 1626  9.31 1238  9.46 3123
322.31 500 1146 1301 745 99.0 7.56 469
322.32 500 1146 1301 745 99.0 7.56 1249
322.33 500 1146 1301 745 99.0 7.56 2186
322.34 500 1146 1301 745 99.0 7.56 3123
422 31 500 8.49 1120 641 85.2 6.51 469
422 32 500 8.49 1120 641 85.2 6.51 1249
422 33 500 8.49 1120 641 85.2 6.51 2186
422 34 500 8.49 1120 641 85.2 6.51 3123
133_11 500 3273 1505  4.60 1025 522 466
133_12 500 3273 1505  4.60 1025 522 1243
133_13 500 3273 1505  4.60 1025 522 2174
133_14 500 3273 1505  4.60 1025 522 3106
233_11 500 1790 1113 340 75.8 3.86 466
233_12 500 1790 1113 340 75.8 3.86 1243
233_13 500 1790 1113 340 75.8 3.86 2174
233_14 500 1790 1113 340 75.8 3.86 3106
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Table B-2 Dimensions of analyzed specimens (mm)

Specimen b t h,, t, b t, L
333.11 500 1146  89.1 2.72 60.7 3.09 466
333.12 500 1146  89.1 2.72 60.7 3.09 1243
333.13 500 1146  89.1 2.72 60.7 3.09 2174
333.14 500 1146  89.1 2.72 60.7 3.09 3106
433 11 500 8.49 76.6 2.34 52.2 2.66 466
433 12 500 8.49 76.6 2.34 52.2 2.66 1243
433 13 500 8.49 76.6 2.34 52.2 2.66 2174
433 14 500 8.49 76.6 2.34 52.2 2.66 3106
133.21 500 3273 2129 6.50 1450  7.38 466
133.22 500 3273 2129 6.50 1450  7.38 1243
133.23 500 3273 2129  6.50 1450  7.38 2174
133.24 500 3273 2129 6.0 1450  7.38 3106
233 21 500 17.90 157.4 481 107.2 5.46 466
23322 500 1790 1574 481 107.2  5.46 1243
233 23 500 17.90 157.4 481 107.2 5.46 2174
23324 500 1790 1574 481 107.2  5.46 3106
33321 500 1146 1259  3.85 85.8 4.37 466
33322 500 1146 1259  3.85 85.8 4.37 1243
333.23 500 1146 1259  3.85 85.8 4.37 2174
33324 500 1146 1259  3.85 85.8 4.37 3106
433 21 500 8.49 1084  3.31 73.8 3.76 466
433 22 500 8.49 1084  3.31 73.8 3.76 1243
433 23 500 8.49 1084  3.31 73.8 3.76 2174
433 24 500 8.49 1084  3.31 73.8 3.76 3106
133.31 500 3273 3011 9.20 205.0 1044 466
133.32 500 3273 3011 9.20 205.0 1044 1243
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Table B-2 Dimensions of analyzed specimens (mm)

Specimen b t h,, t, b t, L
133.33 500 3273 3011 9.20 205.0 1044 2174
133.34 500 3273 3011 9.20 205.0 1044 3106
233.31 500 1790 2226 6.80 1516  7.72 466
233.32 500 1790 2226 6.80 1516  7.72 1243
233.33 500 1790 2226 6.80 1516  7.72 2174
23334 500 1790 2226 6.80 1516  7.72 3106
333 31 500 11.46 178.1 5.44 121.3 6.18 466
333.32 500 1146 1781 544 1213  6.18 1243
333_33 500 11.46 178.1 5.44 121.3 6.18 2174
333.34 500 1146 1781 544 121.3  6.18 3106
433 31 500 8.49 153.3  4.68 1044 532 466
433 32 500 8.49 153.3  4.68 1044 532 1243
433 33 500 8.49 153.3  4.68 1044 532 2174
433 34 500 8.49 153.3  4.68 1044 532 3106
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Table B-3 Dimensionless parameters for the analyzed specimens

*

Specimen B, B By B Bs Y4 L/b

111 11 0.70 0.17 0.17 1.59 0.075 0.15 1.03
111_12 0.70 0.17 0.17 4.23 0.075 0.40 2.74
111_13 0.70 0.17 0.17 7.41 0.075 0.70 4.79
111 14 0.70 0.17 0.17 10.59 0.075 1.00 6.85
211 11 1.28 0.17 0.17 1.17 0.075 0.15 1.03
211 12 1.28 0.17 0.17 3.13 0.075 0.40 2.74
211 13 1.28 0.17 0.17 5.48 0.075 0.70 4.79
211 14 1.28 0.17 0.17 7.83 0.075 1.00 6.85
31111 2.00 0.17 0.17 0.94 0.075 0.15 1.03
311_12 2.00 0.17 0.17 2.50 0.075 0.40 2.74
311_13 2.00 0.17 0.17 4.38 0.075 0.70 4.79
311 14 2.00 0.17 0.17 6.26 0.075 1.00 6.85
411 11 2.70 0.17 0.17 0.81 0.075 0.15 1.03
411 12 2.70 0.17 0.17 2.16 0.075 0.40 2.74
411 13 2.70 0.17 0.17 3.77 0.075 0.70 4.79
411 14 2.70 0.17 0.17 5.39 0.075 1.00 6.85
111 21 0.70 0.17 0.17 1.12 0.150 0.15 1.03
111_22 0.70 0.17 0.17 2.99 0.150 0.40 2.74
111_23 0.70 0.17 0.17 5.24 0.150 0.70 4.79
111 24 0.70 0.17 0.17 7.48 0.150 1.00 6.85
211 21 1.28 0.17 0.17 0.83 0.150 0.15 1.03
211 22 1.28 0.17 0.17 2.21 0.150 0.40 2.74
211 _23 1.28 0.17 0.17 3.87 0.150 0.70 4.79
211 24 1.28 0.17 0.17 5.54 0.150 1.00 6.85
31121 2.00 0.17 0.17 0.66 0.150 0.15 1.03
311_22 2.00 0.17 0.17 1.77 0.150 0.40 2.74
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Table B-3 Dimensionless parameters for the analyzed specimens

*

Specimen B, B By B Bs Y4 L/b

311_23 2.00 0.17 0.17 3.10 0.150 0.70 4.79
311 24 2.00 0.17 0.17 4.43 0.150 1.00 6.85
411 21 2.70 0.17 0.17 0.57 0.150 0.15 1.03
411 22 2.70 0.17 0.17 1.52 0.150 0.40 2.74
411 23 2.70 0.17 0.17 2.67 0.150 0.70 4.79
411 24 2.70 0.17 0.17 3.81 0.150 1.00 6.85
111 31 0.70 0.17 0.17 0.79 0.300 0.15 1.03
111_32 0.70 0.17 0.17 2.12 0.300 0.40 2.74
111_33 0.70 0.17 0.17 3.70 0.300 0.70 4.79
111_34 0.70 0.17 0.17 5.29 0.300 1.00 6.85
211 31 1.28 0.17 0.17 0.59 0.300 0.15 1.03
211 _32 1.28 0.17 0.17 1.57 0.300 0.40 2.74
211_33 1.28 0.17 0.17 2.74 0.300 0.70 4.79
211 34 1.28 0.17 0.17 3.91 0.300 1.00 6.85
311 31 2.00 0.17 0.17 0.47 0.300 0.15 1.03
311_32 2.00 0.17 0.17 1.25 0.300 0.40 2.74
311_33 2.00 0.17 0.17 2.19 0.300 0.70 4.79
311 _34 2.00 0.17 0.17 3.13 0.300 1.00 6.85
411 31 2.70 0.17 0.17 0.40 0.300 0.15 1.03
411 32 2.70 0.17 0.17 1.08 0.300 0.40 2.74
411 33 2.70 0.17 0.17 1.89 0.300 0.70 4.79
411 34 2.70 0.17 0.17 2.69 0.300 1.00 6.85
122_11 0.70 0.80 0.60 0.75 0.075 0.15 0.94
122_12 0.70 0.80 0.60 2.01 0.075 0.40 2.50
122_13 0.70 0.80 0.60 3.52 0.075 0.70 4.37
122 14 0.70 0.80 0.60 5.02 0.075 1.00 6.25
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Table B-3 Dimensionless parameters for the analyzed specimens

*

Specimen B, B By B Bs Y4 L/b

222 11 1.28 0.80 0.60 0.56 0.075 0.15 0.94
222_12 1.28 0.80 0.60 1.49 0.075 0.40 2.50
222_13 1.28 0.80 0.60 2.60 0.075 0.70 4.37
222_14 1.28 0.80 0.60 3.71 0.075 1.00 6.25
322_11 2.00 0.80 0.60 0.45 0.075 0.15 0.94
322_12 2.00 0.80 0.60 1.19 0.075 0.40 2.50
322_13 2.00 0.80 0.60 2.08 0.075 0.70 4.37
322_14 2.00 0.80 0.60 2.97 0.075 1.00 6.25
422 11 2.70 0.80 0.60 0.38 0.075 0.15 0.94
422 12 2.70 0.80 0.60 1.02 0.075 0.40 2.50
422 13 2.70 0.80 0.60 1.79 0.075 0.70 4.37
422 14 2.70 0.80 0.60 2.56 0.075 1.00 6.25
122_21 0.70 0.80 0.60 0.53 0.150 0.15 0.94
122_22 0.70 0.80 0.60 1.42 0.150 0.40 2.50
122_23 0.70 0.80 0.60 2.49 0.150 0.70 4.37
122_24 0.70 0.80 0.60 3.55 0.150 1.00 6.25
222 21 1.28 0.80 0.60 0.39 0.150 0.15 0.94
222_22 1.28 0.80 0.60 1.05 0.150 0.40 2.50
222_23 1.28 0.80 0.60 1.84 0.150 0.70 4.37
222 24 1.28 0.80 0.60 2.63 0.150 1.00 6.25
322_21 2.00 0.80 0.60 0.32 0.150 0.15 0.94
322_22 2.00 0.80 0.60 0.84 0.150 0.40 2.50
322_23 2.00 0.80 0.60 1.47 0.150 0.70 4.37
322_24 2.00 0.80 0.60 2.10 0.150 1.00 6.25
422 21 2.70 0.80 0.60 0.27 0.150 0.15 0.94
422 22 2.70 0.80 0.60 0.72 0.150 0.40 2.50
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Table B-3 Dimensionless parameters for the analyzed specimens

*

Specimen B, B By B Bs Y4 L/b

422 23 2.70 0.80 0.60 1.27 0.150 0.70 4.37
422 24 2.70 0.80 0.60 1.81 0.150 1.00 6.25
122_31 0.70 0.80 0.60 0.38 0.300 0.15 0.94
122_32 0.70 0.80 0.60 1.00 0.300 0.40 2.50
122_33 0.70 0.80 0.60 1.76 0.300 0.70 4.37
122_34 0.70 0.80 0.60 2.51 0.300 1.00 6.25
222_31 1.28 0.80 0.60 0.28 0.300 0.15 0.94
222_32 1.28 0.80 0.60 0.74 0.300 0.40 2.50
222_33 1.28 0.80 0.60 1.30 0.300 0.70 4.37
222 _34 1.28 0.80 0.60 1.86 0.300 1.00 6.25
322_31 2.00 0.80 0.60 0.22 0.300 0.15 0.94
322_32 2.00 0.80 0.60 0.59 0.300 0.40 2.50
322_33 2.00 0.80 0.60 1.04 0.300 0.70 4.37
322_34 2.00 0.80 0.60 1.49 0.300 1.00 6.25
422 31 2.70 0.80 0.60 0.19 0.300 0.15 0.94
422 32 2.70 0.80 0.60 0.51 0.300 0.40 2.50
422 33 2.70 0.80 0.60 0.89 0.300 0.70 4.37
422 34 2.70 0.80 0.60 1.28 0.300 1.00 6.25
133_11 0.70 1.50 0.90 0.56 0.075 0.15 0.93
133_12 0.70 1.50 0.90 1.50 0.075 0.40 2.49
133_13 0.70 1.50 0.90 2.63 0.075 0.70 4.35
133_14 0.70 1.50 0.90 3.75 0.075 1.00 6.21
233_11 1.28 1.50 0.90 0.42 0.075 0.15 0.93
233_12 1.28 1.50 0.90 111 0.075 0.40 2.49
233_13 1.28 1.50 0.90 1.94 0.075 0.70 4.35
233_14 1.28 1.50 0.90 2.77 0.075 1.00 6.21
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Table B-3 Dimensionless parameters for the analyzed specimens

*

Specimen B, B By B Bs Y4 L/b

333_11 2.00 1.50 0.90 0.33 0.075 0.15 0.93
333_12 2.00 1.50 0.90 0.89 0.075 0.40 2.49
333_13 2.00 1.50 0.90 1.55 0.075 0.70 4.35
333_14 2.00 1.50 0.90 2.22 0.075 1.00 6.21
433 11 2.70 1.50 0.90 0.29 0.075 0.15 0.93
433 12 2.70 1.50 0.90 0.76 0.075 0.40 2.49
433 13 2.70 1.50 0.90 1.34 0.075 0.70 4.35
433 14 2.70 1.50 0.90 191 0.075 1.00 6.21
133_21 0.70 1.50 0.90 0.40 0.150 0.15 0.93
133_22 0.70 1.50 0.90 1.06 0.150 0.40 2.49
133_23 0.70 1.50 0.90 1.86 0.150 0.70 4.35
133_24 0.70 1.50 0.90 2.65 0.150 1.00 6.21
233_21 1.28 1.50 0.90 0.29 0.150 0.15 0.93
233_22 1.28 1.50 0.90 0.78 0.150 0.40 2.49
233_23 1.28 1.50 0.90 1.37 0.150 0.70 4.35
233_24 1.28 1.50 0.90 1.96 0.150 1.00 6.21
333_21 2.00 1.50 0.90 0.24 0.150 0.15 0.93
333_22 2.00 1.50 0.90 0.63 0.150 0.40 2.49
333_23 2.00 1.50 0.90 1.10 0.150 0.70 4.35
333_24 2.00 1.50 0.90 1.57 0.150 1.00 6.21
433 21 2.70 1.50 0.90 0.20 0.150 0.15 0.93
433 22 2.70 1.50 0.90 0.54 0.150 0.40 2.49
433 23 2.70 1.50 0.90 0.95 0.150 0.70 4.35
433 24 2.70 1.50 0.90 1.35 0.150 1.00 6.21
133_31 0.70 1.50 0.90 0.28 0.300 0.15 0.93
133_32 0.70 1.50 0.90 0.75 0.300 0.40 2.49
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Table B-3 Dimensionless parameters for the analyzed specimens

*

Specimen B, B By B Bs Y4 L/b

133_33 0.70 1.50 0.90 131 0.300 0.70 4.35
133_34 0.70 1.50 0.90 1.88 0.300 1.00 6.21
233_31 1.28 1.50 0.90 0.21 0.300 0.15 0.93
233_32 1.28 1.50 0.90 0.55 0.300 0.40 2.49
233_33 1.28 1.50 0.90 0.97 0.300 0.70 4.35
233_34 1.28 1.50 0.90 1.39 0.300 1.00 6.21
333_31 2.00 1.50 0.90 0.17 0.300 0.15 0.93
333_32 2.00 1.50 0.90 0.44 0.300 0.40 2.49
333_33 2.00 1.50 0.90 0.78 0.300 0.70 4.35
333_34 2.00 1.50 0.90 111 0.300 1.00 6.21
433_31 2.70 1.50 0.90 0.14 0.300 0.15 0.93
433 32 2.70 1.50 0.90 0.38 0.300 0.40 2.49
433 33 2.70 1.50 0.90 0.67 0.300 0.70 4.35
433 34 2.70 1.50 0.90 0.95 0.300 1.00 6.21
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Table B-4 Analysis results ( Sy =-0.4)

FEA Proposed Method
Specimen | Pc/Py Mode  (us/L)n (%) | Pe/Py Mode  (us/L)n (%)
111 11 0.863 PP 0.58 0.615 PP 1.63
111 12 0.220 PI 2.32 0.275 PP 1.83
111 13 0.066 PI 4.39 0.107 PI 2.74
111 14 0.032 PI 6.32 0.054 PI 3.74
211 11 0.541 PP 1.34 0.530 PP 1.38
211 12 0.073 PI 4.16 0.151 PP 2.06
211 13 0.023 PI 7.42 0.053 PI 3.29
211 14 0.011 PI 10.46 0.026 PI 4.59
311 11 0.268 PP 2.18 0.361 PP 1.60
311 12 0.032 PI 6.40 0.086 PP 2.48
311 13 0.010 PI 11.23 0.029 PI 4.04
311 14 0.005 PI 15.56 0.015 PI 5.67
411 11 0.164 PI 2.79 0.263 PP 1.76
411 12 0.020 PI 8.24 0.058 PI 2.83
411 13 0.006 PI 14.98 0.020 PI 4.67
411 14 0.003 PI 21.80 0.010 PI 6.57
111 21 0.920 PB 1.72 0.748 PI 2.51
111 22 0.719 PP 1.00 0.530 PP 1.48
111 23 0.246 PP 1.85 0.272 PP 1.68
111 24 0.105 PI 2.89 0.148 PP 2.08
211 21 0.772 PP 1.79 0.709 PP 1.99
211 22 0.373 PP 1.44 0.371 PP 1.45
211 23 0.105 PI 2.64 0.153 PP 1.87
211 24 0.049 PI 3.84 0.079 PP 2.43
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Table B-4 Analysis results ( Sy =-0.4)

FEA Proposed Method
Specimen | Pc/Py Mode  (us/L)n (%) | Pe/Py Mode  (us/L)n (%)
311 21 0.545 PP 2.05 0.527 PP 2.12
311 22 0.168 PP 2.20 0.229 PP 1.67
311 23 0.057 PI 3.44 0.089 PP 2.25
311 24 0.028 PI 4.70 0.045 PI 3.00
411 21 0.407 PP 2.23 0.403 PP 2.25
411 22 0.098 PI 2.93 0.159 PP 1.89
411 23 0.035 PI 4.45 0.060 PI 2.65
411 24 0.019 PI 5.76 0.030 PI 3.57
111 31 0.912 PB 4.92 0.779 PI 5.79
111 32 0.850 PP 1.99 0.695 PP 2.42
111_33 0.689 PP 1.40 0.507 PP 1.84
111 34 0.415 PP 1.53 0.336 PP 1.83
211 31 0.782 PB 4.35 0.752 PI 4.50
211 32 0.706 PP 1.78 0.593 PP 2.04
211 33 0.434 PP 1.49 0.346 PP 1.79
211 34 0.201 PP 1.95 0.199 PP 1.96
311 31 0.571 PB 4.44 0.570 PI 4.45
311 32 0.457 PP 1.96 0.401 PP 2.17
311 33 0.222 PP 1.97 0.207 PP 2.08
311 34 0.110 PI 2.51 0.115 PP 2.42
411 31 0.444 PB 4.55 0.442 PI 4.57
411 32 0.310 PP 2.23 0.286 PP 2.37
411 33 0.131 PI 2.58 0.139 PP 2.45
411 34 0.072 PI 3.07 0.075 PI 2.96
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Table B-4 Analysis results ( Sy =-0.4)

FEA Proposed Method
Specimen | Pc/Py Mode  (us/L)n (%) | Pe/Py Mode  (us/L)n (%)
122 11 0.950 PB 1.32 0.810 PP 1.92
122 12 0.749 PP 0.83 0.629 PP 1.09
122 13 0.194 PP 2.20 0.357 PP 1.21
122 14 0.076 PI 3.76 0.203 PP 1.48
222 11 0.803 PP 1.47 0.778 PP 1.54
222 12 0.369 PP 1.35 0.476 PP 1.04
222 13 0.085 PI 3.05 0.213 PP 1.29
222 14 0.038 PI 4.67 0.112 PP 1.65
322 11 0.572 PP 1.75 0.595 PP 1.68
322 12 0.165 PP 2.07 0.314 PP 1.16
322 13 0.049 PI 3.72 0.131 PP 1.47
322 14 0.024 PI 5.30 0.067 PP 1.92
422 11 0.432 PP 1.91 0.467 PP 1.78
422 12 0.098 PI 2.72 0.228 PP 1.26
422 13 0.032 PI 4.52 0.092 PP 1.65
422 14 0.016 PI 6.20 0.047 PP 2.17
122 21 0.951 PB 4.40 0.859 PI 4.93
122 22 0.913 PP 1.73 0.805 PP 1.98
122 23 0.826 PP 1.10 0.658 PP 1.38
122 24 0.551 PP 1.13 0.485 PP 1.27
222 21 0.807 PB 3.94 0.829 PI 3.85
222 22 0.732 PP 1.61 0.722 PP 1.62
222 23 0.554 PP 1.15 0.498 PP 1.25
222 24 0.255 PP 1.50 0.314 PP 1.27
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Table B-4 Analysis results ( Sy =-0.4)

FEA Proposed Method
Specimen | Pc/Py Mode  (us/L)n (%) | Pe/Py Mode  (us/L)n (%)
322 21 0.577 PB 4.09 0.641 PI 3.78
32222 0.511 PP 1.68 0.524 PP 1.65
32223 0.275 PP 1.55 0.325 PP 1.36
322 24 0.139 PP 1.92 0.193 PP 1.44
422 21 0.443 PB 4.22 0.507 PI 3.83
422 22 0.388 PP 1.75 0.396 PP 1.72
422 23 0.162 PP 2.00 0.231 PP 1.49
422 24 0.088 PI 2.40 0.134 PP 1.65
122 31 0.932 PB 11.95 0.844 PI 12.82
122 32 0.902 PB 4.59 0.829 PI 4.87
122 33 0.873 PB 2.68 0.782 PI 2.90
122 34 0.817 PP 1.97 0.703 PP 2.18
222 31 0.783 PB 10.09 0.812 PI 9.86
222 32 0.739 PB 3.92 0.781 PI 3.79
222 33 0.766 PP 2.19 0.692 PP 2.33
222 34 0.717 PP 1.60 0.565 PP 1.86
322 31 0.564 PB 9.89 0.626 PI 9.27
322 32 0.525 PB 3.88 0.588 PI 3.61
322 33 0.518 PP 2.24 0.490 PP 2.32
322 34 0.454 PP 1.70 0.372 PP 1.95
422 31 0.433 PB 10.02 0.492 PI 9.23
422 32 0.429 PB 3.78 0.453 PI 3.65
422 33 0.416 PP 2.20 0.360 PP 2.43
422 34 0.288 PP 1.99 0.261 PP 2.14
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Table B-4 Analysis results ( Sy =-0.4)

FEA Proposed Method
Specimen | Pc/Py Mode  (us/L)n (%) | Pe/Py Mode  (us/L)n (%)
133 11 0.962 PB 1.99 0.861 PP 2.44
133 12 0.912 PP 0.83 0.753 PP 1.12
133 13 0.477 PP 1.10 0.523 PP 1.00
133 14 0.164 PP 2.11 0.331 PP 1.10
233 11 0.818 PB 1.99 0.830 PP 1.95
233 12 0.655 PP 0.96 0.634 PP 1.00
233 13 0.200 PP 1.65 0.350 PP 1.00
233 14 0.082 PI 2.61 0.196 PP 1.18
333 11 0.582 PB 2.25 0.643 PP 2.05
333 12 0.336 PP 1.36 0.445 PP 1.07
33313 0.108 PP 2.11 0.222 PP 1.11
333 14 0.051 PI 2.99 0.121 PP 1.34
433 11 0.447 PP 2.38 0.510 PP 2.13
433 12 0.202 PP 1.74 0.333 PP 1.14
433 13 0.068 PP 2.66 0.159 PP 1.23
433 14 0.034 PI 3.57 0.085 PP 1.51
133 21 0.956 PB 6.26 0.886 PI 6.72
133 22 0.932 PB 2.40 0.858 PI 2.59
133 23 0.896 PP 1.42 0.774 PP 1.62
133 24 0.802 PP 1.10 0.648 PP 1.31
233 21 0.814 PB 5.40 0.852 PI 5.22
233 22 0.759 PI 2.13 0.798 PP 2.06
233 23 0.754 PP 1.23 0.650 PP 1.37
233 24 0.531 PP 1.11 0.477 PP 1.20
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Table B-4 Analysis results ( Sy =-0.4)

FEA Proposed Method
Specimen | Pc/Py Mode  (us/L)n (%) | Pe/Py Mode  (us/L)y (%)
333 21 0.581 PB 5.47 0.662 PI 5.00
333 22 0.532 PP 2.18 0.600 PP 2.01
333 23 0.459 PP 1.38 0.452 PP 1.40
333 24 0.275 PP 1.41 0.309 PP 1.29
433 21 0.447 PB 5.59 0.525 PI 5.00
433 22 0.428 PP 2.16 0.464 PP 2.04
433 23 0.303 PP 1.58 0.333 PP 1.48
433 24 0.170 PP 1.75 0.219 PP 1.42
133 31 0.928 PB 16.77 0.861 PI 17.57
133 32 0.909 PB 6.37 0.853 PI 6.63
133 33 0.895 PB 3.67 0.830 PI 3.85
133_34 0.869 PP 2.62 0.787 PI 2.79
233 31 0.786 PB 13.85 0.825 PI 13.47
233 32 0.742 PB 5.37 0.810 PI 5.10
233 33 0.780 PP 2.98 0.764 PI 3.02
233 34 0.801 PP 2.05 0.687 PP 2.25
333 31 0.563 PB 13.45 0.638 PI 12.50
333 32 0.529 PB 5.24 0.619 PI 4.77
333 33 0.551 PI 2.92 0.565 PI 2.88
333 34 0.526 PP 2.10 0.483 PP 2.22
433 31 0.430 PB 13.62 0.503 PI 12.36
433 32 0.430 PB 5.10 0.483 PI 4.75
433 33 0.462 PI 2.79 0.428 PI 2.93
433 34 0.411 PP 2.10 0.353 PP 2.33
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Table B-5 Analysis results ( fq =-0.2)

FEA Proposed Method
Specimen | P./Py  Mode  (us/L)n (%) | Pe/Py Mode  (us/L)y (%)
111 11 0.939 PP 0.80 0.767 PP 1.52
111 12 0458 PP 1.36 0.368 PP 1.77
111 13 0.142 Pl 2.75 0.145 PI 2.68
111 14 0.067 Pl 4.03 0.074 PI 3.68
211 11 0.724 PP 1.16 0.643 PP 1.42
211 12 0.182 PP 2.26 0.193 PP 2.12
211 13 0.057 Pl 4.02 0.068 PI 3.41
211 14 0.028 Pl 5.70 0.034 PI 4.76
311 11 0428 PP 1.74 0.434 PP 1.72
311 12 0.087 Pl 3.22 0.108 PI 2.62
311_13 0.030 PI 5.28 0.037 PI 4.26
311 14 0.015 Pl 7.38 0.018 PI 5.99
411 11 0.290 PP 2.09 0.317 PP 1.92
411 12 0.051 Pl 4.23 0.073 PI 3.02
411 13 0.018 Pl 6.78 0.025 PI 4.96
411 14 0.009 Pl 9.28 0.012 PI 6.98
111 21 0964 PB 2.20 0.862 PI 2.70
111 22 0.834  PI 1.07 0.638 PP 1.55
111 23 0435 Pl 1.37 0.339 PP 1.76
111 24 0.206 Pl 1.99 0.187 PP 2.19
211 21 0.816  PI 2.15 0.799 PP 2.21
211 22 0.538 PP 1.29 0.442 PP 1.57
211 23 0.190 PP 1.98 0.186 PP 2.02
211 24 0.093 Pl 2.71 0.096 PI 2.65
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Table B-5 Analysis results ( fq =-0.2)

FEA Proposed Method
Specimen | P./Py  Mode  (us/L)n (%) | Pe/Py Mode  (us/L)y (%)
311 21 0.589  PI 2.39 0.594 PP 2.38
311 22 0.279 PP 1.79 0.273 PP 1.83
311 23 0.106  PI 2.49 0.107 PP 2.47
311 24 0.055 Pl 3.29 0.055 PI 3.29
411 21 0.449 Pl 2.57 0.458 PI 2.52
411 22 0.168  PI 2.32 0.190 PP 2.08
411 23 0.065 Pl 3.22 0.073 PI 2.89
411 24 0.036 Pl 4.04 0.037 PI 3.89
111 31 0.966 PB 5.72 0.886 PI 6.28
111_32 0915 Pl 2.28 0.805 PI 2.60
111_33 0.779 PP 1.54 0.608 PP 1.94
111 34 0552 PP 1.49 0.412 PP 1.92
211 31 0.837 PB 4.97 0.843 PI 4.94
211 32 0.777 PP 1.99 0.684 PP 2.22
211 _33 0559 PP 1.50 0.415 PP 1.92
211 34 0.297 PP 1.78 0.242 PP 2.11
311 31 0.623 PB 5.04 0.647 PI 4.89
311 32 0530 PP 2.14 0.471 PP 2.35
311_33 0.321 PP 1.83 0.252 PP 2.24
311 34 0.175 PP 2.15 0.141 PI 2.61
411 31 0495 PB 5.12 0.510 PI 5.00
411 32 0.397 PP 2.28 0.343 PI 2.56
411 33 0.200 Pl 2.29 0.171 PI 2.61
411 34 0.115 Pl 2.61 0.094 PI 3.14
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Table B-5 Analysis results ( fq =-0.2)

FEA Proposed Method
Specimen | P./Py  Mode  (us/L)n (%) | Pe/Py Mode  (us/L)y (%)
122 11 0977 PB 1.84 0.896 PP 2.22
122 12 0.891 PP 0.84 0.717 PP 1.21
122 13 0471 PP 1.17 0.423 PP 1.32
122 14 0.214 PP 1.83 0.243 PP 1.62
222 11 0.833 PB 1.85 0.843 PP 1.81
222 12 0.603 PP 1.04 0.538 PP 1.18
222 13 0.215 PP 1.65 0.247 PP 1.45
222 14 0.101  PI 2.37 0.130 PP 1.87
322 11 0594 PB 2.14 0.642 PP 1.97
322 12 0.324 PP 1.44 0.353 PP 1.33
322 13 0.115 PP 2.15 0.150 PP 1.68
322 14 0.060  PI 2.82 0.077 PP 2.20
422 11 0.455 Pl 2.30 0.505 PP 2.09
422 12 0192 PP 1.90 0.256 PP 1.46
422 13 0.073  PI 2.69 0.105 PP 1.89
422 14 0.040  PI 3.37 0.054 PP 2.50
122 21 0982 PB 5.28 0.928 PI 5.63
122 22 0952 PB 2.05 0.876 PP 2.25
122 23 0.883 PP 1.27 0.731 PP 1.54
122 24 0.706 PP 1.12 0.551 PP 1.41
222 21 0.838 PB 4.63 0.885 PI 4.40
222 22 0.780 PP 1.85 0.782 PP 1.85
222 23 0.688 PP 1.18 0.554 PP 1.42
222 24 0.396 PP 1.31 0.357 PP 1.43
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Table B-5 Analysis results ( fq =-0.2)

FEA Proposed Method
Specimen | P./Py  Mode  (us/L)n (%) | Pe/Py Mode  (us/L)y (%)
322 21 0.607 PB 4.78 0.687 PI 4.34
32222 0552 PP 1.93 0.571 PP 1.88
32223 0.391 PP 1.46 0.364 PP 1.54
322 24 0.234 PP 1.56 0.220 PP 1.64
422 21 0471 PB 4.93 0.547 PI 4.40
422 22 0442 PP 1.95 0.436 PP 1.97
422 23 0.252 PP 1.75 0.261 PP 1.70
422 24 0.148 PP 1.94 0.154 PP 1.88
122 31 0979 PB 13.58 0.922 PI 14.21
122 32 0952 PB 5.20 0.908 PI 5.39
122 33 0930 PB 3.02 0.863 PI 3.20
122 34 0.880 PP 2.21 0.785 PP 2.40
222 31 0.830 PB 11.40 0.881 PI 10.95
222 32 0.795 PB 4.40 0.852 PI 4.20
222 33 0.827 PP 2.45 0.765 PI 2.58
222 34 0.781 PP 1.78 0.636 PP 2.05
322 31 0.612 PB 11.16 0.688 PI 10.32
322 32 0582 PB 4.33 0.652 PI 4.01
322 33 0579 PP 2.48 0.553 PI 2.56
322 34 0534 PP 1.84 0.427 PP 2.15
422 31 0479 PB 11.29 0.550 PI 10.26
422 32 0482 PB 421 0.512 PI 4.04
422 33 0477 PP 2.43 0.415 PI 2.68
422 34 0.378 PP 2.01 0.306 PP 2.35
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Table B-5 Analysis results ( fq =-0.2)

FEA Proposed Method
Specimen | P./Py  Mode  (us/L)n (%) | Pe/Py Mode  (us/L)y (%)
133 11 0985 PB 2.61 0.926 PI 2.90
133 12 0.945 PP 1.05 0.822 PP 1.30
133 13 0.721 PP 0.89 0.588 PP 1.13
133 14 0.384 PP 1.23 0.381 PP 1.24
233 11 0.839 PB 2.46 0.880 PP 2.32
233 12 0.757 PP 1.04 0.686 PP 1.16
233 13 0.402 PP 1.12 0.391 PP 1.15
233 14 0.189 PP 1.57 0.221 PP 1.36
333 11 0.605 PB 2.70 0.680 PP 2.42
333 12 0.468 PP 1.28 0.483 PP 1.25
33313 0.215 PP 1.47 0.248 PP 1.29
333 14 0.107 PP 1.95 0.135 PP 1.57
433 11 0466 PB 2.86 0.540 PI 2.51
433 12 0.326 PP 1.46 0.362 PP 1.34
433 13 0.135 PP 1.84 0.177 PP 1.43
433 14 0.072 Pl 2.32 0.096 PP 1.77
133 21 0984 PB 7.37 0.942 PI 7.68
133 22 0.965 PB 2.82 0.916 PI 2.96
133 23 0.936 PP 1.66 0.835 PP 1.84
133 24 0.869 PP 1.24 0.710 PP 1.48
233 21 0.839 PB 6.30 0.899 PI 5.96
233 22 0791 PB 2.47 0.847 PP 2.34
233 23 0.800 PP 1.40 0.702 PP 1.55
233 24 0.672 PP 1.12 0.525 PP 1.36
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Table B-5 Analysis results ( fq =-0.2)

FEA Proposed Method
Specimen | P./Py  Mode  (us/L)n (%) | Pe/Py Mode  (us/L)y (%)
333 21 0.610 PB 6.36 0.702 PI 5.73
333 22 0565 PB 2.52 0.641 PP 2.30
333 23 0.538 PP 1.49 0.493 PP 1.60
333 24 0.400 PP 1.31 0.343 PP 1.48
433 21 0474 PB 6.51 0.561 PI 5.75
433 22 0462 Pl 2.48 0.501 PP 2.34
433 23 0.406 PP 1.57 0.366 PP 1.69
433 24 0.251 PP 1.60 0.245 PP 1.63
133 31 0974 PB 18.91 0.930 PI 19.51
133 32 0957 PB 7.18 0.924 PI 7.35
133 _33 0.947 PB 4.13 0.902 PI 4.27
133 34 0925 PB 2.94 0.861 PI 3.08
233 31 0.832 PB 15.60 0.888 PI 14.97
233 32 0790 PB 6.04 0.875 PI 5.67
233 33 0832 PI 3.34 0.831 PI 3.35
233 34 0.865 PP 2.28 0.755 PP 2.49
333 31 0.608 PB 15.20 0.696 PI 13.94
333 32 0574 PB 5.91 0.678 PI 5.31
333 33 0.603 PB 3.27 0.625 PI 3.20
333 34 0.586 PP 2.33 0.541 PP 2.46
433 31 0473 PB 15.38 0.558 PI 13.77
433 32 0480 PB 5.71 0.539 PI 5.29
433 33 0509 PI 3.14 0.483 PI 3.25
433 34 0467 PP 2.33 0.404 PI 2.57
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Table B-6 Analysis results ( 9 = 0)

FEA Proposed Method
Specimen | P./Py  Mode (us/L)n (%) | Pe/Py  Mode  (ua/L)n (%)
111 11 0.991 PB 1.06 0930 PP 1.31
111 12 0.665 PP 1.02 0518 PP 1.47
111 13 0.264 Pl 1.82 0.226 PP 2.14
111 14 0.133  PI 2.56 0.118  PI 2.88
211 11 0.807 PP 1.26 0773 PP 1.36
211 12 0.321 PP 1.57 0273 PP 1.86
211 13 0.113 P 2.55 0.100  PI 2.88
211 14 0.057  PI 3.52 0.050  PI 3.97
311 11 0.538 PP 1.67 0522 PP 1.73
311 12 0.160  PI 2.21 0.147 PP 2.40
311_13 0.059 PI 3.33 0.052  PI 3.76
311 14 0.031 PI 4.47 0.026 Pl 5.20
411 11 0.378 PP 1.98 0.380 PP 1.96
411 12 0.095 PI 2.88 0.097  PI 2.81
411 13 0.036  PI 4.27 0.035  PI 4.44
411 14 0.019 PI 5.55 0.017  PI 6.13
111 21 1.007 PB 2.64 0978 Pl 2.79
111 22 0912 PP 1.18 0.767 PP 1.52
111 23 0.593 PP 1.20 0450 PP 1.62
111 24 0.315 PP 1.62 0.264 PP 1.93
211 21 0.862 PB 2.46 0.893 PP 2.35
211 22 0.664 PP 1.26 0539 PP 1.57
211 23 0.295 PP 1.61 0.247 PP 1.90
211 24 0.151  PI 2.12 0131 PP 2.42
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Table B-6 Analysis results ( 9 = 0)

FEA Proposed Method
Specimen | P./Py  Mode (us/L)n (%) | Pe/Py  Mode  (ua/L)n (%)
311 21 0.625 PB 2.72 0.665 Pl 2.56
311 22 0.369 PP 1.68 0332 PP 1.86
311 23 0.164 P 2.04 0139 PP 2.39
311 24 0.087  PI 2.61 0.073 Pl 3.10
411 21 0.488 PB 2.87 0516  PI 2.72
411 22 0.239 PI 2.06 0232 PP 2.12
411 23 0.101  PI 2.62 0.094  PI 2.80
411 24 0.058  PI 3.16 0.049  PI 3.67
111 31 1.020 PB 6.42 0.994  PI 6.62
111 32 0.983 PB 2.51 0921  PI 2.70
111_33 0.867 PP 1.64 0731 PP 1.95
111 34 0.683 PP 1.46 0528 PP 1.85
211 31 0.890 PB 5.51 0935 P 5.27
211 32 0.851 P 2.15 0.786 PP 2.31
211 33 0.674 PP 1.51 0511 PP 1.92
211 34 0.407 PP 1.63 0316 PP 2.03
311 31 0.674 PB 5.54 0.725 Pl 5.23
311 32 0.606 Pl 2.27 0551 PP 2.45
311 33 0.421 PP 1.75 0313 PP 2.24
311 34 0.243 PP 1.95 0182  PI 2.52
411 31 0546 PB 5.58 0580  PI 5.32
411 32 0.465 Pl 2.38 0.408  PI 2.65
411 33 0.268 Pl 2.15 0217  PI 2.58
411 34 0.162  PI 2.34 0124 P 3.00
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Table B-6 Analysis results ( 9 = 0)

FEA Proposed Method
Specimen | P./Py  Mode (us/L)n (%) | Pe/Py  Mode  (ua/L)n (%)
122 11 1.004 PB 2.34 0983 PP 2.44
122 12 0952 PP 0.98 0.815 PP 1.27
122 13 0.683 PP 0.94 0519 PP 1.31
122 14 0.374 PP 1.30 0317 PP 1.53
222 11 0.858 PB 2.21 0.909 PP 2.03
222 12 0.723 PP 1.04 0.613 PP 1.26
222 13 0.355 PP 1.26 0.305 PP 1.45
222 14 0.182 PP 1.67 0.167 PP 1.82
322 11 0.620 PB 2.48 0.690 PP 2.22
322 12 0.427 PP 1.35 0402 PP 1.43
322 13 0.196 PI 1.61 0181 PP 1.73
322 14 0.106  PI 2.02 0.096 PP 2.21
422 11 0.478 PB 2.66 0543 PP 2.35
422 12 0.271 PP 1.69 0292 PP 1.58
422 13 0.122  PI 2.03 0126 PP 1.97
422 14 0.069  PI 2.45 0.067 Pl 2.54
122 21 1.014 PB 6.09 0.996  PI 6.22
122 22 0.991 PB 2.35 0.949 PP 2.46
122 23 0.941 PP 1.42 0.811 PP 1.66
122 24 0.804 PP 1.17 0.634 PP 1.48
222 21 0.868 PB 5.27 0941 P 4.88
222 22 0.820 PB 2.08 0.844 PP 2.03
222 23 0.777 PP 1.25 0.621 PP 1.52
222 24 0.552 PP 1.18 0418 PP 1.50
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Table B-6 Analysis results ( 9 = 0)

FEA Proposed Method
Specimen | P./Py  Mode (us/L)n (%) | Pe/Py  Mode  (ua/L)n (%)
322 21 0.638 PB 5.40 0.733  PI 4.81
32222 0589 PB 2.16 0.621 PP 2.07
32223 0.483 PP 1.45 0412 PP 1.66
322 24 0.325 PP 1.42 0.258 PP 1.73
422 21 0.498 PB 5.58 0587 Pl 4.88
422 22 0473 PB 2.18 0478 PP 2.16
422 23 0.330 PP 1.68 0.298 PP 1.83
422 24 0.209 PI 1.74 0182 PP 1.97
122 31 1.025 PB 15.04 0.999  PI 15.35
122 32 1.004 PB 5.74 0.987  PI 5.81
122 33 0.988 PB 3.32 0.946  PI 3.43
122 34 0.952  PI 2.39 0.873 Pl 2.56
222 31 0.880 PB 12.54 0.950  PI 11.87
222 32 0.847 PB 4.83 0.924  PI 4.54
222 33 0.891 PB 2.66 0.842  PI 2.77
222 34 0.867 PP 1.90 0717 PP 2.18
322 31 0.659 PB 12.26 0.750 Pl 11.19
322 32 0.637 PB 4.71 0.716  PI 4.33
322 33 0.642 PB 2.68 0.619  PI 2.74
322 34 0.622 P 1.92 0492 PP 2.27
422 31 0526 PB 12.32 0.609 P 11.09
422 32 0533 PB 4.58 0572 P 4.35
422 33 0531 PB 2.62 0474 P 2.85
422 34 0.452 PP 2.07 0360 PP 2.46
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Table B-6 Analysis results ( 9 = 0)

FEA Proposed Method
Specimen | P./Py  Mode (us/L)n (%) | Pe/Py  Mode  (ua/L)n (%)
133 11 1.007 PB 3.20 0.991  PI 3.28
133 12 0979 PP 1.26 0.895 PP 1.44
133 13 0.848 PP 0.89 0.667 PP 1.20
133_14 0.661 SP -0.37 0455 PP 1.27
233 11 0.861 PB 2.90 0.930  PI 2.64
233 12 0.797 PP 1.19 0.744 PP 1.29
233 13 0569 PP 0.97 0448 PP 1.22
233 14 0.302 PP 1.24 0.266 PP 1.40
333 11 0.625 PB 3.14 0.717  PI 2.75
333 12 0.550 PP 1.33 0.524 PP 1.39
33313 0.312 PP 1.28 0.283 PP 1.39
333 14 0.179 PP 1.49 0.160 PP 1.65
433 11 0.485 PB 3.31 0571 P 2.86
433 12 0.407 PP 1.45 0394 PP 1.49
433 13 0.191  PI 1.63 0.202 PP 1.55
433 14 0.118 PI 1.80 0113 PP 1.87
133 21 1.013 SP 0.10 0.998  PI 8.53
133 22 0.997 PB 3.20 0975  PI 3.27
133 23 0977 PP 1.87 0.898 PP 2.02
133 24 0923 PP 1.38 0.777 PP 1.61
233 21 0.867 PB 7.12 0.946  PI 6.62
233 22 0.825 PB 2.78 0.898 Pl 2.59
233 23 0.851 PP 1.55 0.757 PP 1.71
233 24 0.763 PP 1.19 0583 PP 1.48

-199 -



Table B-6 Analysis results ( 9 = 0)

FEA Proposed Method
Specimen | P./Py  Mode (us/L)n (%) | Pe/Py  Mode  (ua/L)n (%)
333 21 0.636 PB 7.18 0.742 P 6.38
333 22 0.600 PB 2.82 0.684 Pl 2.55
333 23 0587 PP 1.64 0537 PP 1.75
333 24 0.496 PP 1.31 0.385 PP 1.60
433 21 0499 PB 7.35 0597 P 6.40
433 22 0497 PB 2.76 0539 P 2.60
433 23 0.469 PP 1.65 0404 PP 1.86
433 24 0.326 PP 1.55 0.278 PP 1.77
133 31 1.017 PB 20.89 1.000 P 21.16
133 32 1.005 PB 7.90 0.994  PI 7.97
133 33 0.998 PB 4.54 0974  PI 4.62
133_34 0.980 PB 3.22 0937  PI 3.32
233 31 0.877 PB 17.17 0952 P 16.26
233 32 0.837 PB 6.64 0.940  PI 6.15
233 33 0.887 PB 3.65 0.899  PI 3.62
233 34 0.930 PB 2.48 0.826 Pl 2.68
333 31 0.653 PB 16.68 0.754 Pl 15.15
333 32 0.627 PB 6.43 0.738 Pl 5.76
333 33 0.644 PB 3.61 0.687 Pl 3.46
333 34 0.654 PB 2.50 0.605  PI 2.64
433 31 0518 PB 16.79 0.613  PI 14.92
433 32 0532 PB 6.18 0595 Pl 5.71
433 33 0554 PB 3.43 0541 P 3.49
433 34 0527 PB 2.49 0461  PI 2.74
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Table B-7 Analysis results ( fg = 0.2)

FEA Proposed Method
Specimen | P./Py  Mode (us/L)n (%) | Pe/Py  Mode  (ua/L)n (%)
111 11 0.719 Sl -0.73 0.716  SP -0.75
111 12 0.317 SP -1.71 0335  SP -1.59
111 13 0.127 Sl -2.86 0131 SP -2.75
111 14 0.066 Sl -3.95 0.067  SP -3.91
211 11 0511 SP -1.20 0579  SP -0.90
211 12 0.159  SP -2.30 0.164  SP -2.21
211 13 0.058 Sl -3.83 0057 SP -3.87
211 14 0.029  SI -5.46 0028  SP -5.54
311 11 0444  SP -1.06 0415  SP -1.19
311_12 0.098 SP -2.65 0.088  SP -2.97
311_13 0033 Sl -4.66 0029 SP -5.26
311 14 0.017 Sl -6.51 0.014  SP -7.54
411 11 0453 PP 1.94 0323 SP -1.35
411 12 0.078  SP -2.63 0057 SP -3.61
411 13 0.024 Sl -5.00 0.019 SP -6.44
411 14 0.012 Sl -7.32 0009  SP -9.25
111 21 0.790 Sl -0.43 0.770  SP -0.54
111 22 0587 SP -0.72 0551  SP -0.85
111 23 0321 SP -1.28 0.284  SP -1.52
111 24 0176 Sl -1.92 0.155  SP -2.21
211 21 0.724  SP -0.49 0717  SP -0.52
211 22 0418 SP -0.90 0.367  SP -1.12
211 23 0175 SP -1.71 0.149  SP -2.07
211 24 0.090 Sl -2.52 0076  SP -3.01
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Table B-7 Analysis results ( fg = 0.2)

FEA Proposed Method
Specimen | P./Py  Mode (us/L)n (%) | Pe/Py  Mode  (ua/L)n (%)
311 21 0.671 PB 2.97 0.637  SP -0.60
311 22 0.327 SP -0.95 0.243  SP -1.42
311 23 0112 SP -2.04 0.086  SP -2.69
311 24 0.055 Sl -3.02 0043  SP -3.93
411 21 0528 PB 3.11 0578 Pl 2.86
411 22 0.308 PP 1.92 0.180  SP -1.66
411 23 0.086 Sl -2.18 0.059  SP -3.22
411 24 0.041  SI -3.29 0.029  SP -4.74
111 31 0.854  SI 0.03 0790 SP -0.50
111 32 0.772  SP -0.25 0.707  SP -0.49
111_33 0.617 SP -0.51 0517  SP -0.84
111 34 0433 SP -0.86 0.343  SP -1.28
211 31 0.840  SP -0.01 0773  SP -0.38
211 32 0.699 SP -0.32 0.606  SP -0.60
211 33 0437 SP -0.78 0.347  SP -1.17
211 34 0.253  SP -1.30 0197 SP -1.79
311 31 0.726 PB 5.97 0.745  SP -0.38
311 32 0.692 PP 2.33 0512  SP -0.71
311_33 0318 SP -0.99 0.236  SP -1.52
311 34 0.165 Sl -1.66 0122 SP -2.37
411 31 0596 PB 5.96 0.652  PI 5.55
411 32 0.540 PP 2.42 0457  SP -0.75
411 33 0.260  SP -1.10 0174  SP -1.84
411 34 0.124 Sl -1.92 0.086  SP -2.91
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Table B-7 Analysis results ( fg = 0.2)

FEA Proposed Method
Specimen | P./Py  Mode (us/L)n (%) | Pe/Py  Mode  (ua/L)n (%)
122 11 0.740 Sl -0.74 0777  SP -0.51
122 12 0495  SP -1.06 0597  SP -0.67
122 13 0.294 SP -1.41 0.336  SP -1.17
122 14 0171 SP -1.93 0190  SP -1.70
222 11 0.616  SP -0.96 0730  SP -0.46
222 12 0.384 SP -1.01 0428  SP -0.84
222 13 0175 SP -1.64 0.186  SP -1.52
222 14 0.093  SI -2.29 0.097 SP -2.22
322 11 0.644 PB 2.81 0.640  SP -0.58
322 12 0.320 SP -0.93 0299  SP -1.03
322 13 0.118 SP -1.80 0112  SP -1.91
322 14 0.060 Sl -2.59 0056  SP -2.80
422 11 0498 PB 2.99 0583  PI 2.57
422 12 0.354 PP 1.55 0232 SP -1.14
422 13 0.096  SP -1.81 0.079  SP -2.22
422 14 0.046 Sl -2.76 0039 SP -3.28
122 21 0.792 Sl -0.47 0.794  SP -0.45
122 22 0.690 SP -0.54 0737  SP -0.36
122 23 0583 SP -0.59 0.593  SP -0.56
122 24 0447  SP -0.77 0430 SP -0.83
222 21 0.749  SP -0.51 0.777  SP -0.35
222 22 0.652  SP -0.43 0.664  SP -0.40
222 23 0456  SP -0.68 0440  SP -0.73
222 24 0.295 SP -0.99 0.270  SP -1.12
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Table B-7 Analysis results ( fg = 0.2)

FEA Proposed Method
Specimen | P./Py  Mode (us/L)n (%) | Pe/Py  Mode  (ua/L)n (%)
32221 0.663 PB 5.99 0741  SP -0.39
322 22 0.628 Pl 2.36 0593  SP -0.44
32223 0.366  SP -0.74 0329 SP -0.88
322 24 0.202 SP -1.22 0179  SP -1.41
422 21 0525 PB 6.14 0.628  PI 5.30
422 22 0.508 Pl 2.37 0.524 PP 2.31
422 23 0.404 PP 1.64 0.267  SP -0.99
422 24 0.160 SP -1.34 0133 SP -1.66
122 31 0.832 I 0.00 0798  SP -0.48
122 32 0.770  SP -0.34 0782  SP -0.27
122 33 0.726  SP -0.35 0734  SP -0.32
122 34 0.681  SP -0.37 0.656  SP -0.44
222 31 0.800 Sl -0.24 0793 SP -0.32
222 32 0.764  SP -0.23 0.760  SP -0.25
222 33 0.685  SP -0.33 0.666  SP -0.39
222 34 0584  SP -0.46 0535  SP -0.60
322 31 0.702 PB 13.25 0.781  SP -0.31
322 32 0.685 PB 5.06 0738  SP -0.25
322 33 0.633 SP -0.37 0.608  SP -0.43
322 34 0474  SP -0.62 0438  SP -0.74
422 31 0572 PB 13.18 0.668  PI 11.76
422 32 0571 PB 4.95 0.634 PI 4.58
422 33 0.606 Pl 2.71 0540  PI 2.95
422 34 0402 Sl -0.73 0377 SP -0.82
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Table B-7 Analysis results ( fg = 0.2)

FEA Proposed Method
Specimen | P./Py  Mode (us/L)n (%) | Pe/Py  Mode  (ua/L)n (%)
133 11 0.699 SP -1.08 0.787  SP -0.46
133 12 0562  SP -0.87 0678  SP -0.46
133 13 0.389 SP -1.04 0459  SP -0.78
133_14 0.250 SP -1.37 0.287  SP -1.14
233 11 0.658  SP -0.84 0.756  SP -0.38
233 12 0498 SP -0.70 0553  SP -0.55
233 13 0.274  SP -1.08 0290 SP -1.00
233 14 0.156  SP -1.51 0159  SP -1.47
333 11 0.643 PB 3.57 0.687  SP -0.47
333 12 0.585 PP 1.46 0439  SP -0.64
333 13 0.200 SP -1.16 0192 SP -1.22
333 14 0102 SP -1.76 0.098  SP -1.83
433 11 0502 PB 3.73 0.602  PI 3.16
433 12 0.463 PP 1.51 0382 SP -0.65
433 13 0181 SP -1.05 0.143  SP -1.39
433 14 0.079  SP -1.87 0.070  SP -2.12
133 21 0.772  SP -0.69 0.797  SP -0.44
133 22 0.713 SP -0.50 0.767  SP -0.28
133 23 0.643 SP -0.48 0.682  SP -0.37
133 24 0544  SP -0.58 0560  SP -0.54
233 21 0.760  SP -0.49 0.785  SP -0.32
233 22 0.714 SP -0.31 0.726  SP -0.28
233 23 0.565  SP -0.48 0573  SP -0.46
233 24 0437 SP -0.63 0406  SP -0.72
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Table B-7 Analysis results ( fg = 0.2)

FEA Proposed Method
Specimen | P./Py  Mode (us/L)n (%) | Pe/Py  Mode  (ua/L)n (%)
333 21 0.663 PB 7.94 0.758  SP -0.35
333 22 0.634 PB 3.08 0.683  SP -0.29
333 23 0.642 PP 1.74 0486  SP -0.53
333 24 0324 SP -0.79 0301 SP -0.88
433 21 0523 PB 8.12 0.633 P 6.98
433 22 0532 PB 3.00 0578  PI 2.81
433 23 0519 PP 1.75 0447 PP 1.97
433 24 0.277 SP -0.82 0.242  SP -0.99
133 31 0.810 SP -0.28 0.799  SP -0.47
133 32 0.774  SP -0.35 0791  SP -0.23
133 _33 0.749  SP -0.31 0.766  SP -0.23
133 34 0.710  SP -0.34 0723  SP -0.30
233 31 0799  SP -0.26 0795  SP -0.31
233 32 0.778  SP -0.20 0.779  SP -0.19
233 33 0735  SP -0.24 0.730  SP -0.26
233 34 0.666  SP -0.34 0.649  SP -0.38
333 31 0.696 PB 18.03 0.787  SP -0.29
333 32 0678 PB 6.89 0.767  SP -0.19
333 33 0716  PI 3.79 0.700  SP -0.27
333 34 0595  SP -0.42 0588  SP -0.43
433 31 0564 PB 17.95 0.669  PI 15.88
433 32 0582 PB 6.58 0.653 Pl 6.06
433 33 0.627 Pl 3.56 0.602  PI 3.67
433 34 0.600 PP 2.57 0525 Pl 2.84

- 206 -



Table B-8 Analysis results ( fq = 0.4)

FEA Proposed Method
Specimen | P./Py  Mode (us/L)n (%) | Pc/Py  Mode  (ua/L)n (%)
111 11 0546 Sl -1.00 0519  SP -1.17
111 12 0.167 Sl -2.71 0.225  SP -1.89
111 13 0.061 Sl -4.59 0.087  SP -3.13
111 14 0.031 Sl -6.41 0.044  SP -4.43
211 11 0.309 Sl -1.89 0400  SP -1.22
211 12 0.065 Sl -4.39 0.108  SP -2.57
211 13 0.023 Sl -7.33 0.037  SP -4.44
211 14 0.012 Sl -10.14 0019  SP -6.35
311 11 0.182  SI -2.57 0.257  SP -1.66
311 12 0.037 Sl -5.45 0.053  SP -3.71
311_13 0013 Sl -9.01 0.018  SP -6.47
311 14 0.007 Sl -12.41 0.009  SP -9.26
411 11 0.147 Sl -2.56 0.180  SP -2.02
411 12 0.028 Sl -5.57 0.033  SP -4.79
411 13 0.009  SI -9.75 0.011  SP -8.42
411 14 0.005 Sl -13.76 0.005  SP -12.06
111 21 0.605 Sl -0.70 0569  SP -0.96
111 22 0.308 Sl -1.60 0382  SP -1.10
111_23 0.161 Sl -2.18 0190  SP -1.78
111 24 0.091  SI -2.91 0103  SP -2.53
211 21 0.445 Sl -1.25 0517  SP -0.80
211 22 0.217 Sl -1.62 0.245  SP -1.37
211 23 0.093  SI -2.52 0.098  SP -2.40
211 24 0.049  SI -3.55 0.050  SP -3.45
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Table B-8 Analysis results ( fq = 0.4)

FEA Proposed Method
Specimen | P./Py  Mode (us/L)n (%) | Pc/Py  Mode  (ua/L)n (%)
311 21 0420 SP -0.99 0430  SP -0.94
311 22 0.161 Sl -1.68 0151  SP -1.81
311_23 0.062 Sl -2.81 0.054  SP -3.24
311 24 0.031 Sl -4.01 0.027  SP -4.69
411 21 0.440  SP -0.69 0377  SP -0.99
411 22 0.140 Sl -1.60 0.106  SP -2.20
411 23 0.048 Sl -3.01 0.036  SP -4.00
411 24 0.024 Sl -4.28 0018  SP -5.80
111 31 0.666 Sl -0.16 0590  SP -0.95
111 32 0514 SP -0.71 0511  SP -0.73
111_33 0.380 SP -0.94 0357  SP -1.07
111 34 0.251 SP -1.35 0231  SP -1.52
211 31 0585 Sl -0.56 0571  SP -0.67
211 32 0449  SP -0.69 0423  SP -0.81
211 33 0.268  SP -1.14 0232  SP -1.42
211 34 0.156 Sl -1.68 0130  SP -2.09
311 31 0578  SI -0.41 0535  SP -0.67
311 32 0401  SP -0.67 0332  SP -1.01
311 33 0192 SP -1.37 0150  SP -1.89
311 34 0.104 Sl -2.05 0078  SP -2.83
411 31 0.602  SP -0.21 0515  SP -0.64
411 32 0.382 SP -0.61 0.270  SP -1.18
411 33 0.154  SI -1.51 0.107  SP -2.34
411 34 0.079  SI -2.31 0.054  SP -3.52
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Table B-8 Analysis results ( fq = 0.4)

FEA Proposed Method
Specimen | P./Py  Mode (us/L)n (%) | Pc/Py  Mode  (ua/L)n (%)
122 11 0562 Sl -1.03 0576  SP -0.92
122 12 0219 Sl -2.55 0419  SP -0.90
122 13 0.107 Sl -3.39 0.226  SP -1.40
122 14 0.062 Sl -4.24 0127  SP -1.96
222 11 0371  SI -1.82 0529  SP -0.74
222 12 0.156 Sl -2.36 0.287  SP -1.05
222 13 0.071  SI -3.24 0122  SP -1.78
222 14 0.039  SI -4.29 0.063  SP -2.55
322 11 0.303 Sl -1.79 0434  SP -0.89
322 12 0129  SI -2.08 0184  SP -1.35
322 13 0.051  SI -3.24 0.070  SP -2.35
322 14 0.027 Sl -4.41 0.035  SP -3.38
422 11 0.314 SP -1.33 0379  SP -0.94
422 12 0121 Sl -1.79 0133  SP -1.59
422 13 0.044  SI -3.08 0.047  SP -2.83
422 14 0.021 Sl -4.50 0.023  SP -4.11
122 21 0.605 Sl -0.75 0593  SP -0.88
122 22 0416 Sl -1.28 0538  SP -0.57
122 23 0.328 SP -1.19 0416  SP -0.74
122 24 0.239 SP -1.39 0292  SP -1.02
222 21 0.500 Sl -1.23 0575  SP -0.61
222 22 0.393 SP -0.92 0471  SP -0.57
222 23 0.260  SP -1.13 0.297  SP -0.91
222 24 0.164 SP -1.49 0179  SP -1.34
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Table B-8 Analysis results ( fq = 0.4)

FEA Proposed Method
Specimen | P./Py  Mode (us/L)n (%) | Pc/Py  Mode  (ua/L)n (%)
322 21 0497 Sl -0.88 0534  SP -0.65
322 22 0.365 SP -0.78 0392  SP -0.67
32223 0.204 SP -1.18 0.207  SP -1.16
322 24 0.116 Sl -1.69 0113  SP -1.74
422 21 0528  SP -0.54 0512  SP -0.61
422 22 0.371  SP -0.61 0.343  SP -0.72
422 23 0173 SP -1.21 0157  SP -1.37
422 24 0.092  SI -1.82 0.082  SP -2.08
122 31 0.639 Sl -0.21 0598  SP -0.95
122 32 0539  SI -0.82 0581  SP -0.48
122 33 0497 SP -0.68 0536  SP -0.48
122 34 0446  SP -0.70 0467  SP -0.61
222 31 0587  SI -0.67 0591  SP -0.61
222 32 0530 Sl -0.56 0558  SP -0.40
222 33 0459  SP -0.60 0473  SP -0.54
222 34 0.371  SP -0.76 0.368  SP -0.78
322 31 0577 Sl -0.55 0576  SP -0.56
322 32 0513 SP -0.49 0527  SP -0.42
322 33 0402  SP -0.67 0407  SP -0.65
322 34 0293 SP -0.93 0.281  SP -1.00
422 31 0587 Sl -0.34 0570  SP -0.50
422 32 0.508  SP -0.42 0507  SP -0.42
422 33 0.368  SP -0.69 0357  SP -0.74
422 34 0.245  SP -1.05 0.224  SP -1.22

- 210 -



Table B-8 Analysis results ( fq = 0.4)

FEA Proposed Method
Specimen | P./Py  Mode (us/L)n (%) | Pc/Py  Mode  (ua/L)n (%)
133 11 0419 SP -2.61 0.586  SP -0.86
133 12 0.250 SP -2.38 0486  SP -0.67
133 13 0.148 Sl -2.63 0313  SP -0.96
133_14 0.093 Sl -3.13 0192  SP -1.34
233 11 0.381 SP -1.92 0554  SP -0.65
233 12 0.224 SP -1.71 0.380  SP -0.72
233 13 0.114 Sl -2.23 0192  SP -1.19
233 14 0.066 Sl -2.83 0.105  SP -1.72
333 11 0362 SP -1.49 0480  SP -0.75
333 12 0.204 SP -1.38 0276  SP -0.89
333 13 0.090 Sl -2.11 0119  SP -1.53
333 14 0.047 Sl -2.98 0.062  SP -2.22
433 11 0395 SP -0.98 0438  SP -0.76
433 12 0.207 SP -1.08 0.218  SP -1.01
433 13 0075 Sl -2.07 0.085  SP -1.81
433 14 0.037 Sl -3.06 0.043  SP -2.65
133 21 0536  SP -1.69 0596  SP -0.86
133 22 0455  SP -1.16 0566  SP -0.47
133 23 0.387 SP -1.01 0489  SP -0.53
133 24 0.301 SP -1.15 0390  SP -0.69
233 21 0516 SP -1.23 0584  SP -0.58
233 22 0450 SP -0.76 0525  SP -0.42
233 23 0342 SP -0.85 0397  SP -0.61
233 24 0.239 SP -1.09 0272  SP -0.89
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Table B-8 Analysis results ( fq = 0.4)

FEA Proposed Method
Specimen | P./Py  Mode (us/L)n (%) | Pc/Py  Mode  (ua/L)n (%)
333 21 0522 SP -0.82 0553  SP -0.59
333 22 0442  SP -0.58 0471  SP -0.47
333 23 0.288  SP -0.86 0311  SP -0.75
333 24 0.183 SP -1.19 0190  SP -1.14
433 21 0548  SP -0.50 0538  SP -0.55
433 22 0490 SP -0.33 0440  SP -0.48
433 23 0272 SP -0.78 0.257  SP -0.86
433 24 0.147 SP -1.32 0.145  SP -1.35
133 31 0594  SP -1.05 0599  SP -0.94
133 32 0549  SP -0.83 0590  SP -0.43
133 _33 0522 SP -0.65 0.566  SP -0.38
133_34 0483 SP -0.65 0526  SP -0.44
233 31 0585  SP -0.75 0594  SP -0.59
233 32 0548  SP -0.53 0577  SP -0.33
233 33 0501 SP -0.52 0530  SP -0.38
233 34 0431 SP -0.64 0459  SP -0.52
333 31 0575 SP -0.65 0583  SP -0.53
333 32 0546  SP -0.40 0558  SP -0.33
333 33 0470  SP -0.51 0488  SP -0.44
333 34 0382 SP -0.68 0391  SP -0.64
433 31 0585  SP -0.40 0579  SP -0.47
433 32 0559  SP -0.27 0548  SP -0.31
433 33 0459  SP -0.46 0459  SP -0.47
433 34 0333 SP -0.79 0.340  SP -0.75
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311_24
A4 3 *
Fourth value of the B presented in Table B-1

Second value of the B;presented in Table B-1

First value of the B;presented in Table B-1

First value of the B,presented in Table B-1

Third value of the B, presented in Table B-1

Examples: Name B, B, B, Bs B
31124 2.0 0.17 0.17 0.15 1.0
233_12 1.28 1.5 0.9 0.075 0.4

Figure B-1 Panel naming convention
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Figure B-2 Sample plate induced plastic hinging mode (0 < (u3/L)H < 1%)

(Panel 122_12, fiy=-0.4, (u3/L), = 0.008)
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Figure B-3 Sample plate induced plastic hinging mode (1% < (uz/L),, <2.5%)

(Panel 311_33, By=-0.2, (u3/L),, = 0.018)
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Figure B-4 Sample plate induced plastic hinging mode ((u3/L)H > 2.5%)
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Figure B-5 Sample plate buckling mode (1% < (u3/L)H < 2.5%)
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Figure B-6 Sample plate induced overall buckling mode ((uz/L),, > 2.5%)
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Figure B-7 Sample stiffener induced plastic hinge mode (1% < (uz/L),, <0)

(Panel 122_23, B3=0.2, (u3/L),, = -0.006)
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Figure B-8 Sample stiffener induced plastic hinge mode (—2% < (u3/L)H <-1%)

(Panel 122_12, B3=0.2, (u3/L),, = -0.011)
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Figure B-9 Sample stiffener induced plastic hinge mode ((u3/L)H < -2%)
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(e) Extend of yielding in the end of the analysis
(Panel 111_21, B3=0.2, (u3/L),

Figure B-10 Sample stiffener induced overall buckling mode (—1%< (u3 / L)H <0)
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Figure B-12 Sample stiffener induced overall buckling mode ((u3/L)H < -2%)

(Panel 122_12, fiy= 0.4, (u3/L),, =-0.026)
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APPENDIX C

COMPARISON OF FINITE ELEMENT ANALYSIS RESULTS
UNDER DIFFERENT BOUNDARY CONDITIONS
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The finite element analysis was conducted with two different boundary conditions:
one was fully restrained laterally along both unloaded edges of the panel plate and
the other was free to expand laterally. The 720 models described in Table B-1
were run with each of these two boundary conditions. The results for boundary
condition that has the unloaded edges free to translate in the transverse direction
were presented in Appendix B. The results for boundary condition that has the
unloaded edges fully restrained in the transverse direction are presented in Table
C-1. Comparisons between the results for the two boundary conditions are shown
in Figures C-1 to C-5 by load case. The comparisons for all the five load cases are
shown in Figure C-6. Results of the two panels, panels 122 11 and 122_12, under
boundary condition that has the unloaded edges fully restrained in the transverse

direction and Sy = 0.4 are missing because the two panels had convergence

problem in the finite element analysis.
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Table C-1 Finite element analysis results, PC/Py , for plates with unloaded

edges fully restrained laterally in the plane of the plate

Specimen Sy =-04  pg=-02 By =0 By =0.2 Py =04
111 11 0.921 1.022 1.080 0.730 0.549
111_12 0.222 0.487 1.103 0.314 0.167
111_13 0.067 0.144 0.271 0.126 0.061
111 14 0.032 0.068 0.134 0.066 0.031
211 11 0.548 0.736 0.819 0.510 0.309
211_12 0.075 0.187 0.333 0.158 0.066
211_13 0.024 0.059 0.116 0.058 0.024
211_14 0.012 0.029 0.058 0.029 0.012
311_11 0.277 0.440 0.552 0.439 0.183
311_12 0.038 0.095 0.167 0.101 0.040
311_13 0.013 0.033 0.063 0.035 0.015
311_14 0.006 0.017 0.033 0.018 0.008
411_11 0.172 0.301 0.388 0.458 0.149
411_12 0.028 0.063 0.106 0.084 0.033
411_13 0.010 0.024 0.043 0.027 0.012
411_14 0.005 0.012 0.023 0.013 0.006
111 21 1.010 1.055 1.100 0.794 0.609
111_22 0.794 0.937 1.027 0.578 0.307
111_23 0.256 0.451 0.628 0.314 0.162
111 24 0.107 0.211 0.321 0.174 0.091
211 21 0.778 0.826 0.870 0.716 0.445
211_22 0.385 0.549 0.685 0.408 0.218
211_23 0.108 0.199 0.307 0.175 0.094
211_24 0.050 0.097 0.156 0.090 0.049
311_21 0.549 0.588 0.627 0.671 0.418
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Table C-1 Finite element analysis results, PC/Py , for plates with unloaded

edges fully restrained laterally in the plane of the plate

Specimen Sy =-04  pg=-02 By =0 By =0.2 Py =04
311_22 0.182 0.295 0.394 0.332 0.165
311_23 0.062 0.113 0.171 0.114 0.064
311_24 0.031 0.057 0.090 0.056 0.032
411 21 0.413 0.453 0.489 0.531 0.441
411_22 0.116 0.189 0.261 0.329 0.145
411_23 0.044 0.078 0.116 0.088 0.050
411_24 0.022 0.040 0.063 0.043 0.026
111 31 1.002 1.055 1.103 0.855 0.668
111_32 0.966 1.035 1.109 0.764 0.511
111_33 0.784 0.883 0.991 0.604 0.377
111 34 0.463 0.615 0.738 0.423 0.252
211 31 0.791 0.845 0.897 0.819 0.584
211_32 0.722 0.786 0.866 0.691 0.446
211_33 0.448 0.588 0.726 0.430 0.267
211_34 0.208 0.304 0.429 0.249 0.157
311_31 0.572 0.627 0.679 0.729 0.577
311_32 0.485 0.547 0.622 0.705 0.402
311_33 0.231 0.332 0.442 0.319 0.194
311_34 0.115 0.180 0.250 0.166 0.106
411_31 0.444 0.496 0.544 0.598 0.588
411_32 0.344 0.419 0.485 0.557 0.389
411_33 0.152 0.222 0.302 0.256 0.155
411_34 0.081 0.125 0.174 0.126 0.080
122_11 1.038 1.066 1.035 0.747 #N/A
122_12 0.822 0.985 1.064 0.491 #N/A
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Table C-1 Finite element analysis results, PC/Py , for plates with unloaded

edges fully restrained laterally in the plane of the plate

Specimen Sy =-04  pg=-02 By =0 By =0.2 Py =04
122_13 0.198 0.505 0.618 0.289 0.107
122 _14 0.077 0.222 0.352 0.169 0.062
222_11 0.812 0.838 0.863 0.612 0.371
222_12 0.388 0.616 0.737 0.379 0.156
222_13 0.087 0.218 0.359 0.174 0.072
222_14 0.039 0.103 0.182 0.094 0.039
322_11 0.572 0.594 0.619 0.642 0.303
322_12 0.178 0.341 0.447 0.327 0.133
322_13 0.054 0.124 0.203 0.122 0.054
322_14 0.026 0.063 0.109 0.062 0.028
422 11 0.434 0.456 0.478 0.498 0.314
422 12 0.113 0.215 0.304 0.374 0.127
422 13 0.041 0.087 0.139 0.099 0.047
422_14 0.020 0.044 0.076 0.048 0.023
122_21 1.033 1.065 1.027 0.795 0.606
122_22 1.021 1.059 1.029 0.685 0.415
122_23 0.945 1.008 1.079 0.557 0.326
122 24 0.610 0.780 0.734 0.435 0.237
222 21 0.811 0.842 0.873 0.746 0.500
222_22 0.736 0.775 0.819 0.635 0.390
222_23 0.589 0.713 0.789 0.454 0.258
222_24 0.260 0.426 0.517 0.290 0.163
322_21 0.577 0.607 0.636 0.665 0.494
322_22 0.524 0.565 0.601 0.642 0.369
322_23 0.299 0.424 0.529 0.370 0.207
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Table C-1 Finite element analysis results, PC/Py , for plates with unloaded

edges fully restrained laterally in the plane of the plate

Specimen Sy =-04  pg=-02 By =0 By =0.2 Py =04
322_24 0.145 0.240 0.336 0.203 0.120
422 21 0.444 0.472 0.498 0.526 0.524
422_22 0.410 0.455 0.485 0.529 0.384
422_23 0.194 0.289 0.381 0.335 0.177
422_24 0.102 0.164 0.234 0.161 0.095
122_31 1.003 1.051 1.030 0.833 0.640
122_32 1.003 1.053 1.023 0.768 0.537
122_33 0.998 1.056 1.020 0.715 0.496
122 _34 0.944 1.016 1.012 0.670 0.442
222_31 0.789 0.837 0.883 0.799 0.587
222_32 0.732 0.785 0.837 0.758 0.530
222_33 0.756 0.815 0.878 0.676 0.454
222_34 0.727 0.802 0.890 0.571 0.368
322_31 0.563 0.610 0.658 0.703 0.576
322_32 0.541 0.589 0.644 0.695 0.517
322_33 0.573 0.631 0.698 0.638 0.407
322_34 0.510 0.597 0.683 0.475 0.299
422_31 0.434 0.479 0.527 0.568 0.588
422_32 0.440 0.493 0.540 0.580 0.520
422_33 0.484 0.541 0.598 0.742 0.378
422_34 0.370 0.444 0.532 0.412 0.255
133_11 1.049 1.072 1.019 0.700 0.426
133_12 1.019 1.055 1.018 0.557 0.250
133_13 0.518 0.786 0.663 0.382 0.147
133 14 0.169 0.390 0.509 0.246 0.093
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Table C-1 Finite element analysis results, PC/Py , for plates with unloaded

edges fully restrained laterally in the plane of the plate

Specimen Sy =-04  pg=-02 By =0 By =0.2 Py =04
233_11 0.823 0.844 0.865 0.653 0.381
233_12 0.687 0.758 0.797 0.491 0.225
233_13 0.203 0.411 0.565 0.273 0.115
233_14 0.084 0.193 0.296 0.155 0.067
333_11 0.581 0.604 0.624 0.642 0.364
333_12 0.366 0.487 0.568 0.604 0.208
333_13 0.116 0.222 0.326 0.204 0.093
333_14 0.054 0.113 0.183 0.104 0.049
433_11 0.447 0.467 0.485 0.502 0.404
433_12 0.224 0.353 0.423 0.480 0.216
433_13 0.081 0.150 0.224 0.174 0.080
433_14 0.041 0.082 0.129 0.082 0.041
133_21 1.038 1.067 1.019 0.775 0.526
133_22 1.036 1.070 1.009 0.711 0.453
133_23 1.022 1.064 0.971 0.635 0.384
133 24 0.898 0.987 0.834 0.534 0.298
233_21 0.816 0.844 0.872 0.740 0.514
233_22 0.754 0.788 0.818 0.698 0.445
233_23 0.752 0.796 0.842 0.571 0.340
233_24 0.539 0.693 0.744 0.422 0.241
333_21 0.581 0.608 0.635 0.662 0.520
333_22 0.546 0.572 0.608 0.643 0.445
333_23 0.512 0.599 0.647 0.548 0.298
333_24 0.292 0.436 0.546 0.325 0.186
433_21 0.447 0.474 0.499 0.524 0.547
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Table C-1 Finite element analysis results, PC/Py , for plates with unloaded

edges fully restrained laterally in the plane of the plate

Specimen Sy =-04  pg=-02 By =0 By =0.2 Py =04
433_22 0.443 0.476 0.510 0.544 0.483
433_23 0.373 0.466 0.539 0.597 0.268
433_24 0.199 0.304 0.392 0.270 0.150
133_31 1.004 1.051 1.024 0.810 0.595
133_32 1.008 1.056 1.011 0.772 0.548
133_33 1.019 1.071 1.004 0.746 0.519
133_34 0.999 1.057 0.981 0.706 0.477
233_31 0.789 0.835 0.880 0.798 0.585
233_32 0.734 0.781 0.826 0.775 0.547
233_33 0.766 0.824 0.878 0.729 0.499
233_34 0.795 0.851 0.917 0.661 0.435
333_31 0.560 0.606 0.652 0.696 0.578
333_32 0.538 0.579 0.632 0.684 0.547
333_33 0.610 0.660 0.716 0.775 0.476
333_34 0.618 0.682 0.749 0.598 0.386
433_31 0.430 0.473 0.519 0.564 0.585
433_32 0.442 0.492 0.543 0.590 0.562
433_33 0.521 0.589 0.641 0.702 0.461
433_34 0.452 0.519 0.594 0.561 0.344
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APPENDIX D

VIRTUAL WORK MODEL FOR PLASTIC HINGE
MECHANISMS
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For most stiffened plate proportions currently used in engineering practice, the
plate area is usually larger than the stiffener area. The investigation presented in

this report used a stiffener to plate area ratio (5;) ranging from 0.075 to 0.3.

Therefore, the plastic neutral axis for the pure bending loading condition is
located in the plate. For a plastic hinge with the plate outer surface in flexural
compression (plate induced plastic hinge), the portion of the cross-section in
compression will extend from the plate outer surface to the pure bending P.N.A. If
an axial compression force is superimposed to the bending moment, the portion of
the cross-section in compression will be larger than the tension portion, and the
P.N.A can be anywhere above the pure bending P.N.A., including above the
flange of the stiffener (entire cross-section in compression). Therefore, three cases,
namely, the P.N.A. in the plate (between the pure bending P.N.A. and the plate to

web junction), the web, and the flange, will be analyzed respectively.

Similarly, when a stiffener induced plastic hinge is formed under flexure only, the
portion of the cross-section in compression is between the flange outer surface
and the pure bending P.N.A. If an axial compression force is superimposed to the
bending moment, the compression portion can spread to anywhere below the pure
bending P.N.A. Therefore, only one case needs to be analyzed, namely, the P.N.A.

in the plate only (between the pure bending P.N.A. and the plate outer surface).

A virtual work model will be established to predict the plastic hinge mechanism.
The case of plate induced plastic hinge with the P.N.A. in the plate will be first
considered. Figure D-1(b) illustrates the deformed shape at any instant after the
formation of a plastic hinge at midspan. The stiffened plate is subjected to the

axial load (P ) and the applied moment (M, ) at both ends. The applied moments

are defined positive when placing the stiffener flange in flexural compression.
This sign convention is consistent with the previous research (Sheikh et al., 2002,
2003). The direction of the end moments shown in Figure D-1 are consistent with
the deflected shape shown and are negative according to the sign convention. The
panel is simply supported and the left end support is free to translate in the span

direction. Because of the symmetry, the plastic hinge is expected to form at
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midspan. If the left end of the specimen is given a virtual displacement of Ju; as

shown in Figure D-1 (c), the two halves rotate by the same amount, the virtual
rotation, 68 . The virtual work done by the external force and moments is

External Work = P x du; - Z(M a X 56’) [D-1]

Assuming the member is not compressible axially, the end translation in the

longitudinal direction is:

Su, =2[acos@—acos(6 +50)|= 4asin[0+%)sin% [D-2]

where a is the chord distance between the end support and the midspan cross-
section; @ is the angle between the chord and the horizontal line. Since the virtual

rotation 66 is an infinitesimal deformation, the virtual displacement su; can be

approximated as:

ouy :4asin(¢9+%) (?j:z%xw [D-3]
where u, is the midspan deflection, taken as positive if towards the stiffener.
Substituting Equation [D-3] into Equation [D-1] yields

External Work = 2Puy x 56— 2M , x 50 = (Puz — M, x 250 [D-4]

The internal virtual work of a plastic hinge mechanism comes from the hinge

rotation as:

Internal Work =M, x 266 [D-5]

where M; is the internal moment about the centroid axis.

As shown in Figure D-1, the stress distribution of the midspan cross-section is
separated into two components to facilitate the derivation. The values of P and

M; can be found from the sum of the forces and moments about the centroid.

This gives
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P =—P, +2Fbt, [D-6]
M = 2Fybtl(zp —%) [D-7]

where t; is the thickness of the compression block in the plate. Solving for t;

from Equation [D-6] and then substituting the solution into Equation [D-7] there

comes out
Mi=(Py+P{zp—Py+PJ [D-8]
4F b
Equating the external work and the internal work gives
(Pus — M, Jx 260 = M; x 260 [D-9]
or simply
Puz — M, =M, [D-10]

Substituting oM, for M, and Equation [D-8] for M;, Equation [D-10]

becomes

M, (P P +P 2 .
u ZMJF 241z, -2 : isl——AS N.A in plate [D-11]
P P P A

or in nomalizd form

M P z. P +P
U _ Ao Pl L1 - — |, P?A Nain plate [D-12]
L PL P L 4FbL/ P, A

The above equations were derived considering the P.N.A. to be located in the
plate. The case where plate induced plastic hinge takes place with the P.N.A. in
the web will now be examined. Its original shape, deflected shape, and the virtual
displacements, can still be referred to Figure D-1 (a), (b), and (c), respectively. Its
stress distribution is shown in Figure D-2. The stress distribution is separated into

three components to facilitate the derivation. The values of P and M; can be

found from the sum of the forces and moments about the centroid. This gives
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P=P, -2F A; -2F t;t, [D-13]
t, t,
M; =2F A(| z, 5 +2F L, |z, —t; S [D-14]

where t, is the height of the tension block in the web. Solving for t, from

Equation [D-13] and then substituting the solution into Equation [D-14] there

comes out

t, P, —P—2F,A,
M, =2F A |z, -— |+(P, - P-2F A, t, - [D-15]
2 AFt,

Substituting SgM |, for M, and Equation [D-15] for M;, Equation [D-10]

becomes

BM 2F A, ( fJ ( j( -P Af]
u, = —t, - +—
P 2 t, 2t

1-5 < <1 ——f N.A. in web
A

[D-16]

or in nomalizd form,

u; SoMy 2F y A Py —2F Af Z tf Py-P A
L_PL P L2L LL4FtL2tL

— isl—— N.A in web
P A

[D-17]

Similar approach is used for the case with the P.N.A. in the flange, as displayed in
Figure D-3. The flange thickness is exaggerated in this figure to show the neutral

axis clearly. The values of P and M; can be found from the sum of the forces

and moments about the centroid. This gives

P =P, -2F,t,b, [D-18]

M, = 2F,t,b, [zs _%j [D-19]

- 240 -



where t5 is the thickness of the tension block in the flange. Solving for t; from

Equation [D-18] and then substituting the solution into Equation [D-19] there

comes out
Py —P
M; = (P, —P) z - [D-20]
4F by
Substituting SgM |, for M, and Equation [D-20] for M;, Equation [D-10]
becomes
M P P -P 2A
ugzﬂg Pyl L1z, -2 , P12 VA flange [D-21]
P P 4F b, P, A

or in nomalizd form,

M, (P P —P 2A
u_3:ﬂ9 Pl gDy , i21— L N.Ain flange [D-22]
L PL P P A

For stiffener induced plastic hinge mechanism, the P.N.A. can be located in the
plate only. Derivation process of its formula is almost the same as the processes
above for plate induced hinge, except that the internal moment and the deflection
are now in the opposite direction. The deformed shape and stress distribution for
stiffener induced plastic hinge are shown in Figure D-4. If the left end support of
the specimen is given a virtual displacement of su; (Figure D-4 (c)), the two

halves then have a virtual rotation by the same amount of 6&. The virtual work

done by the external force and moments is

External Work = P x sty +2(M 5 x 6 [D-23]
where
Su, =2[acos@—acos(6 +50)|= 4asin[6+%)sin% [D-24]

Since the virtual rotation 5@ is an infinitesimal deformation, the virtual

displacement du; can be approximated as:
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Su, = 2asin(¢9 +%j 56 = 2(-ug)s0 [D-25]

where u, is the midspan deflection and it is negative in Figure D-4 according to

the sign convention described before. Substitute Equation [D-25] into Equation
[D-23] gives:

External Work = 2P(—Ug)x 50+ 2M , x 50 = (- Pug + M, Jx 260 [D-26]

The internal virtual work of a plastic hinge mechanism comes from the hinge

rotation as:

Internal Work = M, x 266 [D-27]
The values of P and M; can be found from the sum of the forces and moments
about the centroid. This gives

P =P, —2F bt, [D-28]
M= 2Fybt4(zp —%j [D-29]

where t, is the thickness of the tension block in the plate. Solving for t, from

Equation [D-28] and then substituting the solution into Equation [D-29] there

comes out

P,-P
M=(P,-P)z,- et [D-30]
y

Equating the external work and the internal work gives
~Puz +M, = M; [D-31]
Substituting SgM |, for M, and Equation [D-30] for M;, Equation [D-31]

becomes

_ﬂ9Mp
U, = 5

P, P,-P . . —_
-1z, - , stiffener induced plastic hinge [D-32]
P AF b

y
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or in normalized form,

M P z, P -P
u_3=,39 P L1 -2-—2L—| stiffener induced plastic hinge [D-33]
L PL P L 4FbL

Equations [D-12], [D-17], [D-22], and [D-33] together present the complete
description of the plastic hinge mechanisms. They form the upper bound curve

shown in Chapter 2.

When the stress block used for the axial load is located in the plate, it is also
possible to derive more concise equations for the plastic hinge mechanisms, by
splitting the stress distribution in a different manner. The case of plate induced
plastic hinge with the P.N.A. in the plate will be first considered, as shown in
Figure D-5. The stress distribution is seperated into a flexural component and a
compression component. The compression component is indicated as the shaded
area in the plate. Since this area is a regular rectangle, the location of its resultant
force conincides with the pure bending P.N.A. The distance between this axis and

the centroid of the cross-section is denoted as d.. The resultant forces or
moments about the pure bending P.N.A. are
P =F,bt, [D-34]

. F,bt?
My =M, - [D-35]

where M'p is the reduced plastic moment about the pure bending P.N.A. due to
the axial load, and t. is the thickness of the stress block used by the axial
compression force. Solving for t, from Equation [D-34] and then substituting the

solution into Equation [D-35] there comes out

[D-36]
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And the internal moment about the centroid is

2
Misz+Pdc=Mp—%+Pdc [D-37]
y

Substituting SgM |, for M, and Equation [D-37] for M;, Equation [D-10]

becomes

1+ 8, M
L+ 5,) p P Eg _ZTAS N.A in plate [D-38]

u, =d, + - ,
P 4Fb’ P

y

or in normalized form,

1+ 8, M
u, d, +( 5s) p__ P ’ ig _2A N.A.in plate [D-39]
L L PL  4FpL’ P A

y

The expression of the axial force may also be obtained as below,

P =—2F,b(u, —d,) + 2|/ F0* (U, —d,)* + F b1+ £)M

[D-40]
Esl—z—As N.A.in plate
P A

y

or in normalized form,

P P

y y

P 2Fb(u-d,) +2\/Fy2b2(u3 —d.)°  Fbl+ S,
2 2
Py ¥ [D-41]
ﬂsl—Z—As N.A.in plate
P, A

Stiffener induced plastic hinge case is shown in Figure D-6. The resultant forces
and momoents of the two stress distribution components are the same as the
above Equations [D-34] and [D-35]. The internal moment is

: p?
Mi=M,-Pd, =M, -
4Fyb

_Pd, [D-42]
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Substituting SgM |, for M, and Equation [D-42] for M;, Equation [D-31]

becomes

U, =d, — + P , stiffener induced plastic hinge [D-43]
P 4F b

y

or in normalized form,

1- S, M
u_3=$_( '89) P+ P , stiffener induced plastic hinge [D-43]
L L PL 4F bL

The expression of the axial force may also be obtained as below,

P =2F b(u; —d,)+2,[F’b* (U, ~d )’ + F,b(L- B)M ,,

[D-44]
stiffener induced plastic hinge
or in normalized form,
P _ 2F,b(u; —d,) 42 Fyzbz(u?* —-do)’ i Fb(1-5)M ,
Py Py F)y2 Py2 | [D-4]

stiffener induced plastic hinge

The theoretical internal moment, M;, can be either obtained from equilibrium or
from the virtual work model (Equations [D-10] and [D-31]). Regardless of the
flexural direction, the maganitude of the internal moment can be expressed as

M; =[Puz - BoM | [D-46]

It is useful to know when M; reaches its maximum. If the rotation of the plastic

hinge is considered as the action of a rotational spring, the stiffness of the spring

would be zero when M; reaches its maximum. A panel in plate induced failure

(plate outmost fibre in flexural compression) is shown in Figure D-7 to illustrate

the qualitative analysis of the variation of M; with moving P.N.A. The cross-
section is fully plasticized and the magnitude of M; simply depends on the
location of the P.N.A. The stress distribution results in the internal moment M;

and the axial force P, while only the former is of interest here. The internal
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moment of case 0 is equal to M where the P.N.A. is at the centroid. For cases 1
and 2 where the P.N.A. is above or below the centroid, M; will be less than M,
because the additional M; and M, as shown in Figure D-7 are in the opposite
direction to M. Thus M; is at maximum when the P.N.A. passes through the

centroid. These conclusions apply to both plate induced failure (plate outer
surface in flexural compression) and stiffener induced failure (stiffener flange in

flexural compression).

All of the above analysis in this appendix is for stiffened plates assuming the full
plate width effective. When local buckling takes place in the plate of the stiffened
panel, the virtual work model is correspondingly modified. The effective plate
width can be used with the stiffener to form the effective cross-section. It is is
assumed that the yield strength can be fully reached across the effective cross-
section. The plate induced plastic hinge mechanism with the P.N.A. in the plate is
taken for illustration. Its effective cross-section and stress distribution are shown
in Figure D-8. Using the same approach as for the full cross-section (Figure D-1),

the values of P and M;, can be found from the sum of the forces and moments
about the centroid of the effective cross-section, where M;, is the internal
moment about the centroid of the effective cross-section. This gives

P=-P,+2F bt [D-47]

M .= 2Fybetl(zpe —%1) [D-48]

where P, is the yield force of the effective cross-section; b, is the effective plate
width; z . is the distance between the plate outer surface and the centroid of the

effective cross-section. Solving for t; from Equation [D-47] and then substituting

the solution into Equation [D-48] there comes out

M= (P P{ Pre * PJ [D-49]
ie et Zoe — -
¢ P 4Fybe
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Since the external axial loads are applied at the centroid of the full section at both
ends of the stiffened plate (Figure D-1), the virtual work model uses the internal

moment about the centroid of the full section, M;. The value of M; is obtained

simply by adding up the eccentricity effect of P to M, as below:

M=(P, +P{Zpe - F:{e;bP}—P(Zpe ~2,) [D-50]
yMe

Substituting SyM , for M, and Equation [D-50] for M; in Equation [D-10],

there comes:

ﬁ:%_k i+1 i_w _i+i igl_ﬂ
L PL P L 4FybeL

N.A.in plate

where A, is the area of the effective cross-section.

The other two equations for effective cross-sections using the similar approach for

plate induced plastic hinge are as follows:

u _AM, 2FA(z, t) (Re-2RA Yz, t P.-P A
L PL P (L 2L P L L 4FtL 2tL

yw w
Z, Z 2 2A .
e e 128 P N N Ainweb
L L A P, A
[D-52]
Yo Ay [P g} Ze PP eyt Py A
L PL P L 4FbL) L L' P, A, [D-53]

N.A.in flange

where z, is the distance between the flange outer surface and the centroid of the

effective cross-section.

- 247 -



The one equation for stiffener induced plastic hinge with effective cross-sections

§
u_3:ﬂ9Mp_ Pye_1 zpe_Pye—P +zpe_z_p

L PL P L 4Fpb.L L L’ [D-54]

stiffener induced plastic hinge
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(a) Original shape

.

Z . Centroid

) — F
ri’ ...... D X I_ - |- .._)1 + o et ;dg
....... Nt S 1. — e
—) SF O~ F
Z, t Neutil Axis ({) 2F,

= +
T: tension Resultant force F, P 2F bt
C: compression Y y=
Moment arm d, 0 z,-0.5t,

(w.r.t. the centroid)

(d) Internal force and stress distribution at midspan

Figure D-1 Virtual work model for plate induced plastic hinge mechanism with
the neutral axis in the plate
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)
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Moment arm d,
(w.r.t. the centroid)

Figure D-2 Virtual work model for plate induced plastic hinge mechanism with
the neutral axis in the web

T: tension
C: compression

Resultant forceF, P 2F t;b;

Moment arm d, 0 z.-0.5t,
(w.r.t. the centroid)

Figure D-3 Virtual work model for plate induced plastic hinge mechanism with
the neutral axis in the flange
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(a) Original shape

Z, Centroid
DS | S = R N
& T
— VR - -t =5-
T , 2F T;FZ
Z, 4 Neutral Axis Y
i .
T: tension
C: compression Resultant force F, P, 2F bt,
Moment arm d, 0 z,-0.5t,

(w.r.t. the centroid)

(d) Internal force and stress distribution at midspan

Figure D-4 Virtual work model for stiffener induced plastic hinge mechanism

- 251 -



o

Cent

roid

—

—P 4

Neutral Axis

Pure bending plastic .
T: tension
C: compression
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Figure D-5 Virtual work model for plate induced plastic hinge mechanism with

the neutral axis in the plate
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[

) F,
Neutral Axis  Pure bending plastic )
T: tension
C: compression
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Figure D-6 Virtual work model for stiffener induced plastic hinge mechanism

Centroid M Case 0
; P P.N.A. through centroid
Section at midspan
_._._._._._._._._._._4_._._._._._._4_.l_: ............
Case 1 't
P.N.A. above centroid
PP P PPPRPRPRP =
Mi(2)
F, F,
Case 2 T
P.N.A. below centroid = + 2F,
_________________________________________ U P e
I LLF;L ......... _4F_¥ ______________ _‘_._.
M(2) = My(2) + My( D)

Figure D-7 Maximum internal moment about the centroid
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Centroid of the T: tension
effective section

C: compression

= _.._F>1 + R P v9:
- - - -
2F, " F
| b. = O +
‘ b ‘ Resultant force F; P, 2F.b.t,
Moment arm d; 0 zpe-0.5t1

(w.r.t. the centroid)

Centroid of the Centrc_)id of th_e
full section effective section

i = Mie- P(Zpe-zp)

Figure D-8 Calculation of internal moment about the centroid of the full cross-
section
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APPENDIX E

LOAD VERSUS DEFORMATION CURVES OF THE 720
CASES FROM FINITE ELEMENT ANALYSIS
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In this section, the axial load versus axial shortening curves and the axial load
versus midspan lateral deflection curves of all the 720 panels are shown in the
following figures. The boundary condition for all the 720 panels is the condition
that the unloaded plate edges are free to move in the transverse in-plane direction
(denoted by Case A in the figures). Each figure shows the curves of eight panels

with identical g,, f;, and g, with their values displayed in the figure caption.

In all the figures, BB denotes the parameter B~ described in Chapter 2 and

Appendix B; U; denotes the axial shortening displacement; and U; denotes the

midspan lateral deflection.
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Case A

B1=0.7] —= PP=0.15 ——PP=04 —BP=0.7 — Bp=I
12 0 =27 BE=0.15 - Pp=04 BE=0.7 BR=1
0.8
&>\
o
0.4
o d& - —
0 0.004 0.008 0.012
JL

Figure E-1 Axial load versus axial shortening (Bg=—0.4, p1=0.7 & 2.7, B2 =
0.17, B3=0.17, Bs= 0.075)

Case A B1=0.7| —=—PBP=0.15 ——BP=0.4 ——BR=0.7 —e— Bp=1
B1=2.7] . 2[33:0.15 Bp=0.4 BB=0.7 BB=1

0.8

P/P,

0.4

[ IR T T N A R A R B B oW I
A%

-5 -3 -1

3
U/t

Figure E-2 Axial load versus lateral deflection (Bg=—0.4, B1=0.7 & 2.7, B2 =
0.17, B3=0.17, Bs=0.075)
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B1=1.28] —=—pBB=0.15 ——BB=04 ——Bp=0.7 ——B
1

12 1 B1=2.00| BR=0.15 Bp=0.4 Bp=0.7 Bp

08 |
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0 WSeiwed=e= —=Aw E E

0 0.004 0.008 0.012
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Figure E-3 Axial load versus axial shortening (Bg=—0.4, f1=1.28 & 2.0, B, =
0.17, B3=0.17, Bs=0.075)

Case A
B1=1.28] —=—Bp=0.15 ——pBp=04 ——Bp=0.7 ——Bp=1
B1=2.00] ?%:E)_.IS Bp=0.4 Bp=0.7 Bp=1
0.8 +
0.4
-5 -3 -1 1 3 5 7 9

Uyt

Figure E-4 Axial load versus lateral deflection (fg=—0.4, B1=1.28 & 2.0, B2 =
0.17, B3=0.17, Bs=0.075)
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Case A
B1=0.7] —=—Bp=0.15 ——pp=0.4 ——BP=0.7 ——pP
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12 1 BI=2.7 Bp=0.15 Bp=0.4 Bp=0.7 Bp
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0 0.004 0.008 0.012
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Figure E-5 Axial load versus axial shortening (Bg=—0.4, p1=0.7 & 2.7, B, =
0.17, B3=0.17, Bs=0.15)

Case A B1=0.7| —=—PBP=0.15 ——BP=0.4 ——BR=0.7 —e— Bp=1
B1=2.7] . 2[33:0.15 Bp=0.4 BB=0.7 BB=1

0.8
D->\
a
0.4
-5 -3 -1 9

Figure E-6 Axial load versus lateral deflection (Bg=—0.4, B1=0.7 & 2.7, B2 =
0.17, B3=0.17, Bs=0.15)
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, Bl=128] —=— BB=0.15 ——Bp=04 ——Pp=0.7 —o— pp=I
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Figure E-7 Axial load versus axial shortening (Bg=—0.4, f1=1.28 & 2.0, B, =
0.17, B3=0.17, Bs=0.15)

Case A
1.28] —=—pp=0.15 ——pp=04 ——pp=0.7 ——Bp=1
BT=2.00] BE=0.15 Bp=0.4 BE=0.7 Bp=T
12
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a
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Figure E-8 Axial load versus lateral deflection (fg=—0.4, B1=1.28 & 2.0, B2 =
0.17, B3=0.17, Bs= 0.15)
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Case A
B1=0.7] —= BP=0.15 ——PB=0.4 ——BP=0.7 —=— PP
12 0 =27 BE=0.15 - Pp=04 BE=0.7 BB

0.8

P/P,

0.4

1

Figure E-9 Axial load versus axial shortening (Bg=—0.4, p1=0.7 & 2.7, B2 =
0.17, B3=0.17, Bs=0.3)

Case A B1=0.7| —=—PBP=0.15 ——BP=0.4 ——BR=0.7 —e— Bp=1
B1=2.7] . 2[33:0.15 Bp=0.4 BB=0.7 BB=1
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7 9
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Figure E-10 Axial load versus lateral deflection (Bg=—0.4, 1 =0.7 & 2.7, B2 =
0.17, B3=0.17, Bs=0.3)
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Case A !

1

Bl=1.28] —= PB=0.15 —+—Pp=0.4 —+ Pp=0.7 —= PP
12 0 B1=2.00] = BP=0.15 Bp=0.4 BE=0.7 BB
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0 0.004 0.008 0.012
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Figure E-11 Axial load versus axial shortening (Bo=—0.4, p1=1.28 & 2.0, 2=
0.17, B3=0.17, B5=0.3)
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Figure E-12 Axial load versus lateral deflection (Bg=—0.4, p1=1.28 & 2.0, B, =
0.17, B3=0.17, B5s=0.3)
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Case A
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Figure E-13 Axial load versus axial shortening (Bo=—0.4, 1=0.7 & 2.7, B, =
0.8, B3=0.6, Bs=0.075)

Case A B1=0.7| —=—PBP=0.15 ——BP=0.4 ——BR=0.7 —e— Bp=1
B1=2.7] . 2[33:0.15 Bp=0.4 BB=0.7 BB=1
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\vJ

-5 -3 -1

Figure E-14 Axial load versus lateral deflection (Bg=—0.4, f1=0.7 & 2.7, B2 =
0.8, B3= 0.6, Bs=0.075)
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Figure E-15 Axial load versus axial shortening (Bo=—0.4, p1=1.28 & 2.0, 2=
0.8, Bs= 0.6, ps=0.075)
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Figure E-16 Axial load versus lateral deflection (Bg=—0.4, p1=1.28 & 2.0, B, =
0.8, Bs= 0.6, ps=0.075)
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Figure E-17 Axial load versus axial shortening (Bo=—0.4, 1=0.7 & 2.7, B, =
0.8, B3=0.6, ps=0.15)
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Figure E-18 Axial load versus lateral deflection (Bg=—0.4, 1 =0.7 & 2.7, B2 =
0.8, B3=0.6, 5= 0.15)
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Figure E-19 Axial load versus axial shortening (Bo=—0.4, p1=1.28 & 2.0, 2=
0.8, B3=10.6, Bs= 0.15)
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Figure E-20 Axial load versus lateral deflection (Bg=—0.4, p1=1.28 & 2.0, B, =
0.8, B3=10.6, Bs= 0.15)

- 265 -



1

Case A
B1=0.7] —=—Bp=0.15 ——pp=0.4 ——BP=0.7 ——pP
1

12 1 BI=2.7 Bp=0.15 Bp=0.4 Bp=0.7 Bp

0.8

P/P,

0.4

0 \ 1 \ 1 \ )

0 0.004 0.008 0.012
U,/L

Figure E-21 Axial load versus axial shortening (Bo=—0.4, 1=0.7 & 2.7, B, =
0.8, B3=0.6, Bs=0.3)

Case A B1=0.7| —=—PBP=0.15 ——BP=0.4 ——BR=0.7 —e— Bp=1
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Figure E-22 Axial load versus lateral deflection (Bg=—0.4, 1 =0.7 & 2.7, B2 =
0.8, B3=0.6, Bs=0.3)
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Figure E-23 Axial load versus axial shortening (Bg=—0.4, p1=1.28 & 2.0, 2=
0.8, B3=0.6, ps=0.3)
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Figure E-24 Axial load versus lateral deflection (Bg=—0.4, p1=1.28 & 2.0, B, =
0.8, B3=0.6, ps=0.3)
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Figure E-25 Axial load versus axial shortening (Bo=—0.4, 1=0.7 & 2.7, B, =
1.5, B3=0.9, B5=0.075)
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Figure E-26 Axial load versus lateral deflection (Bg=—0.4, 1 =0.7 & 2.7, B2 =
1.5, B3=10.9, B5=10.075)
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Figure E-27 Axial load versus axial shortening (Bg=—0.4, p1=1.28 & 2.0, 2=
1.5, B3=0.9, Bs=0.075)
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Figure E-28 Axial load versus lateral deflection (Bg=—0.4, p1=1.28 & 2.0, B, =
1.5, B3=0.9, Bs=0.075)
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Figure E-29 Axial load versus axial shortening (Bo=—0.4, 1=0.7 & 2.7, B, =
1.5,B3=0.9, B5=0.15)
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Figure E-30 Axial load versus lateral deflection (Bg=—0.4, 1 =0.7 & 2.7, B2 =
1.5, B3=10.9, Bs=0.15)

-270 -



1

Case A
B1=1.28] —=—pBB=0.15 ——BB=04 ——Bp=0.7 ——B
1

12 1 B1=2.00| BR=0.15 Bp=0.4 Bp=0.7 Bp

0.8

P/P,

0.4

0 0.004 0.008 0.012
1

Figure E-31 Axial load versus axial shortening (Bg=—0.4, p1=1.28 & 2.0, 2=
1.5, B3=0.9, Bs=0.15)
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Figure E-32 Axial load versus lateral deflection (Bg=—0.4, p1=1.28 & 2.0, B, =
1.5, B3=0.9, Bs=0.15)
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Figure E-33 Axial load versus axial shortening (Bo=—0.4, 1=0.7 & 2.7, B, =
1.5, B3=0.9, Bs=0.3)
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Figure E-34 Axial load versus lateral deflection (Bg=—0.4, 1 =0.7 & 2.7, B2 =
1.5, B3=0.9, B5=0.3)
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Figure E-35 Axial load versus axial shortening (Bg=—0.4, B1=1.28 & 2.0, 2=
1.5, B3=0.9, B5=0.3)
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Figure E-36 Axial load versus lateral deflection (Bg=—0.4, p1=1.28 & 2.0, B, =
1.5, B3=0.9, B5=0.3)
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Figure E-37 Axial load versus axial shortening (Bo=—0.2, 1=0.7 & 2.7, B, =
0.17, B3=0.17, Bs= 0.075)
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Figure E-38 Axial load versus lateral deflection (Bg=—0.2, 1 =0.7 & 2.7, B2 =
0.17, B3=0.17, Bs=0.075)
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Figure E-39 Axial load versus axial shortening (Bg=—0.2, B1=1.28 & 2.0, 2=
0.17, B3=0.17, Bs=0.075)
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Figure E-40 Axial load versus lateral deflection (Bg=—0.2, f1=1.28 & 2.0, B, =
0.17, B3=0.17, Bs=0.075)
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Figure E-41 Axial load versus axial shortening (Bo=—0.2, 1=0.7 & 2.7, B, =
0.17, B3=0.17, Bs=0.15)

Case A B1=0.7| —=—PBP=0.15 ——BP=0.4 ——BR=0.7 —e— Bp=1
B1=2.7] . 2[33:0.15 Bp=0.4 BB=0.7 BB=1

0.8
D->\
a
0.4
-5 -3 -1 7 9

3
U/t

Figure E-42 Axial load versus lateral deflection (Bg=—0.2, 1 =0.7 & 2.7, B2 =
0.17, B3=0.17, Bs= 0.15)
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Figure E-43 Axial load versus axial shortening (Bg=—0.2, p1=1.28 & 2.0, 2=
0.17, B3=0.17, Bs=0.15)
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Figure E-44 Axial load versus lateral deflection (Bg=—0.2, f1=1.28 & 2.0, B, =
0.17, B3=0.17, Bs= 0.15)
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Figure E-45 Axial load versus axial shortening (Bo=—0.2, 1=0.7 & 2.7, B, =
0.17, B3=0.17, Bs=0.3)

Case A B1=0.7| —=—PBP=0.15 ——BP=0.4 ——BR=0.7 —e— Bp=1
B1=2.7] . 2[33:0.15 Bp=0.4 BB=0.7 BB=1

P/P,

I||||I||||IC|E||||_>||||||I||||I||||I||

5 3 1 1 3 5 7 9
U/t

Figure E-46 Axial load versus lateral deflection (Bg=—0.2, 1 =0.7 & 2.7, B2 =
0.17, B3=0.17, B5s=0.3)
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Figure E-47 Axial load versus axial shortening (Bo=—0.2, p1=1.28 & 2.0, 2=
0.17, B3=0.17, B5=0.3)
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Figure E-48 Axial load versus lateral deflection (Bg=—0.2, f1=1.28 & 2.0, B, =
0.17, B3=0.17, B5s=0.3)
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Figure E-49 Axial load versus axial shortening (Bo=—0.2, 1=0.7 & 2.7, B, =
0.8, B3=0.6, Bs=0.075)
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Figure E-50 Axial load versus lateral deflection (Bg=—0.2, 1 =0.7 & 2.7, B2 =
0.8, Bs= 0.6, ps=0.075)
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Figure E-51 Axial load versus axial shortening (Bg=—0.2, B1=1.28 & 2.0, 2=
0.8, Bs= 0.6, ps=0.075)
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Figure E-52 Axial load versus lateral deflection (Bg=—0.2, f1=1.28 & 2.0, B, =
0.8, Bs= 0.6, ps=0.075)
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Figure E-53 Axial load versus axial shortening (Bo=—0.2, 1=0.7 & 2.7, B, =
0.8, B3=0.6, ps=0.15)
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Figure E-54 Axial load versus lateral deflection (Bg=—0.2, 1 =0.7 & 2.7, B2 =
0.8, B3=10.6, B5= 0.15)
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Figure E-55 Axial load versus axial shortening (Bg=—0.2, p1=1.28 & 2.0, 2=
0.8, B3=10.6, Bs= 0.15)

Case A
1.28] —=—Bp=0.15 ——pp=0.4 —— [3p=0.7 —— (p=1
B1=2.00] Bp=0.15 Bp=0.4 Bp=0.7 Bp=1
1.2
0.8
EL> =
o ',
04-&: AN \
- ‘\Aw?\,, %)
B —
-5 -3 -1 1 3 5 7 9

Uyt

Figure E-56 Axial load versus lateral deflection (Bg=—0.2, f1=1.28 & 2.0, B, =
0.8, B3=10.6, Bs= 0.15)
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Figure E-57 Axial load versus axial shortening (Bo=—0.2, 1=0.7 & 2.7, B, =
0.8, B3=0.6, Bs=0.3)
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Figure E-58 Axial load versus lateral deflection (Bg=—0.2, 1 =0.7 & 2.7, B2 =
0.8, B3=0.6, ps=0.3)
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Figure E-59 Axial load versus axial shortening (Bg=—0.2, p1=1.28 & 2.0, 2=
0.8, B3=0.6, ps=0.3)
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Figure E-60 Axial load versus lateral deflection (Bg=—0.2, f1=1.28 & 2.0, B, =
0.8, B3=0.6, ps=0.3)
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Figure E-61 Axial load versus axial shortening (Bo=—0.2, 1=0.7 & 2.7, B, =
1.5, B3=0.9, B5=0.075)
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Figure E-62 Axial load versus lateral deflection (Bg=—0.2, 1 =0.7 & 2.7, B2 =
1.5, B3=0.9, Bs=0.075)
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Figure E-63 Axial load versus axial shortening (Bg=—0.2, B1=1.28 & 2.0, 2=
1.5, B3=0.9, Bs=0.075)
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Figure E-64 Axial load versus lateral deflection (Bg=—0.2, f1=1.28 & 2.0, B, =
1.5, B3=0.9, Bs=0.075)
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Figure E-65 Axial load versus axial shortening (Bo=—0.2, 1=0.7 & 2.7, B, =
1.5,B3=0.9, B5=0.15)
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Figure E-66 Axial load versus lateral deflection (Bg=—0.2, 1 =0.7 & 2.7, B2 =
1.5, B3=0.9, Bs=0.15)
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Figure E-67 Axial load versus axial shortening (Bg=—0.2, p1=1.28 & 2.0, 2=
1.5, B3=0.9, Bs=0.15)

Case A
B1=1.28] —=—BB=0.15 ——Bp=0.4 —— [3p=0.7 —— (p=1
B1=2.00] ?%:0.15 Bp=0.4 Bp=0.7 Bp=1
0.8
g
x |
04 L
b
-5 -3 -1 1 3 5 7 9

Uyt

Figure E-68 Axial load versus lateral deflection (Bg=—0.2, f1=1.28 & 2.0, B, =
1.5, B3=0.9, Bs=0.15)
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Figure E-69 Axial load versus axial shortening (Bo=—0.2, 1=0.7 & 2.7, B, =
1.5, B3=0.9, Bs=0.3)
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Figure E-70 Axial load versus lateral deflection (Bg=—0.2, 1 =0.7 & 2.7, B2 =
1.5, B3=0.9, B5=0.3)
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Figure E-71 Axial load versus axial shortening (Bo=—0.2, p1=1.28 & 2.0, 2=
1.5, B3=0.9, B5=0.3)
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Figure E-72 Axial load versus lateral deflection (Bg=—0.2, f1=1.28 & 2.0, B, =
1.5, B3=0.9, B5=0.3)
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Figure E-73 Axial load versus axial shortening (Bo=0, B1=0.7 & 2.7, B2 =
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Figure E-74 Axial load versus lateral deflection (Bg=0, p1=0.7 & 2.7, B, =

0.17, Bs=0.17, Bs= 0.075)
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Figure E-75 Axial load versus axial shortening (Bo=0, f1=1.28 & 2.0, 2=
0.17, B3=0.17, Bs=0.075)
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Figure E-76 Axial load versus lateral deflection (Bg=0, f1=1.28 & 2.0, B, =
0.17, B3=0.17, Bs=0.075)

-293 -



Case A

12 ¢

0.8

P/P,

0.4

B1=0.7] —=BP=0.15 ——PP=0.4 ——Pp=0.7 ——Pp=I

BI=2.7] BE=0.15 - pp=04 BE=0.7 Bp=1

0.004 0.008 0.012
U,/L

1

Figure E-77 Axial load versus axial shortening (Bg=0, B1=0.7 & 2.7, B2 =
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Figure E-78 Axial load versus lateral deflection (Bg=0, p1=0.7 & 2.7, B, =

0.17, Bs=0.17, Bs= 0.15)
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Figure E-79 Axial load versus axial shortening (Bo=0, f1=1.28 & 2.0, 2=
0.17, B3=0.17, Bs=0.15)
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Figure E-80 Axial load versus lateral deflection (Bg=0, f1=1.28 & 2.0, B, =
0.17, B3=0.17, Bs=0.15)
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Figure E-81 Axial load versus axial shortening (Bo=10, B1=0.7 & 2.7, B2 =
0.17, B3=0.17, Bs=0.3)
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Figure E-82 Axial load versus lateral deflection (Bg=0, p1=0.7 & 2.7, B, =
0.17, B3=0.17, Bs=0.3)
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Figure E-83 Axial load versus axial shortening (Bo=0, f1=1.28 & 2.0, 2=
0.17, B3=0.17, B5=0.3)
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Figure E-84 Axial load versus lateral deflection (Bg=0, f1=1.28 & 2.0, B, =
0.17, B3=0.17, B5s=0.3)
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Figure E-85 Axial load versus axial shortening (Bo=0, 1 =0.7 & 2.7, 2=10.8, B3
= 0.6, B5=0.075)
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Figure E-86 Axial load versus lateral deflection (Bg=0, p1=0.7 & 2.7, B, =
0.8, B3= 0.6, Bs=0.075)
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Figure E-87 Axial load versus axial shortening (Bo=0, f1=1.28 & 2.0, 2=
0.8, Bs= 0.6, ps=0.075)
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Figure E-88 Axial load versus lateral deflection (Bg=0, f1=1.28 & 2.0, B, =
0.8, Bs= 0.6, ps=0.075)
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Figure E-89 Axial load versus axial shortening (Bo=0, 1 =0.7 & 2.7, 2=0.8, B3
= 0.6, B5=0.15)
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Figure E-90 Axial load versus lateral deflection (Bg=0, p1=0.7 & 2.7, B, =
0.8, B3=0.6, 5= 0.15)
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Figure E-91 Axial load versus axial shortening (Bo=0, f1=1.28 & 2.0, 2=
0.8, B3=0.6, Bs=0.15)
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Figure E-92 Axial load versus lateral deflection (Bg=0, f1=1.28 & 2.0, B, =
0.8, B3=10.6, Bs= 0.15)

-301 -



Case A
B1=0.7] —= BP=0.15 ——Pp=0.4 —+ PB=0.7 —e— BP=1
12 1 B1=27 BE=0.15 - Pp=0.4 BE=0.7 BE=1

-

08

P/P,

0.4

\‘\.

0 0.004 0.008 0.012
U,/L

1

Figure E-93 Axial load versus axial shortening (Bo=0, 1 =0.7 & 2.7, 2=0.8, B3
=0.6, 5=0.3)
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Figure E-94 Axial load versus lateral deflection (Bg=0, p1=0.7 & 2.7, B, =
0.8, B3=0.6, Bs=0.3)
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Figure E-95 Axial load versus axial shortening (Bo=0, f1=1.28 & 2.0, 2=
0.8, B3=0.6, ps=0.3)
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Figure E-96 Axial load versus lateral deflection (Bg=0, f1=1.28 & 2.0, B, =
0.8, B3=0.6, ps=0.3)
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Figure E-97 Axial load versus axial shortening (Bo=0, 1 =0.7 & 2.7, 2= 1.5, B3
=0.9, B5=0.075)
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Figure E-98 Axial load versus lateral deflection (Bg=0, p1=0.7 & 2.7, B, =
1.5, B3=10.9, B5=10.075)
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Figure E-99 Axial load versus axial shortening (Bo=0, f1=1.28 & 2.0, 2=
1.5, B3=0.9, Bs=0.075)
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Figure E-100 Axial load versus lateral deflection (By=10, B1=1.28 & 2.0, B2 =
1.5, B3=0.9, Bs=0.075)
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Figure E-101 Axial load versus axial shortening (Bg=0, f1=0.7 & 2.7, B2 =
1.5, B3=0.9, B5=0.15)
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Figure E-102 Axial load versus lateral deflection (Bg=0, B1=0.7 & 2.7, B, =
1.5, B3=0.9, Bs=0.15)
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Figure E-103 Axial load versus axial shortening (Bg=0, f1=1.28 & 2.0, 2=
1.5, B3=0.9, Bs=0.15)
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Figure E-104 Axial load versus lateral deflection (Bg=10, B1=1.28 & 2.0, 2=
1.5, B3=0.9, Bs=0.15)
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Figure E-105 Axial load versus axial shortening (Bg=0, f1=0.7 & 2.7, B2 =
1.5, B3=0.9, Bs=0.3)
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Figure E-106 Axial load versus lateral deflection (Bg=0, B1=0.7 & 2.7, B, =
1.5, B3=0.9, B5=0.3)
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Figure E-107 Axial load versus axial shortening (Bg=0, f1=1.28 & 2.0, B, =
1.5, B3=0.9, B5=0.3)
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Figure E-108 Axial load versus lateral deflection (Bg=10, B1=1.28 & 2.0, B, =
1.5, B3=0.9, B5=0.3)
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Figure E-109 Axial load versus axial shortening (89=0.2, B1=0.7 & 2.7, B, =
0.17, B3=0.17, Bs=0.075)

Case A B1=0.7| —=—PBP=0.15 ——BP=0.4 ——BR=0.7 —e— Bp=1
B1=2.7] . 2[33:0.15 Bp=0.4 BB=0.7 BB=1

P/P,

3 5 7 9
U/t

Figure E-110 Axial load versus lateral deflection (Bg=0.2, B1=0.7 & 2.7, B2 =
0.17, B3=0.17, Bs=0.075)
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Figure E-111 Axial load versus axial shortening (Bg= 0.2, f1=1.28 & 2.0, B, =
0.17, B3=0.17, Bs=0.075)
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Figure E-112 Axial load versus lateral deflection (Bg=0.2, 31 =1.28 & 2.0, B, =
0.17, B3=0.17, Bs=0.075)
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Figure E-113 Axial load versus axial shortening (89=0.2, B1=0.7 & 2.7, B, =
0.17, B3=0.17, Bs=0.15)
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Figure E-114 Axial load versus lateral deflection (Bg=0.2, B1=0.7 & 2.7, B2 =
0.17, B3=0.17, Bs=0.15)
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Figure E-115 Axial load versus axial shortening (Bg= 0.2, f1=1.28 & 2.0, B, =
0.17, B3=0.17, Bs= 0.15)
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Figure E-116 Axial load versus lateral deflection (Bg=0.2, 31 =1.28 & 2.0, B, =
0.17, B3=0.17, Bs=0.15)

-313 -



1

Case A
B1=0.7] —=—Bp=0.15 ——pp=0.4 ——BP=0.7 ——pP
1

12 1 BI=2.7 Bp=0.15 Bp=0.4 Bp=0.7 Bp

0.8

P/P,

0.4

0 0.004 0.008 0.012
1

Figure E-117 Axial load versus axial shortening (89=0.2, B1=0.7 & 2.7, B, =
0.17, B3=0.17, B5=0.3)
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Figure E-118 Axial load versus lateral deflection (Bg=0.2, B1=0.7 & 2.7, B2 =
0.17, B3=0.17, B5s=0.3)
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Figure E-119 Axial load versus axial shortening (Bg= 0.2, f1=1.28 & 2.0, B, =
0.17, B3=0.17, B5=0.3)
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Figure E-120 Axial load versus lateral deflection (Bg=0.2, 31 =1.28 & 2.0, B, =
0.17, B3=0.17, B5s=0.3)
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Figure E-121 Axial load versus axial shortening (89=0.2, B1=0.7 & 2.7, B, =
0.8, Bs= 0.6, ps=0.075)
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Figure E-122 Axial load versus lateral deflection (Bg=0.2, B1=0.7 & 2.7, B2 =
0.8, Bs= 0.6, ps=0.075)
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Figure E-123 Axial load versus axial shortening (Bg= 0.2, f1=1.28 & 2.0, B, =
0.8, Bs= 0.6, ps=0.075)
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Figure E-124 Axial load versus lateral deflection (Bg=0.2, 31 =1.28 & 2.0, B, =
0.8, Bs= 0.6, ps=0.075)
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Figure E-125 Axial load versus axial shortening (89=0.2, B1=0.7 & 2.7, B, =
0.8, B3=0.6, Bs=0.15)

Case A B1=0.7| —=—PBP=0.15 ——BP=0.4 ——BR=0.7 —e— Bp=1
B1=2.7] . 2[33:0.15 Bp=0.4 BB=0.7 BB=1

P/P,

R
1‘!|
I||||I||||0"||I||||I||||I||||I||||I||

5 3 1 1 3 5 7 9
U/t

Figure E-126 Axial load versus lateral deflection (Bg=0.2, B1=0.7 & 2.7, B2 =
0.8, B3=10.6, Bs= 0.15)
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Figure E-127 Axial load versus axial shortening (Bg= 0.2, f1=1.28 & 2.0, B, =
0.8, B3=0.6, Bs=0.15)

Case A
B1=1.28] —=—Bp=0.15 ——pBp=04 ——Bp=0.7 ——Bp=1
B1=2.00] ?%:E)_.IS Bp=0.4 Bp=0.7 Bp=1
0.8 +

Fu=a=-a

5 3 1 1 3 5 7 9
Uyt

Figure E-128 Axial load versus lateral deflection (Bg=0.2, 31 =1.28 & 2.0, B, =
0.8, B3=10.6, Bs= 0.15)
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Figure E-129 Axial load versus axial shortening (8g=0.2, B1=0.7 & 2.7, B, =
0.8, B3=0.6, ps=0.3)
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Figure E-130 Axial load versus lateral deflection (Bg=0.2, B1=0.7 & 2.7, B2 =
0.8, B3=0.6, ps=0.3)
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Figure E-131 Axial load versus axial shortening (Bg= 0.2, f1=1.28 & 2.0, B, =
0.8, B3=0.6, ps=0.3)
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Figure E-132 Axial load versus lateral deflection (Bg=0.2, 31 =1.28 & 2.0, B, =
0.8, B3=10.6, B5=0.3))
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Figure E-133 Axial load versus axial shortening (89=0.2, B1=0.7 & 2.7, B, =
1.5, B3=0.9, Bs=0.075)
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Figure E-134 Axial load versus lateral deflection (Bg=0.2, B1=0.7 & 2.7, B2 =
1.5, B3=0.9, Bs=0.075)
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Figure E-135 Axial load versus axial shortening (Bg= 0.2, f1=1.28 & 2.0, B, =
1.5, B3=0.9, Bs=0.075)
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Figure E-136 Axial load versus lateral deflection (Bg=0.2, 31 =1.28 & 2.0, B, =
1.5, B3=0.9, Bs=0.075)
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Figure E-137 Axial load versus axial shortening (89=0.2, B1=0.7 & 2.7, B, =
1.5, B3=0.9, Bs=0.15)
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Figure E-138 Axial load versus lateral deflection (Bg=0.2, B1=0.7 & 2.7, B2 =
1.5, B3=0.9, Bs=0.15)
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Figure E-139 Axial load versus axial shortening (Bg= 0.2, f1=1.28 & 2.0, B, =
1.5,B3=0.9, f5=0.15)
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Figure E-140 Axial load versus lateral deflection (Bg=0.2, 31 =1.28 & 2.0, B, =
1.5, B3=0.9, Bs=0.15)
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Figure E-141 Axial load versus axial shortening (89=0.2, B1=0.7 & 2.7, B, =
1.5, B3=0.9, B5=0.3)
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Figure E-142 Axial load versus lateral deflection (Bg=0.2, B1=0.7 & 2.7, B2 =
1.5, B3=0.9, B5=0.3)
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Figure E-143 Axial load versus axial shortening (Bg= 0.2, f1=1.28 & 2.0, B, =
1.5, B3=0.9, Bs=0.3)
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Figure E-144 Axial load versus lateral deflection (Bg=0.2, 31 =1.28 & 2.0, B, =
1.5, B3=0.9, B5=0.3)
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Figure E-145 Axial load versus axial shortening (g=0.4, B1=0.7 & 2.7, B, =
0.17, B3=0.17, Bs= 0.075)
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Figure E-146 Axial load versus lateral deflection (Bg=0.4, B1=0.7 & 2.7, B, =
0.17, B3=0.17, Bs=0.075)
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Figure E-147 Axial load versus axial shortening (Bo= 0.4, f1=1.28 & 2.0, B, =
0.17, B3=0.17, Bs=0.075)
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Figure E-148 Axial load versus lateral deflection (Bg= 0.4, 1 =1.28 & 2.0, B, =
0.17, B3=0.17, Bs=0.075)
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Figure E-149 Axial load versus axial shortening (9=0.4, B1=0.7 & 2.7, B, =
0.17, B3=0.17, Bs=0.15)
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Figure E-150 Axial load versus lateral deflection (Bg=0.4, B1=0.7 & 2.7, B2 =
0.17, B3=0.17, Bs=0.15)
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Figure E-151 Axial load versus axial shortening (Bg= 0.4, f1=1.28 & 2.0, B, =
0.17, B3=0.17, Bs=0.15)
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Figure E-152 Axial load versus lateral deflection (Bg= 0.4, 1 =1.28 & 2.0, B, =
0.17, B3=0.17, Bs=0.15)
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Figure E-153 Axial load versus axial shortening (9=0.4, B1=0.7 & 2.7, B, =
0.17, B3=0.17, Bs=0.3)
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Figure E-154 Axial load versus lateral deflection (Bg=0.4, B1=0.7 & 2.7, B2 =
0.17, B3=0.17, B5s=0.3)
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Figure E-155 Axial load versus axial shortening (Bg= 0.4, f1=1.28 & 2.0, B, =
0.17, B3=0.17, B5=0.3)
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Figure E-156 Axial load versus lateral deflection (Bg= 0.4, p1=1.28 & 2.0, B, =
0.17, B3=0.17, B5s=0.3)
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Figure E-157 Axial load versus axial shortening (8g=0.4, B1=0.7 & 2.7, B, =
0.8, B3=0.6, Bs=0.075)
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Figure E-158 Axial load versus lateral deflection (Bg=0.4, B1=0.7 & 2.7, B2 =
0.8, Bs= 0.6, ps=0.075)
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Figure E-159 Axial load versus axial shortening (Bg= 0.4, f1=1.28 & 2.0, B, =
0.8, Bs= 0.6, ps=0.075)
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Figure E-160 Axial load versus lateral deflection (Bg= 0.4, p1=1.28 & 2.0, B, =
0.8, Bs= 0.6, ps=0.075)
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Figure E-161 Axial load versus axial shortening (8g=0.4, B1=0.7 & 2.7, B, =
0.8, B3=0.6, ps=0.15)
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Figure E-162 Axial load versus lateral deflection (Bg=0.4, B1=0.7 & 2.7, B2 =
0.8, B3=10.6, Bs= 0.15)
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Figure E-163 Axial load versus axial shortening (Bg= 0.4, f1=1.28 & 2.0, B, =
0.8, B3=0.6, Bs=0.15)
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Figure E-164 Axial load versus lateral deflection (Bg= 0.4, 1 =1.28 & 2.0, B, =
0.8, B3=10.6, Bs= 0.15)
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Figure E-165 Axial load versus axial shortening (89=0.4, B1=0.7 & 2.7, B, =
0.8, B3=0.6, Bs=0.3)

Case A B1=0.7| —=—PBP=0.15 ——BP=0.4 ——BR=0.7 —e— Bp=1
B1=2.7] Bp=0.15 BB=0-41 BB=0.7 BB=1

P/P,

0 2 4

[
[ Y Y W WO I SN TN TN N Y N WO SO WO (N TR T M M A SN Va1

-10 -8 -6 -4

2
U/t

Figure E-166 Axial load versus lateral deflection (Bg=0.4, B1=0.7 & 2.7, B2 =
0.8, B3=0.6, ps=0.3)
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Figure E-167 Axial load versus axial shortening (Bg= 0.4, f1=1.28 & 2.0, B, =
0.8, B3=0.6, ps=0.3)
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Figure E-168 Axial load versus lateral deflection (Bg= 0.4, 1 =1.28 & 2.0, B, =
0.8, B3=0.6, ps=0.3)
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Figure E-169 Axial load versus axial shortening (8g=0.4, B1=0.7 & 2.7, B, =
1.5, B3=0.9, B5=0.075)
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Figure E-170 Axial load versus lateral deflection (Bg=0.4, B1=0.7 & 2.7, B2 =
1.5, B3=0.9, B5=0.075)
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Figure E-171 Axial load versus axial shortening (Bg= 0.4, f1=1.28 & 2.0, B, =
1.5, B3=0.9, Bs=0.075)
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Figure E-172 Axial load versus lateral deflection (Bg= 0.4, 1 =1.28 & 2.0, B, =
1.5, B3=0.9, Bs=0.075)
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Figure E-173 Axial load versus axial shortening (89=0.4, B1=0.7 & 2.7, B, =
1.5, B3=0.9, B5=0.15)
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Figure E-174 Axial load versus lateral deflection (Bg=0.4, B1=0.7 & 2.7, B2 =
1.5, B3=0.9, Bs=0.15)

- 342 -



Case A

B1=1.28] —=— PB=0.15 ——pB=0.4 ——Ppp=0.7 —— pp=I
12 0 B1=2.00) BB=0.15 BA=0.4 Bp=0.7 BB=1
08
SO
o
0.012

1

Figure E-175 Axial load versus axial shortening (Bg= 0.4, f1=1.28 & 2.0, B, =
1.5, B3=0.9, Bs=0.15)
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Figure E-176 Axial load versus lateral deflection (Bg= 0.4, 1 =1.28 & 2.0, B, =
1.5, B3=0.9, Bs=0.15)
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Figure E-177 Axial load versus axial shortening (9=0.4, B1=0.7 & 2.7, B, =
1.5, B3=0.9, Bs=0.3)
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Figure E-178 Axial load versus lateral deflection (Bg=0.4, B1=0.7 & 2.7, B2 =
1.5, B3=0.9, B5=0.3)
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Figure E-179 Axial load versus axial shortening (Bg= 0.4, f1=1.28 & 2.0, B, =
1.5, B3=0.9, B5=0.3)

Case A
1.28] —=—pBp=0.15 ——pp=04 ——BB=0.7 ——BP=I
B1=2.00] BP=0.15 Bp=0.4 1o __BB:0.7 Bp=1
0.8 +
-10 4 2 4

Figure E-180 Axial load versus lateral deflection (Bg= 0.4, 1 =1.28 & 2.0, B, =
1.5, B3=0.9, B5=0.3)
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APPENDIX F

MONTE CARLO SIMULATION RESULTS AND FITTED
LOGNORMAL CURVE RESUTLS
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This appendix presents the results of the Monte Carlo simulations and the results
of the corresponding fitted lognormal curves for each of the 280 nominal panels

that were used in the reliability analysis in Chapter 4. The results include Y, ,
Yoos + Yooos Yoor: Pws and Vg as given in Tables F-1 to F-5 for five load
conditions (S, = -0.4, -0.2, 0, 0.2, 0.4). Each of the statistical parameters in

Tables F-1 to F-5 is based on a data set of 5000 samples for the corresponding

nominal panel. Since the fitted lognormal curve is determined from Y,,, and
Y, fractiles of the Monte Carlo simulation results, Y, /Y., from the Monte
Carlo results are identical to Y, ., /Y, Of the fitted curves. The other parameters,
namely, Yyos Yoor: Pws @nd V,, from the Monte Carlo results and from the

fitted curves are given separately.
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Table F-1 Results of the Monte Carlo simulations and fitted lognormal curve

(f,=-0.4)
Monte Carlo simulations Fitted lognormal curve
Specimen Yoo Yoos  Yooos Yoor Pmc Vme  Yooos Yoo  Pme  Vime
111 21 0.706 0979 0.808 0.860 1.366 0.187 0.793 0.839 1455 0.229
211.21 0820 1.014 0.872 0.905 1314 0.145 0.885 00918 1.304 0.147
311 21 0.854 1.039 0920 0960 1.292 0.126 0916 0947 1310 0.136
411.21 0860 1.046 0.927 0955 1285 0.119 0.922 0954 1.318 0.136
111 31 0.741 0982 0.813 0.855 1.380 0.189 0.819 0.860 1377 0.196
211 31 0.787 1.019 0.863 0.906 1.332 0.155 0.863 0.902 1.391 0.181
211.32 0831 1.029 0.885 0.922 1306 0.135 0.897 00931 1.326 0.148
311 31 0.786 1.042 0905 0934 1.328 0.139 0.869 0.913 1.463 0.197
311.32 0867 1.053 0.929 0.957 1296 0.123 0929 0961 1.325 0.135
411 31 0.880 1.049 0929 0960 1.332 0.134 0937 0965 1291 0.122
411 32 0.866 1.043 0937 0961 1291 0.124 0925 0.955 1.300 0.130
122 21  0.761 0972 0839 0868 1.323 0.173 0.830 0.866 1.303 0.171
222 21 0.797 0996 0.856 0.894 1.282 0.144 0.863 0.897 1.299 0.155
222 22 0821 1.005 0.865 0.906 1268 0.130 0.882 0914 1.279 0.141
322 21 0.835 1.019 0900 0930 1.270 0.129 0.897 0928 1.291 0.139
322.22 0888 1.032 0.927 0952 1254 0.114 0937 0961 1.233 0.105
422 21 0823 1024 0898 0946 1275 0.126 0.890 0924 1328 0.152
422 22 0.877 1.035 0914 0950 1.247 0.109 0.930 0.957 1.257 0.114
122.31 0733 0985 0.804 0851 1.349 0.181 0814 0.857 1410 0.207
122_32 0.753 0992 0822 0873 1345 0.177 0830 0.871 1.383 0.193
222 31 0801 1.011 0.869 0.903 1317 0.149 0870 0.906 1.337 0.163
222 _32 0.783 1.011 0.866 0908 1309 0.146 0.858 0.896 1.374 0.178
222 33 0.834 1.028 0.891 0928 1295 0.129 0.898 0.931 1.317 0.145
322.31 0870 1.038 0.912 0929 1312 0.138 0926 0955 1.279 0.123
322_32 0.860 1.043 0924 0957 1302 0.128 0.921 0952 1310 0.134
322.33  0.868 1.041 0.922 0959 1277 0.118 0926 0956 1.292 0.127
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Table F-1 Results of the Monte Carlo simulations and fitted lognormal curve

(f,=-0.4)
Monte Carlo simulations Fitted lognormal curve
Specimen Yoo Yoos  Yooos Yoor Pmc Vme  Yooos Yoo  Pme  Vime
322_34 0.864 1.022 0.907 0942 1252 0.116 0917 0.944 1.244 0.116
422 31 0824 1047 0927 0953 1318 0.134 0.897 0935 1394 0.167
422 32 0.857 1.060 0914 0954 1310 0.125 0925 0.959 1.364 0.148
422 33 0855 1.041 0923 0962 1274 0117 0917 0949 1314 0.137
422 34 0853 1024 0902 0942 1251 0.117 0910 0939 1270 0.127
133_21 0.759 0972 0817 0.85 1312 0.172 0.829 0.865 1.308 0.173
133.22  0.782 0985 0.845 0.868 1.306 0.165 0.849 0.883 1.297 0.161
233 21 0.785 0993 0.856 0.890 1.280 0.144 0.854 0.889 1.313 0.163
233,22 0797 0.999 0.864 0900 1271 0.135 0.864 0.898 1.306 0.157
33321 0846 1.012 0.895 0.921 1274 0.131 0902 0930 1.249 0.124
33322 0.851 1.017 0.909 0940 1.259 0.119 0.907 0.935 1.255 0.124
33323 0873 1.023 0.918 0954 1236 0.107 0.923 00949 1.233 0.110
433 21 0.853 1.024 0907 0939 1.272 0.125 0.910 0.939 1.272 0.127
433 22 0880 1.033 0931 0953 1254 0.114 0932 0958 1248 0.111
433 23 0.868 1.020 0.923 0944 1.226 0.109 0920 0945 1232 0.111
133,31  0.735 0983 0820 0868 1.341 0176 0.815 0.857 1.395 0.203
133,32  0.775 0987 0.839 0869 1.342 0175 0845 0.881 1.317 0.168
133_33 0.776 0990 0.854 0.892 1336 0.169 0.847 0.883 1.325 0.170
233,31 0780 1.015 0.868 0.908 1311 0.148 0.857 0.897 1.391 0.183
233 _32 0.798 1.012 0.884 0919 1.310 0.146 0.868 0.905 1.346 0.166
233,33 0802 1.009 0.882 0918 1298 0.141 0870 00905 1.327 0.160
233 34 0.850 1.026 0.896 0.928 1.283 0.129 0.909 0.939 1.282 0.131
33331 0.833 1.034 00913 0942 1309 0.135 0.900 0.934 1.336 0.150
333,32 0862 1.039 0.914 0946 1305 0.132 0921 0951 1.297 0.130
33333 0.860 1.041 0923 0.956 1.288 0.122 0.921 0.952 1305 0.132
333,34 0868 1.039 0.931 0953 1266 0.115 0.925 0955 1.284 0.125
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Table F-1 Results of the Monte Carlo simulations and fitted lognormal curve

(fy=-0.4)

Monte Carlo simulations Fitted lognormal curve
specimen  Yooo1  Yoos  Yoos Yoo APme  VYme  Yooos Yoor Pws  Vme
433 31 0.875 1.039 0915 0949 1315 0.136 0930 0.958 1.272 0.119
43332 0886 1048 00942 0960 1.308 0.130 0.940 0968 1279 0.117
433 33 0.876 1.045 0.934 0954 1.287 0.119 0.933 0.962 1.288 0.123
433 34 0859 1.036 0917 0948 1264 0.114 0918 00948 1.294 0.130
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Table F-2 Results of the Monte Carlo simulations and fitted lognormal curve

(f,=-0.2)
Monte Carlo simulations Fitted lognormal curve
Specimen  Yoo0;  Yoos  Yooos Yoor Pwe  Vwme  Yoos Yoo Pwe  Vme
111 21 0.784 0979 0.842 0.871 1314 0.167 0.848 0.882 1.276 0.155
211.21 0802 1.005 0.864 0904 1271 0.133 0869 0904 1316 0.157
311.21 0866 1034 0928 0953 1259 0.116 0.923 0951 1275 0.123
41121  0.873 1.037 0925 0955 1248 0.109 0.928 0956 1.271 0.120
111.31 0772 0990 0840 0.864 1.333 0.168 0.844 0.881 1.334 0.173
211 31 0.810 1.014 0.888 0915 1299 0.139 0.877 00912 1.323 0.156
211.32 0851 1.031 0904 0940 1271 0.120 0911 0942 1295 0.134
311 31 0.879 1.038 0.926 0953 1290 0.125 0.933 0960 1.262 0.115
311.32 0885 1040 0946 0969 1252 0.107 0.937 0964 1256 0.111
41131  0.898 1046 0941 0968 1289 0.119 0.948 0973 1.251 0.106
411 32 0.867 1.034 0.931 0960 1245 0.108 0.923 0952 1.273 0.122
122.21 0748 0973 0832 0.860 1.301 0.167 0821 0.859 1.333 0.183
222 21 0.803 0993 0.857 0.887 1264 0.138 0.866 0.898 1.277 0.147
222 22 0832 1008 0.890 0921 1252 0.123 0891 0921 1264 0.133
322.21 0866 1016 0924 0945 1252 0.122 0917 0942 1225 0.111
322.22 0881 1034 0940 0970 1236 0.104 0933 0959 1250 0.111
422 21 0861 1.024 0915 0936 1254 0.119 0.916 0.944 1.255 0.120
422 22 0.878 1.028 0.938 0961 1224 0.101 0.929 0955 1.237 0.109
122.31 0783 0987 0850 0.876 1.324 0.167 0.850 0.885 1.303 0.162
122.32 0750 0987 0843 0.881 1.317 0.166 0827 0.867 1.374 0.192
222.31 0787 1017 0873 0915 1292 0.40 0.862 0901 1384 0.179
222.32 0811 1015 0869 0913 1284 0.135 0878 0913 1326 0.156
222 33 0.826 1.020 0.897 0931 1268 0.122 0.890 0923 1.311 0.147
322.31 0871 1035 0910 0944 1286 0.126 0926 0954 1268 0.120
322_32 0.877 1035 0934 0958 1278 0.119 0931 0958 1.259 0.115
322.33 0898 1040 0951 0973 1248 0.105 0946 0970 1236 0.102
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Table F-2 Results of the Monte Carlo simulations and fitted lognormal curve

(f,=-0.2)
Monte Carlo simulations Fitted lognormal curve
Specimen  Yoo0;  Yoos  Yooos Yoor Pwe  Vwme  Yoos Yoo Pwe  Vme
322 _34 0.874 1.028 0.925 0956 1224 0.104 0.926 0952 1.244 0.112
422 31 0886 1.044 0931 0957 1294 0.124 0939 0966 1267 0.114
422 .32 0878 1.047 0936 0957 1274 0116 0.935 0964 1.289 0.122
422 33 0.900 1.044 0949 0973 1239 0.101 0.949 0974 1.242 0.103
422 34 0.810 1006 0.909 0935 1212 0.106 0.875 0908 1.301 0.151
133_21 0.788 0983 0.841 0.879 1295 0.165 0.853 0.886 1.280 0.154
133.22 0771 0979 0831 0.875 1.294 0.161 0.839 0.874 1.302 0.166
233 21 0.816 0998 0.867 0905 1266 0.135 0.876 0.907 1.268 0.140
233,22 0831 1007 089 0919 1257 0.127 0.890 0920 1.265 0.134
33321 0.836 1024 0900 0940 1260 0.124 0.898 0930 1.302 0.141
33322 0.873 1.022 0.921 0.948 1243 0.112 0.923 0949 1.231 0.110
33323 0882 1.026 0934 0955 1215 0.100 0931 0955 1227 0.105
433 21 0.855 1.022 0.921 0947 1253 0.120 0.911 0940 1.264 0.125
433 22 0881 1.034 0933 0955 1235 0.106 0.933 0959 1.248 0.111
433 23 0.891 1021 0915 0945 1207 0.099 0.935 0958 1.197 0.094
133,31 0792 0989 0849 0.892 1.319 0.167 0857 0.891 1.290 0.155
133.32 0789 00986 0856 0.895 1.320 0.168 0.854 0.888 1.284 0.155
133_33 0.781 0986 0.854 0.889 1.312 0.160 0.849 0.883 1.300 0.162
233,31 0818 1017 0.899 00927 1294 0.140 0.884 0918 1317 0.151
233,32 0789 1017 0871 0907 1290 0.139 0.864 0902 1377 0.176
233,33 0798 1016 0881 0917 1277 0.130 0870 0907 1357 0.169
233 34 0836 1025 0.901 0933 1262 0.118 0.899 0931 1.305 0.142
33331 0.859 1.036 0.913 0949 1284 0.126 0918 0948 1.294 0.131
33332 0864 1032 0924 0959 1281 0.122 0921 0949 1273 0.123
33333 0.869 1.044 0.938 0967 1261 0.112 0.927 0957 1.297 0.128
33334 0878 1038 0941 0966 1240 0.104 0932 0960 1264 0.116
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Table F-2 Results of the Monte Carlo simulations and fitted lognormal curve

(fy=-0.2)

Monte Carlo simulations Fitted lognormal curve
specimen Yoo Yoos  Yooos Yoor Pmc  Vwe  Yooos Yoor Pws  VYwme
433 31 0.899 1.037 0941 0972 1.289 0.125 0.946 0.970 1.227 0.099
433 32 0881 1.044 0930 0954 1280 0.120 0.936 0964 1.274 0.118
433 33 0.883 1.044 00931 0.958 1.258 0.109 0.937 0965 1.274 0.117
433 34 0881 1.033 0947 0962 1233 0102 0.932 0958 1.246 0.111
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Table F-3 Results of the Monte Carlo simulations and fitted lognormal curve

(5,=0)

Monte Carlo simulations

Fitted lognormal curve

specimen  Yoor  Yoos  Yooos Yoo Pwme  VYme  Yoos Yoo  Puc  Vwe

11121 0.785 0978 0.844 0879 1.275 0.154 0.849 0882 1.270 0.153
211 21 0.852 1.007 0.884 0917 1241 0.123 0904 0.931 1227 0.116
311 21 0892 1.023 0.936 0954 1.224 0.105 0.936 0.959 1.202 0.095
411_21 0905 1.028 0.940 0.959 1.218 0.100 0.947 0.968 1.193 0.088
11131 0.795 0.996 0.852 0.898 1.298 0.158 0.861 0.895 1.302 0.156
211 31 0.846 1.020 0.901 0933 1.268 0.127 0.904 0934 1.275 0.131
211 32 0.889 1.030 0.935 0.959 1241 0.105 0.937 0.961 1226 0.103
311.31 0.868 1.035 0.927 0953 1.257 0.114 0.924 0953 1.273 0.122
311_32 0915 1.036 0.958 0974 1211 0.092 0956 0.977 1.198 0.086
411 31 0920 1.044 0956 0978 1.256 0.109 0.962 0.984 1.211 0.088
411 32 0917 1.026 0.948 0965 1.203 0.094 0.954 0973 1.168 0.077
122 21 0.801 0979 0.851 0879 1279 0.158 0.860 0.890 1.243 0.140
222 21 0.798 0.993 0.885 0901 1.251 0.134 0.863 0.896 1.287 0.152
222_22 0.814 1.002 0.894 0922 1227 0.115 0877 0.909 1281 0.144
32221 0852 1.017 0.903 0937 1.239 0.116 0.908 0.936 1.254 0.123
322_22 0.892 1.032 0.948 0970 1213 0.095 0939 0.963 1225 0.101
422 21 0.897 1.023 0.926 0947 1235 0.111 0940 0.961 1.194 0.091
422 22 0.904 1.030 0.948 0968 1.206 0.093 0.947 0.968 1.200 0.091
122 31 0.817 0992 0.868 0.896 1295 0.154 0.875 0.905 1.249 0.135
122 32 0.780 0.990 0.851 0.896 1.296 0.154 0.849 0.884 1.317 0.166
222_31 0.844 1.018 0.897 0923 1276 0.132 0902 0.932 1270 0.130
222 32 0.815 1010 0.894 0922 1262 0.127 0880 0913 1304 0.149
222 33 0.865 1.024 0919 0945 1.245 0.111 0919 0946 1.251 0.118
322_31 0.864 1.040 0.915 0.954 1264 0.119 0923 0.953 1295 0.129
322_32 0.893 1.038 0.930 0964 1.252 0.109 0.942 0.967 1.238 0.104
322_33 0911 1.037 0951 0972 1221 0.095 0954 0976 1206 0.090
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Table F-3 Results of the Monte Carlo simulations and fitted lognormal curve

(5,=0)

Monte Carlo simulations

Fitted lognormal curve

specimen  Yoor  Yoos  Yooos Yoo Pwme  VYme  Yoos Yoo  Puc  Vwe
322_34 0.883 1.016 0.931 0948 1.194 0.095 0.928 00951 1.198 0.098
422_31 0.870 1.037 0.920 0.953 1262 0.115 0926 0.954 1274 0.122
422 32 0.908 1.043 0.946 0969 1.247 0.105 0.953 0977 1.227 0.096
422_33 0912 1.039 0.949 0972 1213 0.092 0955 0.977 1209 0.090
422 34 0.864 1.000 0.914 0933 1.183 0.097 0.910 0933 1.186 0.101
133_21 0.756 0976 0.820 0.857 1.278 0.159 0.828 0.865 1.325 0.178
133_22 0.761 0982 0.837 0869 1268 0.151 0.834 0871 1334 0.178
233 21 0820 0991 0.865 0906 1.252 0.133 0.878 0.907 1.239 0.131
233_22 0.802 1.001 0.883 0915 1241 0.123 0.868 0.901 1304 0.154
33321 0830 1.015 0.888 0920 1.239 0.119 0.892 0.923 1.288 0.140
333_22 0.854 1.024 0.922 0945 1.227 0.107 0911 0940 1.268 0.126
333_23 0.900 1.032 0.945 0.969 1202 0.091 0945 0.968 1.211 0.095
433 21 0863 1.021 0911 0936 1.241 0.116 0916 0943 1.244 0.116
433_22 0.892 1.020 0.928 0.958 1221 0.102 0936 0.957 1.192 0.093
433 23 0901 1.017 0.937 0961 1.187 0.090 0.940 0.960 1.170 0.084
133_31 0.805 0.994 0.858 0.898 1301 0.158 0.868 0.900 1.279 0.147
133_32 0.796 0986 0.859 0.893 1.297 0.157 0.859 0.891 1.271 0.149
133_33 0.784 0998 0.867 0.899 1.287 0.151 0.854 0.891 1.334 0.169
233_31 0.814 1.013 0.884 0910 1274 0.132 0.880 0.914 1314 0.152
233_32 0848 1.016 0.896 0930 1.274 0.129 0.904 00933 1.257 0.126
233_33 0.841 1.021 0.907 0.938 1262 0.123 0901 0.932 1284 0.135
233_34 0.852 1.025 0921 0944 1241 0110 0910 0940 1277 0.129
333_31 0884 1.029 0.929 0954 1.261 0.118 0.933 0958 1.231 0.106
333_32 0.899 1.035 0.940 0.963 1258 0.113 0945 0.969 1.222 0.098
333_33 0890 1.037 0.951 0968 1.239 0.105 0.940 0.965 1.240 0.106
333_34 0901 1.038 0.954 0973 1219 0.096 0947 0.971 1225 0.098
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Table F-3 Results of the Monte Carlo simulations and fitted lognormal curve

(5,=0)

Monte Carlo simulations

Fitted lognormal curve

Specimen  Yoos,  Yoos  Yoors Yoor Pwe  VYme  Yoos Yoo Pws  Vme

433 31 0.903 1.034 0931 00956 1.267 0.118 0.948 0.970 1.213 0.094
433 32 0.886 1.043 0951 0974 1259 0.110 0.939 0966 1.263 0.113
433 33 0.888 1.037 0937 0.965 1.235 0.101 0.938 0.964 1245 0.108
433 34 0900 1.031 0938 0963 1205 0.092 0944 0967 1210 0.095
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Table F-4 Results of the Monte Carlo simulations and fitted lognormal curve

($,=0.2)
Monte Carlo simulations Fitted lognormal curve
Specimen Yoo,  Yoos  Yooos Yoo Pwe  VYwme  Yoos Yoo APmc  Vme
111 21 0.765 0989 0.820 0.858 1.365 0.183 0.838 0.876 1.346 0.179
211.21 0765 1.011 0.859 0.896 1.369 0.167 0.845 0.887 1416 0.195
311 21 0.788 1.024 0.874 0910 1342 0.135 0.865 0905 1405 0.183
41121 0822 1008 0.882 0926 1.191 0.094 0.884 0916 1285 0.142
111 31 0.786 1.010 0.857 0.893 1395 0.182 0.859 0.897 1363 0.174
211 31 0.751 1.019 0.838 0.892 1395 0.179 0.837 0.882 1476 0.214
211.32 0829 1.043 0.882 0931 1.381 0.160 0900 0936 1372 0.160
311 31 0.802 1.025 0.865 0.906 1.309 0.124 0.875 0913 1375 0.171
311.32 0829 1.048 0.884 0.927 1377 0140 0901 0939 1386 0.163
411 31 0876 1.038 0926 0.965 1230 0.099 0.930 0.958 1267 0.118
411 32 0.795 1.034 0.881 0.920 1.229 0.093 0.873 0913 1418 0.184
122.21  0.719 0.986 0.807 0.853 1.368 0.186 0.805 0.850 1.448 0.222
222 21 0.754 1.007 0.827 0.875 1366 0.176 0.836 0.879 1428 0.202
222 22 0782 1.021 0.858 0.905 1.367 0.165 0.860 0.900 1.405 0.186
322 21 0.776 1001 0.851 0.887 1271 0.126 0.850 0.888 1.360 0.178
322,22 0781 1.022 0.854 0.890 1320 0.126 0.860 0.900 1413 0.188
422 21 0882 1018 00925 0949 1220 0.106 0.928 0.951 1.204 0.099
422 22 0.805 1.022 0923 0.951 1.185 0.087 0.877 0913 1.359 0.166
122 31 0741 1.001 0.828 0.867 1396 0.187 0.825 0.869 1.439 0.210
122_32 0.763 1014 0831 0.891 1393 0.178 0.844 0.887 1430 0.199
222.31 0783 1.016 0.847 0901 1.395 0.180 0.859 0.899 1388 0.181
222.32 0759 1.017 0.832 0.883 1388 0.177 0842 0.886 1446 0.204
222 33 0.811 1.041 0.891 0.929 1378 0.164 0.886 0925 1404 0.174
322.31 0776 1.020 0.857 0.891 1.287 0.124 0855 0.897 1419 0.191
322 32 0.763 1.018 0.848 0.881 1.289 0.120 0.846 0.889 1441 0.201
322.33 0839 1.046 0.89 0928 1.325 0.119 0908 0943 1360 0.153
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Table F-4 Results of the Monte Carlo simulations and fitted lognormal curve

($,=0.2)
Monte Carlo simulations Fitted lognormal curve
Specimen Yoo,  Yoos  Yooos Yoo Pwe  VYwme  Yoos Yoo APmc  Vme
322_34 0.848 1.045 0900 0.932 1378 0.147 0914 00947 1340 0.145
422 .31 0897 1043 0957 0975 1.243 0.106 0.946 0971 1245 0.105
422 .32 0894 1043 0952 0973 1227 0.09 0944 0970 1251 0.107
422 .33 0854 1024 0912 0943 1.181 0.083 0911 0940 1270 0.126
422 34 0.778 1.015 0.870 0.902 1276 0.110 0.856 0.896 1.397 0.185
133 21 0.764 0993 0.808 0.857 1374 0.184 0.838 0.877 1361 0.183
133,22 0765 1.006 0.841 0.883 1.363 0.178 0.843 0.884 1.401 0.192
233 21 0.698 099 0.829 0.877 1370 0.179 0.792 0.842 1537 0.249
23322 0774 1.007 0.841 0874 1367 0.172 0850 0.889 1381 0.184
333 21 0.739 1.007 0.859 0.891 1257 0.123 0.825 0.870 1466 0.217
333 22 0.748 1.022 0.860 0.899 1.275 0.118 0.836 0.882 1490 0.218
33323 0810 1.037 0.885 0925 1.352 0.133 0885 0923 1394 0.172
433 21 0.860 1.022 0921 0.945 1.227 0.106 0.914 0942 1253 0.120
433 22 0868 1027 0936 0958 1.205 0.095 0.921 0949 1252 0.117
433 23 0.775 0991 0.844 0.890 1163 0.091 0.846 0.882 1332 0.172
133.31 0779 1.012 0857 0.886 1391 0.184 0.855 0.895 1.387 0.183
133.32  0.807 1.012 0.861 0901 1.397 0.181 0875 0910 1.326 0.158
133 33 0.763 1.023 0.867 0.906 1.397 0.176 0.847 0.891 1.459 0.205
23331 0777 1.020 0.856 0.896 1.397 0.180 0.856 0.897 1.415 0.190
233 32 0.778 1.027 0.851 0.902 1397 0.178 0.859 0901 1435 0.194
23333 0813 1.028 0.876 0917 1394 0.175 0884 0920 1361 0.164
233 34 0833 1.040 0.89% 0.929 1378 0.160 0.901 0.937 1.354 0.154
333 31 0.771 1012 0.858 0.891 1.281 0.125 0.850 0.891 1.404 0.190
33332 0778 1.020 0.867 0.909 1.282 0.122 0857 0.898 1414 0.189
333 .33 0.793 1.020 0.875 0.911 1292 0.118 0.867 0906 1.378 0.175
33334 0798 1.036 0.865 0912 1.321 0.123 0876 0916 1417 0.182
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Table F-4 Results of the Monte Carlo simulations and fitted lognormal curve

($,=0.2)
Monte Carlo simulations Fitted lognormal curve
Specimen  Yooor  Yoos  Yooos Yoo Pwe  VYme  Yoos Yoo Pwms Ve
433 31 0.863 1.044 0941 0967 1246 0.108 0.924 0.954 1.308 0.132
433 32 0907 1049 0954 0976 1.242 0.104 0.955 0.979 1244 0.101
433.33 0879 1.041 00947 0977 1.211 0.09 0934 0962 1.271 0.117
433 34 0822 1021 089 0934 1179 0.83 0.888 0922 1322 0.151
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Table F-5 Results of the Monte Carlo simulations and fitted lognormal curve

(f,=0.4)
Monte Carlo simulations Fitted lognormal curve
Specimen  Yoo0;  Yoos  Yooos Yoor Pwe  Vwme  Yoos Yoo Pwe  Vme
111 21 0.722 1030 0.828 0.876 1530 0.217 0.819 0.871 1.593 0.250
211.21 0712 1046 0810 0871 1527 0208 0817 0873 1680 0.271
311.21 0768 1078 0875 0912 1597 0211 0867 0919 1630 0.238
411.21 0719 1110 0867 0932 1658 0.206 0.839 0.905 1.903 0.307
111 31 0.728 1.054 0.818 0.881 1554 0.222 0.830 0.885 1.658 0.260
211 31 0.725 1.060 0.843 0.896 1567 0.213 0.830 0.886 1.690 0.267
211.32 0766 1.087 0870 00928 1547 0.194 0867 0921 1667 0.246
311 31 0.665 1.069 0.823 0.885 158 0.216 0.788 0.855 1.935 0.337
311.32 0744 1094 0872 0916 1584 0206 0853 0912 1759 0.272
411 31 0.733 1058 0.846 0902 1546 0.177 0.835 0.890 1.658 0.258
411 32 0.780 1.103 0.871 0944 1618 0.218 0.882 0936 1.684 0.243
122 21  0.668 1010 0788 0.834 1.521 0221 0774 0.831 1.685 0.292
222 21 0.707 1.032 0.816 0.862 1527 0.214 0.809 0.863 1.642 0.266
222 22 0736 1060 0.860 0900 1528 0.199 0.838 0892 1659 0.257
322 21 0.772 1055 0.848 0.888 1555 0.209 0.863 0910 1542 0.219
322.22 0734 1098 0872 0926 1580 0.06 0.847 0.908 1.805 0.284
422 21 0660 1.043 0816 0.860 1490 0.164 0.776 0.840 1.847 0.325
422 22 0.758 1.104 0.885 0927 1643 0.204 0866 0925 1.752 0.265
122.31 0745 1026 0819 0873 1556 0221 0835 0882 1513 0.224
122.32 0703 1044 0814 0.864 1553 0218 0809 0.866 1.701 0.279
222.31 0721 1050 0815 0876 1554 0217 0824 0.880 1.665 0.264
222 32 0.727 1060 0.821 0900 1556 0.213 0.831 0.887 1.683 0.265
222 33 0.735 1074 0.824 00913 1550 0.202 0.841 0.898 1.713 0.267
322.31 0730 1047 0806 0875 1560 0.212 0.830 0.883 1.631 0.254
322_32 0.730 1.060 0.843 0908 1573 0.210 0.834 0.889 1.678 0.263
322.33 0769 1.094 0854 0912 1575 0206 0872 0927 1682 0.247
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Table F-5 Results of the Monte Carlo simulations and fitted lognormal curve

(f,=0.4)
Monte Carlo simulations Fitted lognormal curve
Specimen  Yoo0;  Yoos  Yooos Yoor Pwe  Vwme  Yoos Yoo Pwe  Vme
322 _34 0.816 1.097 0.893 0.939 1552 0.195 0.907 0.954 1567 0.207
422 .31 0681 1038 0798 0861 1481 0.162 0.791 0.851 1.751 0.298
422 32 0.718 1079 0815 0.875 1536 0.168 0.830 0.890 1.787 0.288
422 .33 0.800 1.090 0874 0929 1599 0.203 0.893 0.942 1588 0.217
422 34 0753 1.087 0871 0924 1555 0.205 0.858 0914 1703 0.258
133_21 0.721 1026 0.814 0.856 1530 0.224 0.817 0.869 1.581 0.248
133.22 0743 1039 0833 0.878 1.525 0210 0837 0.887 1562 0.235
233 21 0.693 1.019 0.801 0.853 1531 0.223 0.795 0.850 1.639 0.272
233,22 0743 1043 0823 0890 1531 0208 0838 0889 1576 0.238
33321 0.690 1049 0816 0.872 1544 0208 0.801 0.861 1.764 0.296
33322 0.685 1072 0.829 0.879 1573 0.211 0.803 0.868 1.871 0.317
33323 0770 1.088 0.873 0937 1577 0208 0871 0924 1658 0.243
433 21 0.674 1.036 0.798 0.856 1.449 0.155 0.786 0.846 1.765 0.304
433 22 0677 1063 0819 0873 1541 0.173 0795 0.859 1.866 0.320
433 23 0758 1.096 0.871 0929 1623 0.222 0.864 0921 1721 0.259
133.31 0716 1.047 0822 0.866 1.553 0221 0820 0.875 1.670 0.267
133.32 0706 1.044 0815 0.878 1.557 0219 0811 0.868 1.691 0.276
133_33 0.706 1.046 0.827 0.884 1556 0.213 0.812 0.869 1.699 0.277
233,31 0692 1058 0828 0887 1555 0215 0.805 0.866 1790 0.300
233 _32 0.679 1.062 0.803 0.886 1566 0.219 0.796 0.860 1.852 0.317
233,33 0723 1056 0.837 089 1553 0.208 0.828 0.884 1683 0.267
233,34 0752 1070 0845 00911 1546 0201 0.853 0.906 1647 0.248
33331 0.663 1.040 0.814 0.894 1553 0.209 0.778 0.841 1.826 0.320
33332 0690 1060 0831 0870 1572 0211 0.804 0.866 1.808 0.304
33333 0.722 1062 0.845 0.898 1573 0.211 0.828 0.885 1.708 0.272
33334 0769 1076 0.886 0920 1571 0.206 0.867 0919 1620 0.235
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Table F-5 Results of the Monte Carlo simulations and fitted lognormal curve

(fy=04)

Monte Carlo simulations Fitted lognormal curve
specimen Yoo Yoos  Yooos Yoor Pmc  Vwe  Yooos Yoor Pws  VYwme
433 31 0.690 1.052 0.831 0.876 1.465 0.157 0.801 0.862 1.775 0.298
433 .32 0704 1060 0.803 0876 1497 0.160 0.815 0.874 1.755 0.288
433 33 0.729 1.086 0.857 0.923 1556 0.174 0.840 0.900 1.776 0.281
433 34 0731 1.090 0886 0926 1592 0.206 0.843 0.903 1.786 0.282
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