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ABSTRACT

Large Displacement Analysis and Design of Stiffened Plates with Parallel Ribs
in LargelndustrialDucts

Ali Rezaiefar, Ph.D.
Concordia University, 221
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CHAPTER 1

Introduction

1.1 Background and Problem Definition

Stiffened plates with parallel ribs account for a major part of-whahed structures found
typically in industrial facilities in the forms of rectangular ducts, dust collectors, boilers, hoppers,
containers, and similar structures. Although the structigsign of such structures is not directly
addressed in the Northmerican codesngineers usuallyeferto CSA-S16 in Canada and AISC
Steel Construction Manual in the UBheyoftenmake severadimplifications that lead to proper
design procedures baken the nature of the loading and configurations of the stiffened plates. On
the other hand, Eurocodes HN93: Design of Steel Structures addresses the steel plates and shells
in parts 15, 1-6, and 17 and provides guidelines for designing such stresturdowever, in all
those codes and standards, the panel plates i
often simplified and regarded as a umitlth beam for which the classical beam theory is deemed

appropriate and acceptable.

The princpal assumption associated with the structural design of stiffened plates in the
conventional methods, based on the classical beam theory, is that the plate displacements are
infinitesimally small compared ttheir dimensions. Thus, the principal internélesses in the
panel plate following this assumption are produced by the flexural behaviour. This assumption,
however, does not result in the correct laigplacement behaviour of the panel plate if the
displacements are not infinitesimally small. Them&bn of large displacement is often provided
with respect to the plate thickness. The following are some examples for such definition in the
literature, in all of whichi is the maximum deflection ards the thickness of the plate:

- 0>0.5t (Dhevy, 1941a
- u>1.0t (Ti mos he fKieiger, 4959 antM@guralp M&ELK or,
- 0>0.2t (Bakker et al., 2008).



In large displacement analysis, the contribution of the membrane (tangential) forces generated
in the plate in combination with the flexusatesses are accounted for, as explained further in the

upcoming chapters of this thesis.
1.2 Research Significance and Motivation

As the environmental challenges that face the planet call for an overall reduction of energy and
resources in the constructiomdustry, any improvement in the optimization of the usage of the
materials would be of great significance. On the other hand, steel production has a 190% CO2
emission rate, i.e., for eatbnneof steel production, 1.®onneof CO2 is released into the air
bringing the steel industry accountablefes4 of t he worl dés overall
to the International Energy Agency annual data.

The ultimate goal of the research which led to this thesis is to demonstrate the effectiveness of
the considertzon of the membrane forces in the panel plate by utilizing the Large Displacement
Analysis (LDA) as a replacement for the conventional design approach, which is based on the
Small Displacement Analysis (SDA) that takes into account only the flexural ibahaf the
panel plate. At the beginning of this research, an overall thickness reduction of 30% was set as a
realistic goal. However, when the definitions of the limit states are explicitly set based on the
nature of the structure in which the stifferpdtes are utilized, a more significant reduction in the
steel panel plate thickness is easily within reach, as shown in Chapter 3. Moreover, the LDA could
also be implemented as a better replacement for the conventional approach for the rib stiffeners'
design in which the stiffener and a portion of the panel plate arelleddes an equivalent beam

crosssection and designed using the classical beam theory.

Another critical factor in the design of stiffened plates for industrial ducts is vibrational
concens. If the loading or flownduced vibration resonates with the stiffened plate, the result
would be excess structural vibration for natural modes with higher mass participation or excessive
noise for natural modes with lower mass participation. A goailgdeinvolves both of those
aspects by calculating the natural frequencies of the stiffened plate. Although there are many
analytical and empirical methods available in the literature to calculate the natural frequencies of
rectangular plates, if the effiscof membrane forces in the LDA are not considered, the calculated

frequencies are not realistic. In this regard, there is a need for atodaligw empirical method
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that calculates the frequency of vibration in the structurally important modes atiobfor such

plates under the applied lateral pressure in LDA.
1.3 Objectives and Scope of Work

In order to address the needs of the industry for a reliable and optimized design that is based on
LDA, the objectives of this thesis are to (i) evaluate theiegdplity of the FE method for the LDA
of rectangular plates and stiffened plates with parallel ribs, (ii) break down the structural design of
industrial duct walls and stiffened plates in general from the perspective of LDA, (iii) review the
limit stateddesign for stiffened plates and establish the applicable failure criteria, (iv) FE analysis
of stiffened plates using the LDA and establish gadpllow empirical methods to estimate the
load-displacement behaviour, the ultimate design load, and thatwbal frequencies of the
rectangular plates accordingly. In order to achieve these objectives, the scope of the research in

this thesis is as follows:

- Developing a reliable FB®odelling approach and appropriate elements and boundary
conditions that bessimulate the stiffened plates of the walls of rectangular ducts and
similar industrial structures,

- Evaluating the FE results against the available experimental tests and analytical solutions
in the literature,

- Performing LDA on various aspect ratios rectangular plates and tabulate their load
displacement and loagtress behaviour,

- Establish a meaningful empirical design approach based on LDA for the rectangular panel
plates of the walls of industrial ducts and similar structures,

- Performing LDA on stiened plates with the most common form of rib stiffener and panel
plate combinations in order to study the stress distributions in the panel plates as well as
the loaddisplacement charts,

- Establish a meaningful approach for the estimation of the ultilmatefor stiffened plates
in limit states design,

- Evaluate the modes of vibration and mass participations in rectangular plates with various

aspect ratios and loadings and determine the effect of LDA on their frequencies,



- Establish a meaningful and easyfollow approach to estimate the structural modes and
their frequencies of vibration for rectangular plates with various aspect ratios under

uniform lateral pressure.
1.4 Thesis Layout

The thesis is divided into six chapters and presented as followings:
1 Chager 1 consists of the introduction, research significance and motivation, and

objectives and scope of work.

1 Chapter 2 is the literature review that briefly addresses the available research on LDA
topics of rectangular plates, stiffened plate analysis &styd, and the vibration of
rectangular plates.

1 Chapter 3 consists of a numerical investigation of the LDA effects on the load
displacement and stress behaviour of rectangular panel plates of large industrial ducts.
An evaluation of the existing design thedologies is presented, and the challenges in
the FEModelling of such structures are explained. Furthermore, the applicability of the
existing LDA loaddisplacement estimations for the rectangular plates to the particular
case of industrial duct wallss ipresented based on a thorough verification of the
boundary conditions in such structures. A simple equation is presented at the end of this
chapter for the limit states design of such panel plates based on the LDA and the
applicable design standard.

1 Chapter 4 focuses on the structural analysis and design of stiffened plates with parallel
ribs from a general perspective. The conventional design based on the linear beam
theory that simplifies the stiffened plate into a bujt crosssection is reviewed ah
discussed. The Equivalent Beam Analogy (EBA) relevance is discussed through
comparisons of its results with the ledigplacement behaviour of the stiffened plate
and the stress distributions in the panel plate in the FE method with shell elements in
LDA and SDA. Following this discussion, it is shown that the LDA is the correct
analysis method for the stiffened plates as it captures the actual behaviour of such
structural assemblies by taking into account the membrane forces in the analysis. A

simple degn methodology is presented at the end of this chapter which could be used



in future studies to generate empirical design equations for stiffened plats using the
LDA.

Chapter 5 is mainly focused on the dynamic behaviour of the panel plates in rectangular
ducts. It involves estimating three structuradlgnificant modes of vibration for the
rectangular panel plates based on their mass participation ratios. The panel plate FE
models are analyzed under a uniform lateral pressure which is applied incrgmental
using LDA. At the end of each loading increment, the plate's natural frequencies are
calculated for the three significant modes to study the effects of large displacements on
the modal frequencies of the panel plate. At the end of this chapter, deargs are
provided for various panel plate aspect ratios and loads based on which the vibration
frequency of the three significant modes could be estimated for various applied
pressures. A practical example of how to use the charts is also provided.

Chapte 6 provides a summary of the research project, the main contributions and

conclusions, and recommendations for future works.



CHAPTER 2

Literature Review

2.1 Background

There is a great wealth of literature about the structural analysis and design of stiffereed plate
with parallel ribs. This literature review is divided intweesections to distinguish the references
used in various parts of this research study, as well as the FE methodology and the element utilized
in the numerical studies of this thesBection2.2 is mainly about the worksn the large
displacement analysis of thin rectangular pla&extion2.3 focuses on the stiffened plates and the
available analysis and design methddsstly, Sction2.4 consists of a selection of the available

reference®n the topic of modal analysis and free vibration of rectangular plates.
2.2 Large displacement analysis of thin rectangular plates

Thin plates are defined based on their relatively small thickness compared to their planar
dimensions. Although a cleatistinguishing thicknest-width ratio is not defined, many
referencesincluding Timoshenko and Weinomskreiger (1959) identify thin plates as those
with t < 0.1B, wheret andB are the plate thickness and width.

The Kirchhoff-Love plate theoryis generally applied to thin rectangular plategh small
displacementsThe plate governing equatiofieg. 2.1)in this methodinvolves the flexural

behaviourn a single, linear differential equation

In this equationw is the deformation at any point on thg plane of the platey is the applied
lateral load, and=Et3/12(1-¢?) is the flexural rigidity of the plateshereE andg are the plate

material s modul us of elasticity and Poissonbo

There are several closéorm and numerical solutiont® Eq. 2.1in the literature for various
rectangular plate dimensions and any combinations of loading and boundatpoenHowever,

if the plate deformations are relatively large, Eq. 2.1 is not relevantdagst not considdghe

6



membrane (tangential) stresses. Different references have defined the large deformations in
relation with the plate thicknesncludingy > 0.5t (Levy, 1941a),1 > 1.0t (Timoshenko and
WeinomskyKreiger, 1959) and (Ugural, 1981), anc 0.1t (Bakker et al., 2008Regardless of

the triggering deformation limit, large deformatiomstroduce nonlinearities irthe load

deformation behaviour dhe plateandgoverned by the veKarméan equations (Eq. 2.2 and 2.3).

— ¢— — 0 — —— (Eq.2.2)

A solution toEq. 2.2 for specific boundary conditiomsll result in the stress functigfr)
determinng the membranestresses in the middle surface of the pl&tece the stress function is
determinedthe displacements could also be calculated in Eq. A& .nfembrane forcdsx, Ny,

andNyy are calculated based on tteess function and the plate thicknass

v

- (Eq.2.4)
vy, .

U,U o—

The existence ofhe stresgunction at the right side of thdifferential equation results in a
nonlinear loaetisplacement and loastress relation for the plate. This nonlinear behaviour is
fundamentally different from the axerial nonlinearities induced by the plastic deformations.

The first general closefibrm solution to the vo#Karman equations wengresentedy Levy
(194%a) for the case of rectangular simysiypported plate. The proposed solution was examined
for the twogeometriesof square, and rectangular (1:3 ratio) plates in specific load cases of
symmetrical normal pressure, uniform lateral pressure, and nethbniform lateral pressure and
edge compressiorMoreover, Levy (194b and 1942) provided another solution to the-von
Karman equations for the case of square plates with clamped edges under uniform lateral pressure.

The loaddisplacement charts by Ley¥941a and 194b) for square plates are showrfHig. 2.1.
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Fig. 2.1: Loaddisplacement charts for square clampeght)i and simplysupported (left) plates by Levy (194
and 1941b)

Following the solutions by Levy, an experimental testing program on 56 rectangular plates with
clampededges, and 5 plates with freedypported edges was conducted by Ramberg et al.)(1942
The test setup was arranged as shown in the section vigg. 2.

o pressure gage-NH ClFe pump
Fig. 2.2: Schematic section view of thesting apparatus for clamped plates (Ramberg et al., 1942)

The experimental tests of Ramberg et al. resulted indosalacement and loagtress charts
which were used asa reference for future research on the ladiggplacement analysis of

rectangular [ates. Some examples of these laligplacement charts are showrFig. 2.3.
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Fig. 2.3: Loaddisplacement charts fequare clamped plates by Ramberg et al. (1942)

Given the importance of such advancements in the design of aeroplanes and warcrafts during
the WW?2 era, the Levgand Rambergeports were kept classified for 50 yedfsllowing these
reports, some further solutions the von Karman equatiorisr the cases of rectangular plates
with planar aspect ratios of 1.5 and @:€re proposed bwang (1948) The rectangular plates in



Wanggs report had boundary conditions that rese
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A series of equivalent equations were offered by Ciarlet (1980) for the von K&rman equations
in which the nonlinear | arge deformation anal
asymptotic expansi ons oamedith besa smglifidd yat equivalent h wa
replacement to the von Karman equations have never gained attentimassti#ting the problem
in a different set of equations with more terms and parameters, new assumptions, and different
methodologies that tse offered previously for the von Karman equations. A series of numerical
solutions to the von Karman equations were offered by Katsikadelis and Nerantzaki (1994) in
forms of an fianal og equation met hodo edms whi ch

the stress and deflection functions.

In all references up to this point, the boundary conditions considered in the solutions were
symmetrical, i.e., the plate had the same boundary conditions at opposite edges. A new method
was offered by Little (199) in which the largelisplacement analysis of rectangular plates with
special cases of boundary conditions combinations such as those supported at three edges and free
at one edge became possitlareover, the solution by Little (1999) involved the ddesation
of potential initial imperfections on the plate surfaaed out-of-plane equilibrium in forms of

energy formulations

Most recetly, the large displacement analysis of rectangular plates gained more attention

objectively by researchers trying provide applicable analysis and design analogies in order to
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implement it in the engineering design of thvalled structuresThanga et al. (2013) implemented
this analogy to adopt a design method for the panels of the stiffened plates of duct vealls. Th
method was based on a Modelling on the ADINA platform in which three different stages of
throughthickness yielding were defined as the limits for the ultimate load. SimilarkgBobury

and Galal (2014) provided an approximation of the nonlirestdisplacement behaviour of long
rectangular plates using FE analyansl a 3point approximation method as showrfig. 2.5.
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Fig. 2.5: Threepoint Bezier approximation of the loatisplacement chart by #ghoury and Galal (2014)
2.3 Analysis and design of stiffened pltes

The dominant form for the walls of industrial structures, shipshaircraft fuselage, and other
similar structures is a combination of rectangular panel plates with rib stiffeners. The stiffened
plate geometry and configuration make it very usifulvarcraft and military applications. In this
regard,there was a boost in the research on this topic in'then8 4" decades of the previous
century followed by some large time gaps afterwards due to the confidentialities imposed by the
funding authaties at that era.

There are hundreds of published articles about the analysis and design of stiffened plates from
the stand points of various applications, design methodology, and an@ysisof the most
referenced works on the concept of stiffenexdes is the book by Triotsk§976) in which various
topics surrounding the structural analysis and design of stiffened plates are addressed and
discussedA recent literature study by Bedair (2009) has provided a brief review over more than
400 such pubdiations from the perspective of analytical techniques, clmed and numerical

solutions, and limit states desigmer the span of 1902to 2008c cor di ng t o Bedali
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review, the earliest attempts on the analysis of stiffened plate were badiseof simulations

using the classical beam theory. As this thesis mainly focuses on the effects of large displacement
on the behaviour of stiffened plates, most of
irrelevantas their methodologsewere based on the classical beam theory and small displacement
analysis However, it is worth mentioning that the simulation of stiffened plated ag@malent

beam(EB) has been the grounds for most of the literature on this topic.

Hull Segment

Ship hull

Fig. 2.6: Examples of stiffened plates and shells applications (Bedair, 2009)

When the stiffened plate is simplified into an EB, the rib stiffener and the panel plate take part
in the overall resistance of the EB ftexural, shear, and axial stresses. An extensive literature
review on the aspect of the effectiveness of the panel plate in the overall behaviour of the stiffened
plate was published by Paik (2008here some key terms such as effective breadth, eféectiv
width, and effective shear modulus were reviewed and discussed. The effective breadth was
defined by Paik (2008) as a portion of the plate with contributions in the EB flexural resistance as

shown inFig. 2.7.
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Fig. 2.7: Schematic display of the effective breadth in a typical stiffened plate (Paik, 2008)

Compared to the previously availalkdues for the &in the literature such ase432t (Blodgett,
1966), and b=32t+t (ASCE, 1995), in which t and taire the plate and stiffener thicknesses
respectively, Paik (2008) provided a more robust method for the calculationvdien the
stiffened plate is under uniform lateral load as

T

w T T

(Eg. 2.5)

WherelL is the length of the stiffened plateis the panel plate width, amds the plate material
Poi ssonb6és ratio. An approximation of Eq. 2.

p8U0E Py T Y
—— ¢ Ry T Y

(Eq. 2.6)

Furthermore, Paik and Seo (268Ppresented a FE analysis approach for steel stiffened plates
under combined biaxial compression and lateral pressure aiming for providing grounds for the
ultimate limit states (ULS) design of such structures mamship hulls. They then applied their
methodology and analysis approach to three stiffened plate models as slagvi2.8 (Paik and
Seo, 2009).

Fig. 2.8: The geometry and loading in the FE models by Paik and Seo-(9009
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More recently, a study by RahlbRanji (2014) introduced an imaginary effective breadth/web
concept for the evaluation and determination of the torsional buckling of the EB on the basis of

the Euler stress for the coupled buckling mode.

Aside from the studies on the EB and the panekpfiectiveness, there are several attempts
in the literature to formatlte and simplify large displacement analysis of stiffened plates. In a series
of papers, Brubak and Hellesland (268)72007b, and 200%) studied the case of arbitrarily
stiffened plées from the perspectives of buckling strength, local and global bending, and
postbuckling by implementing a sewmalytical approach based on the von Mises yield criterion.
The local and global equilibrium paths were traced in their work (B)@¥¥ usingthe large
deflection theory combined with the Rayleigiitz criterion on an incremental form. Furthermore,
they evaluated various criteria to estimate the ultimate flexural strength of such structures using
semtanalytical methods separately (Brubak arellésland, 2008). The general schematic view
of the stiffened plate in all studies by Brubak and Hellesland is shokig.iR.9. While the semi
analytical approach bBrubak and Hellesland was a great effort to obtain clkdsed solutions
to the large deflection analysis of stiffened plates, it often involved lengthy and sophisticated
mathematical formulations with approximations and assumptions forspasédic boudary
conditions. On the other hand, they also provided some verifications using FE analysis using

ANSYS software to verify their method further.

R

Fig. 2.9: Schematic display of the stiffened plate; $&iffened plate subjected to appliedglane shear stress(p
and inplane, linear varying compression or tension stregs§p and cross section of an eccentric, (b) flat bar and
(c) T-stiffener. (Brubak and Hellesland, 20872007b, 200%c, 2008)

Another approach for the large deflection FE analysis of stiffened plates was presented by Ojeda

et al. (2007) in which the equilibrium equations were derived using the principle of virtual work.
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The analysis approach was then interpreted into a comguript in FORTRAN and the results

were compared to what were obtained from a similar analysis in ANSYS.

In a more generalized study on stiffened plates with arbitrarily placed ribs, Sapountzakis and
Dikaros (2012) considered the effects of deformable ectionson the geometrically nonlinear
analysis of such plates by retaining the nonlinear terms in the kinematical relationship equations.
They provided a robust method for deriving an approximate solution to the von Karman equation
for orthotropic platess a generalization of stiffened plates. They verified their results against FE

analysis in three different examples with a good correlation.

As stated before, one of the main applications of stiffened plates is in the structure of ship hulls,
such as thexample inFig. 2.10 (Badran et al., 2013). The stiffeners are often standard steel
profiles such as dangles, Gchannels, Tee, and Y sections in such structures. Mpadson
between Y and Tee sections' ultimate strengths as the ribs in ship hull stiffened plates was provided
by Badran et al. (2013). Moreover, the effects of imperfections in the rib stiffeners on the stiffened
plate's overall behaviour were also staldile more than 200 FE models using ANSYS software,

and the results were presented in forms ofddiaglacement curves.
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15



A similar study by Leheta et al. (2015) focused on the application, analysis, and advantages of
Y stiffeners as a replacement for other shapes and profiles of stiffeners typically used in the ship
hull design and constructioDetailed comparisons of thegmetrical characteristics of the newly
proposed rib stiffener shape with the typical ones were presented, and a FE analysis using ANSYS

software on some stiffened plate panels from an existing ship hull design were followed.

While there is a greateed for extensive experimental studies on stiffened plates, there are
minimal such studies in the literature. The experimental program by Xu and Guedes Soares (2013)
consisted five stiffened plate specimens under axial compression to obtain theiefmacation
and collapse loads, as shownFig. 2.11. Following the experimental tests, an empirical design
method was presented in which the effects of various pareswe¢ee included. Moreover, some
general conclusions, including a suggested arrangement of the rib stiffeners to potentially avoid

the collapse of the side bays, were presented at the end of the study.

Fig. 2.11: The test setup and one of the specimens tested by Xu and Guedes Soares (2013)
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Another experimental study that could be related to the stiffened plates analysis and design was
presented by Kwon (2014h which thedirect strength methotthat had ben previously tested for
cold-formed steel members was evaluated for welded steel menmwtusling the stiffened plate
geometryA total of 14 specimens were tested under direct compression as shie\gr2i 2 by
Kwon and the results were used for the evaluation of the direct strength method by the author. The
experimental work ultimately resulted in an empirical equation for the calculation liitieg
load, which accounts for local and overall bucklingloé stiffened plate under direct compression
(Kwon, 2014).

Fig. 2.12: Test setup and deformed shape of the stiffened plate specimen (Kwon, 2014)

The experimental tests by Shanmugam et al. (2014) areaub@&pause they are the only ones
that include bending of stiffened plates and the combined bending and compression. A total of 12
stiffened plates were tested by Shanmugam et al. (2014) in two separate divisions: series A and
series B with slenderness i(/t) of 100 and 76. The test setup is showhig 2.13.
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Fig. 2.13: Test setugup), and the sectional view of thest setup (down)y Shanmugam et al. (2014)

Shanmugam et al. (2014) also included a FE modelling using ABAQUS software to establish

an accurate modelling approach for such analysis. The tests results were presentednmahe for

comparisons between the deformed shapes observed from the tests and predicted by the FE

analysis, lateral loadisplacement charts, and interaction diagrams for axial load and lateral

pressure.

2.4 Modal analysis and free vibration of rectangular plates with large

deformations

The earliest attempts on the vibration analysis of rectangular plates in presengdaokin

(membrane and shear) forces were made by Dawe (1969) and followed by alternative solutions

including numerical methodby Mei and Yang (1972), Dickinson (1973) and Bassily and
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Dickinson, (1973). Chan and Foo (1979) were amongst the first to apgfnike Strip method

to solve the case of rectangular plate vibration with membrane forces.

The general equation of motionrfa rectangular plate under lateral aneplane loading is

presented in EQ.7.
0O — — wvb "0 QN 0 — 0 — ¢ — (Eq2.7)

In which D is the flexural rigidity of the plates is the viscous daping, } is the mass density
per unit volume of plate materidijs the plate thickness amdX, y, t)is the dynamic displacement
at any given point of plate surface at specific tithe The first and second derivativesvofvith
respect td (i.e. Oandl) represent the velocity and acceleration at a specific time. On the right
side of EQR.7, f is theexternal excitation as a function of tintgis the lateral pressure applied at
the plate surface whibdy, Ny are the membrane forces distributed along the edges of plak&and

is thein-plane shear forceespectively.

The simplest form of plate vibtion analysis represents the free vibration of unloaded
rectangular plates with negligible damping. In this case, the forcing terms at the right side and the

viscous damping term at the left side of Edf.aresetto zero andt reduces tdq.2.8.
0 — — "0 M (Eq.2.8)

There is an infinite number of natural frequencies (and mode shapes) available from the closed
form or numerical solutions to Eq.&for various boundary conditions of rectangular plates
(Amabili, 2008). As an example, the closed form solution to Bjfa2 rectangular plates with

all edges simphsupported could be presentedzap2.9.
1o a £, O, (Eq.2.9

In which m andn indicate the number of wave fronts along the ler{g)rand breadtl{B) of
the rectangular plate for any particular mode shape with natural frequencymabili (2005)
verified the natural frequencies of 15 modes of vibration resulted Eg.2.9 experimentally for

the case of a rectangular aluminium pka$eshown irFig. 2.14.
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p of Amabili (2006)

Fig. 2.14: Experimental test setu

In another case, the free vibration of rectangular plates with negligible damping in presence of
membrane forces was studied by Singh and Dey (1990) using the energy method. Tétzedisc
the total energy of free vibration of the system by replacing the derivative terms with their Finite
Difference equivalents and used a specific energy minimization technique to solve the resulting
eigenvalue problem. One step further into the cdsectangular plate vibration with membrane
forces, Leissa and Kang (2002) presented one of the first exact solutions for the case of vibration
and buckling of rectangular plates with a particular boundary conditions in which two opposite
edges of the pta were clamped and the two other edges were sisypported. A linearly
variable inplane load was considered to act at the sirsplyported edges (Leissa and Kang,
2002). A similar case was presented by Wang et al. (2006) that simplifiéd7tiato the form
presented in ER.10for the case of free vibration of rectangular plates with membrane forces

acting at opposite edges aloxgxis.
0 — — "0 0 — (Eq.2.10

Wang et al. (2006) used the differential quadratoe¢hod to solve EQ®.10and calculated the
vibration frequency for six mode shapes of the rectanguial (to 3, n=1 and R They estimated
thew(x,y,t)function byw ( x , y )asd pre¢emtéd)the-piane forceNy with a linear function.

Aside from those references that address the plate vibration from a general point of view, there

are some more detailed works that focus on some special aspects of the problems related to the
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vibration of plates. Phillips and Julph974) studied the effect of lateral distortion on the natural
frequency of rectangular plates by performing experimental tests on a rectangular plate with

approximately clamped edges and verified the findings with the existing theory.

Kaldas and Dickinso (198%a) used the Finite Difference method and Rayl&tgta analysis
to estimate the vibration modes and frequencies of rectangular plates with complications such as
weld lines or initial inplane residual stresses. Furthermore, Kaldas and Dickins8i+) 8tudied
the effects of weld runs and the residual stresses due to welding or flame cuts on the flexural
vibrational characteristics of rectangular plates by applying Finite Difference analysis and the
RayleighRitz method along with experimental &sin plates with beam characteristic functions.
The case of forced vibration of rectangular plates with initial imperfections such as deflections or
displaced supports was studied by Yamaki and Chiba (128@) it was followed by the
experimental tests byamaki et al. (1983) in order to address the nonlinear vibrationsepiae
plate with clamped edges in a more realistic vayrman (182) applied the superposition method
to obtain accurate solutions for the case of free vibration frequencies andsimauges of
rectangular plates resting on elastic supports at their edges. He genestgd layreight matrix
for the schematic presentation of the eigenvalues based etrefouexpansions for building block
solutions for different cases of supportitslity.

mode (1,1) mode (1,2) mode (2,2) made (3,1) mode (5,1)

e d a

Fig. 2.15: The experimental test setup (up), and the expected modal shapes for the duct segment (down) by David et
al. (2018)
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The most recent work on the vibrational responose of rectangudts\aas presented by David
et al. (2018) in which the concept of flamduced vibration in rectangular ducts was presented
through experimental and analytical studies. A 0.2 m x 0.1 m section of a steel duct with 0.5 m
length was experimentally testedtime specificallydesigned gas flow test table shownFig.
2.15 in order to obtain its vibration modes during various scenarios of turbulent flow with
velocities of ® m/s and 30 m/sec. The experimental results were then used to validate the results
of the numerical analysis in which the acoustic and aerodynamic components of vibration were
presented. They concluded that the prediction of the-ifhmluced vibrations ischievable by

numerical analysis.
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CHAPTER 3
Structural Design of Stiffened Plates of Industrial Duct Walls with

Relatively Long Panels Undergoing Large Deformations

3.1 Abstract

Structural design of stiffened plates of the walls of rectangadationed industrial ducts is
currently based on the strip method that follows the linear flexural beam theory. The current design
method assumes that the displacements generated in thangamall and the membrane forces
that generate in the plate are negligible. This paper addresses the current design method and
discrepancies associated with it to present a new design approach that takes into account the effects
of large displacementsidhe loaddeformation and loadtressbehaviourof stiffened plates. Two
different sets of formulas are presented based on Finite Element analysis of rectangular plates with
relatively long aspect ratios that estimate the maximum stress and deformakiertyipical and
edge panels of stiffened plates. These formulas are then used to establish design equations for
stiffened plates. Based on the findings of this paper, a reduction of 30 to 40 percent in the plate
thickness could be achieved if the new dasapproach is selected over the conventional design

method.
3.2 Introduction

Many industries require transferring large amounts of air amdyla between different points
as part of their production or treatment procedures. Depending on the nature &f #indgdne
volume of transfer, ducts with different shapes and sizes are used in various parts of a given
industry. Most duct line assemblies consist of various segments connected to each other to form a
conduit line that transfers large amounts of airlee §as in industrial facilities. A segment of a
duct line assembly forms a straight line or an elbow with circular, rectangular or transfer cross
sections. A typical rectangular duct segment consists of four plates sealed together to form the
walls of a ectangular section resting on supporting frames at two ends. The wall plates are
stiffened by rib elements at certain intervals throughout the length of the duct segment as shown
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in Fig. 3.1 to form stiffened plates with relatively long rectangular panels. This paper studies the
structural design of the stiffened plates of the walls of large rectangular sectioned industrial ducts.

Du
T Wiy, ®
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Gy (H
)

RIB (STIFFENER)

=
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)
?~\ I\

EXPANSION JOINT

WALL PLATE

(b)

(a)
Fig. 3.1: (a) Large industrial rectangular duct segments under construction (courtesy -giffessinc.). (b)
Schematic view of a typical rectangular duct segment

ASCE (1995) defines various loads that apply to duct line assemblies corgitteri duct
segment geometry, the method of application, environmental conditions, the indoor or outdoor
location, the nature of flue gases transferred, the flow temperature and position of duct segment in
the flow system. Although there are various exdeloads (dead, live, wind and earthquake loads)
applicable to the duct segment, the main load acting on duct walls is the internal hydrostatic
pressure that transfers the air or flu gas inside the ductline. The hydrostatic pressure inside the duct
is postive if the fans that generate the flow are installed upstream but in most cases the pressure

is negative (suction) since the fans are installed at the outlet of the flow (ASCE, 1995).

Structural design of duct walls consists of two stages namely, lodalabal design (ASCE,
1995). In the local stage, the plate thickness and stiffener arrangements are designed under the

internal pressure whereas in the global stage the whole duct segment is designed for the external
loads.

One of the major aspects irethnalysis and design of industrial ducts and similar structures is
the loaddisplacemenbehaviouiof the stiffened plates. Although the effects of large deformations
(i.e.,geometrical nonlinearities) on the ledsplacemenbehaviourof rectangular plis are well
known, the design of plates in ductwork industries is mainly based on linear analysis without
consideration of large deformations effects. ASCE (1995) briefly mentions the membrane forces
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induced in the plate as a result of large deformatiti®ut giving any further technical guidance.
Since then, the effects of large deformations on the failure criteria of long rectangular plates have
been studied by several researchers. Young and Budynas (2002) presented nonlirear load
deformation curvesfaectangular plates for various plate boundary conditions and aspect ratios
considering large deformation effects. More recently, Thanga et al. (2011) studied the case of
stiffened plates of duct walls while considering large displacements and allowinmarial
yielding of the plate within an acceptable limit. They concluded that a design approach that is
based on large deformation analysis would be more economic than the linear method stated in
ASCE (1995) guideline. Following these findings, the ld&pblacement and loasiress relations

for long rectangular plates were then formulated byAghoury and Galal (2014) using Bezier
equations. Similar findings were reported by Zhong (2014) for ducts with wall plate thicknesses
ranging between 3/16" to 3/8rom the above, it can be noted that there is a need for developing
design equations that take into account the effect of large deformations using boundary conditions

that represent stiffened plates of duct walls.

The duct line segments are supportgdimast the external loads by means of structural frames

and footings or through connections with ot

h

wall so in this paper refers to the | ocal desi

segnents, the duct line assembly shall be checked for thermal expansion. Thermal expansion might
cause destructive axial force if restrained and should be released along the duct line by using
expansion joints and elbows. It is practical in the design of lthes to use expansion joints at

one or both ends of straight segments (ASCE, 1995). An expansion joint may transfer shear,
moment, torsion or a combination of all of them between two adjacent segments of the duct line
but it generally provides full relsa of axial forcesThus,the boundary conditions at the edge
panel (see Fig3.1-b) at the location of the expansion joint are different from those of the typical
panels of the wall plate. Therefore, this paper focuses on evaluating the linear and nonlinear
behaviourof stiffened plates of duct walls considering the large deformatfiects as well as the

effects of expansion joints at the ends of the duct segment on the boundary conditions.
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3.3 Analysis andDesign ofL ong-SpannedRectangular Plates

The current procedure of the design of lapgnned plates with aspect ratio greaten tha
i s based on the application -wifdtfh extumriap o batamt |
the plate as shown iRig. 3.2. The analysis of this uniidth beam element (design strip) could

be linear or nonlinear depending on the nature of design.

FIXED OR PINNED EDGE Cc S S
Y — m m
—
— —> <—t
10 >
B > L oL, OR OR
>
>
\
L, L
FIXED OR PINNED EDGE C s c

Fig. 3.2: Unit-width strip and beam analogy

3.3.1 Linear analysis of long rectangular plates under uniform lateral pessure

The principal assumption in the linear analysis of plates under uniform lateral pressure is that
the deformations are small compared to the plate thickaessstrains are infinitesimab the

classic beam bending equations apply to the designo$tthe plate as a beam element.

Using the uniwidth beam analogy, the cresectional properties of the plate are calculated
based on the plate thickness, t, as shown irBEg.
0
PSS (Eq. 3.1)
nY O
¢
whereSis the section modulus amds the moment of inertia of the umitidth strip. Applying
the beam bending analogy to the wmitth strip of the plate for the three boundary condition
combinations shown ifig. 3.2, results in the elastic stresses and deflections as shown in Table
3.1. In this tableq is the lateral uniformly distributed load,/is bending stress) is the plate
deflection andis the plate lengtho-thicknessratiol(/ty . The boundary conditi
and ACO r epr egpordd (hinded ans iclamped y(fixed) ends respectively. The

26



design stresses and deflections in Tableare calculated by applying the section modulus and

momentof inertia in the classical bending moment equations, respectively.

Table3.1. Stresses and deflections of long plates when usinguidih strip method and beam

analogy

Boundary Conditions

SS C-C C-S
a 3gex(L-x) q(6xL-L2%-6x2)/(21) 0.75q(3xL-4x3)/t?
o 0. 5qa& 0. 75g@&
U (max) 0 [at x=0, x=L] [at x=0]
o 4 0. 75qg@& 0. 2%5qga 0.422qgo
Um(max) o x=0.51] [at x=0.5L] [at x=0.625L]
Lt g(XL3-2Lx3+x%/(2Et gx3(L-x)%/(2Et) g(XL3-3Lx3+2x4/(4Et
5 (/82E) q #32E) 1 2 #(#85E)
Hemax) =050 [at x=0.5L] [at x=0.5785L]

The formulas presented in Tal8el are useful for the linear analysis of long (i.e. S>2.0)

rectangular plates based on the amidth strip method. These equations could kerpreted in

conventional design formulas in forms of B32 and Eq.3.3 for the three applied boundary

conditions combinations.

, p& o, jONY Y
n 0 - ¢, joné 6
p& o, jON6 Y

@@1joNn’y Y

To_ od¢jons &
p& gjond Y

(Eq.3.2)

(Eq.3.3)

In equation$.2 and3.3, the lengtkto-thickness ratio (i.e9) of plate is calculated for the given

load (i.e. uniform pressure) by replacing thelma)Fy) and (i ) ratios with the maximum stress

and deflection limits set by the design criteria (i.e. design codes adopted by the engineer). The

final design results are the plate length and thickness that fit into the -teriibkness ratio

calculated from these dga equations. Since the plate gauges are limited, it is practical to select

the thickness of the plate from the available gauges then design the ribs spacing using equations

3.2 and3.3. In cases where the presence of expansion joints dictates the lyocmaditions of
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the edge panel, a practical design calls for keeping the same plate thickness while reducing the rib
spacing for the edge panel. In cases when the stress criterion is used, the rib spacing ratio for the

edge panel would be calculated uskg 3.2 as:
Bedgd ica=(1.33/2.0§°=0.815
andsimilarly, for the deflection criterion using E§.3:
edgd timicam(15.42/32§%=0.833

Thus, as a general rule it is practical to design the rib spacing at the edge panels of duct

segmentsvithin the range of 80% of the typical rib spacing when expansion joints are used.

3.3.2 Nonlinear Analysis of Plates Under Uniform Lateral Pressure with Large

Deformations

Applying uniform lateral pressure to a rectangular plate results in deformations thumbugho
the plate with the peak deflection at the centroid. A relationship between applied lateral pressure
and the resulting deflections could be established if the types of stresses generated in the plate due

to the applied pressure are known.

In general, pte stresses are categorized into three main types by the classic plates and shells
theory namely the Hplane (tangential) stresses, the-ofiplane (shear) stresses and the bending
(flexural) stresses (Love, 1888). One of the governing parametersdladise plate theory is the
thickness of the plate. In extremely thin plates, the effects of bending and shear stresses on the
overall loaddeformationbehaviourare minimal and any owtf-plane deflection is significantly
greater than the thickness oktplate. Plates with sudbehaviourare classified as membrane
elements in most of the available references includimgoshenko and Woinowskigreiger
(1959). On the other hand in thicker plates, the effects of bending stresses on the overall plate
behaviar increase with the thickness of plate while the tangential stresses and lateral
displacements reduce significantly. In cases where the deflections are small compared to the
thickness of the plate, the tangential stresses are negligible and the ptate sicder ed as

bending platedo (Ti moshenko, 1938) .
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In general, Kirschhoff.ove plate theory is applied to thin plates where the plate thickness is

at least one degree smaller than its width (Timoshenko, 1938) as showr8iA.Eq.
—_— (— — - (Eq.3.9

wherew is the deformation at any pointandy stand for the coordinates of the point where
the deflection is desired,is the applied uniform pressure dbds the flexural rigidity of the plate

calculated as:

0 —— (Eq.3.5

in whichEandhare the modul us of elasticity and F
respectively. There are several available solutions for3Bqwhen applying various boundary
conditions in terms of closeidrm and numerical approaches in the literature, including the

solutions given byfimoshenko and Woinowskireiger (1959)

The contribution of shear stresses in the overal response of thiels [§.g. thick concrete
slabs) to the applied pressure must be considered in the plate governing equations. Such thick
pl ates are oft eReicsaslnleead ptl haa efsMi msdlnicre t heir ca
separately by Mindlin (1951) arfdeissner (1945) as an extension to the Kirschhote plate

theory. The case of thick plates with shieanaviouiis out of scope of this paper.
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Contour display of plate deflection
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If the displacements of thin plates are relatively large, 3.does not result in accurate
answers because it ignores the contribution of tangential stresseplatétehaviour The load
deformation behaviourof thin plates is governed by vétérman equations in the case of
rectangular plates with large deformations. Different references defined large deformations based
on portions of the thickness of the platg e.>0.5t (Levy, 1941a),i > 1 (Tilnbshenko and
WoinowskyKreiger, 1959) (Ugural, 1981) and > 0 (Bakker et al., 2008) wher@ is the
maximum deflection normally at the center of plate as showhign3.3. The vorKarméan
equations are presented in B and Eq3.7 whereF is a stress function ofandy (Timoshenko
and Goodier, 1951).

— ¢— — 0 — —— (Eq.3.6)

A solution to voRKarman equations for specific boundary conditions resulttressand
deformationfunctions. The stress function (F) determines the tangential stresses in the middle

surface of the plate artdle deformation functior{w) defines the deflected shape of filateas:

0 o—

| I S

b o— (Eq.3.9)
vy, .

U’U 0o—

The bending and shear stresses could be then extracted from the classic plate theory
considering small deformations. In other words, the distributed uniformgleadld be resolved
into two components;;. and g2 where g is balanced in total by bending and shear stresses
calculated using the equations of plates with small deformationsgaimsl balanced by the
membrane (tangential) stresses calculated usin@.B@Timoshenko and Woinowskigreiger,
1959)

Although geneal closed form solutions to velkarman equationdo not exist yet, several
cases of plates with different geometry and boundary conditions are solved in the literature. First
attempts were made by Levy in three separate reports for the National Comoni&eeohautics

(Levy, 19414, 1941b, 1948) present a closed form solution to idarman equations for specific
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boundary conditions and geometries of rectangular and square plates. In order to support and verify
the previously derived solutions by Levyamberg et al(1942) performed normal pressure
experimental tests on 56 rectangular plates with clamped edges and 5 plates with freely supported
edges. The results of those tests only qualitatively verified the results obtained from the theoretical
solutions to the plate deformation equations, thus more improved solutions were required. Some
improved solutions to veKarman equations for rectangular plates were obtained for the special
cases of plates with aspect ratios of 1.5 and 2.0 under normal unifessupe by Wan{948)

In similar attempts, other researchétsttle, 1999)(Wang and ESheikh, 2005)(Imrak and
Gerdemeli, 2007ktated various closed form solutions for the same problem using different
methods. Latest attempt to derive a closed formtwwl for the case of rectangular plate with large
deformations was by Ibearugbulem et(@D013)where the maximum deflection at the center of
rectangular plates simpupported at four edges (SSSS) was calculated. Rectangular plates with
aspect ratiosarying from 1.0 to 2.0 were solved by this method and the solutions were verified

with the previous methods by Timoshenko and Krieger (Ibearugbulen2étla)

Asidefrom the closed form types of solutions that lead to lengthy mathematical formulations
which are not simple to follow by the design engineers, approximate and numerical methods were
also suggested in most of the previously mentioned references. Bakkgf608)used a shape
function corresponding to the first buckling mode shape of lgite pnder implane compressive
stresses in order to approximately determine the large defléahaviourof rectangular simply
supported thin plates. In their approach, the kalgéectionbehaviouof the plate under transverse
loading was estimatedsa function of the ratio of the plrickling to posbuckling stiffness of
the plate. Both preand postuckling stiffnesses are available in the literature for rectangular

plates.

As in most of the available references on plate analysis, in this fmaggerectangular plates
are those with aspect ratios of 2.0 and greater, which mainly refer to panels of stiffened plates used
as the walls of thiwalled structures such as industrial ducts, bunkers and similar structures. There
is very limited research avk available in the literature addressing behaviourof such plates
under transverse pressure considering large deformations effects; this is in part due to the general
definition of long plates as elements whbshaviourcould be resembled as enay plate action

using beam theory as mentioned in the previous section. Thang@éiadl)used FE analysis in
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order to study the effects of yielding of steel material orb#teaviourof duct wall plates under

lateral pressure considering the membranee®induced by large deformation. They modeled a
strip of plate with unit width and various lengths using shell elements. They established design
equations for three different cases of throtighkness yielding namely 0%, 16.5% and 33% of

the thickness ofbteel plate in order to increase the load carrying capacity. Séwmdelling
approach (unit width strip geometry) was used byAgthoury and Galal (2013) in a parametric
study on the specific case of plates between two adjacent ribs of the walls ofiahdusts. The

main result of their work was a very close approximation of the-dedormation of plates with

large deformations under uniform pressure by applying the Bezier curves (Bezier, 1972) based on
numericaModelling. Both of last two referencassumed that using a unit width strip model based

on beam analogy give very accurate approximations of the case of long rectangular plates under
lateral uniform pressure. Contrary to the traditional method of treating rectangular plates with
aspect ratiokigher than 2.0 as oreay plates, Wang and -Hheikh (2005) showed that twaay

plate action still applies to plates with aspect ratios from 1.5 to 10.0 and the application of one

way action will result in oveestimated deflections calculation for relaly long plates.
3.4 Nonlinear Finite Element Analysis ofDuct Walls

The Finite ElemenModelling and analysis in this paper are done using standard SHELL181
element from the element library of tgeneralpurposecommercial software package ANSYS
(ANSYS, 2013a). SHELL181 is a 4hode shell element with six degrees of freedom (translation
in and rotation about three dimensional axes) which is designed for the analysis of thin to
moderatelythick shell structure¢Dvorkin and Bathe, 1984 SHELL181elementcovers hree
types ofbehaviournamelyfiplatetyped which covers only the bendirtgpe using the classical
Mindlin/Reissner theoryfimembrandyped which neglets any bending and considepsire
membranebehaviourand fishelktypeod that covers both bending and meane behavious by
implementing the geometrical nonlinearities effe€tse element is tested by ANSYS for the linear
and nonlinear applications concerning large deformations, large rotations and large strains through
benchmark verification exampl€8NSYS, 2013b). SHELL181 stress output covers the normal
and shear stresses namefy Sy and Sy at top, bottom and middle of each shell layer. It also
provides the equivalent veMises stresses as well as other types of common failure criteria. More

importantly, it provides stress resultants corresponding to membrane forces\Ngd, In plane
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shear force (), bending moments (M, M2y), in plane moment (M) and transverse shear forces
(Q13, Q3) as shown irFig. 3.4.

SX (TOP)
~ 22 SX (MID)
SX (BOT)

Xo: Element x-axis if element system (ESYS) is not provided
X: Element x-axis if element system (ESYS) is provided

Fig. 3.4: SHELL181 geometry and stress outpANSYS, 2016b)

3.4.1 Validation of Modelling and boundary conditions

Most of the FE models and experimental tests available in the literature for rectangular plates
under lateral pressure consist of a wmidth strip or a single panel plate model with clamped,
hinged or free boundary conditions assigned to each of theefty@s. This approach results in
geometry and boundary conditions for the edge and typical panels of duct walls as skavn in
3.5.
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Fig. 3.5: Boundary conditions for the singpan plate model (a): Typical panel (b): Edge panel

The wall plate panel with boundary conditions showfim 3.5(a) is modeled here to verify
the element and analysis method. The unitless load displacement curve is shoguBiB in
comparison to the results of-Bghoury and Galal (2013) and Young et al. (2002). Similarly in
Fig. 3.7, the loadstress curves resulted from the &&alysis are presented against the available

results in the literature.
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Fig. 3.6: Load-deformation curve of rectangular plate (typical panel)

Comparing the results of current study for the single panel plate with those available in the
literature, it is seen th&tbr the analysis of typical panel plates of duct walls independently (without
considering thesffects ofexpansion joints), the avallke equations in the literature are adequate
in predicting thebehaviourof duct wall plates. In othevords,the plate model has no significant
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advantage over the existing umitdth strip method that applies the large displacement beam

theory to plates.
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Fig. 3.7: Normalized ta\ngelrJ1T'Zz<':1IIE (membranst)ess (left)and total stressdsight) for a::i:ZIe span rectangular plate
with large deformations

Expansion joints at one or both ends of a duct segmeraseeihne axial force and bending
moment by providing discontinuity along the length of the stiffened pldte.equilibrium of
forces and deformatiorehanges with the releaseafial force as shown iRig. 3.8 for a sample
three span beam (or plate strippt issubjected to uniform loawith consideration ofarge
deformations. In case (a) the large deformations iieguitom the distributed load produce the
axial forceN (membrane action) in each span and the reactions at the two ends of the beam as
shown in the free body diagramfig. 3.8(a). If the axial restrain is removed at one ¢ndboth
ends) the axial forceN could not generate due to the equilibrium of forces, henceetfhections
will be larger and the large deflections result in cumulativeléme displacements of theam as
shown inFig. 3.8(b).
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Fig. 3.8: Loading and free body diagram for the equilibrium of continuous beathdarge deformation
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Thus neitherthe strip method used in the previous warks the single span plakéodelling
cover the geometry of the wall plates in a way that the assumed boundary conditions correspond

assemblyln other words, a realistimodel that represents the stiffened plates of duct walls must
to the existence of expansion joint at the edge of the duct sedduehta plate model obviously

apply to the case of duct wa(lypical and edge panel$)expansion joints are present in the duct
cannot consist of only a single panel of the stiffened plate, thus in this papespanliplates are

used.
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Fig. 3.9: Geometry and FE mesh of a sample 3D duct segmedel|

Fig. 3.9 shows the geometry, FE mesh and the boundary conditions of the 3D model of a duct
segment that is designed based on the linear design method. In this model, the DOFs of plate
situation in reality. The rib stiffeners are also fully connected at the duct corners based on the

elements at theorners of the duct segment are fully integrated to resemble the fully welded



assumption of moment connection at the ends of the ribs. Geometric nonésefetge

deformation effects) are included in the analysis to verifjpgteviourof the duct segment.

Fig. 3.10 shows the absolute deformed shape of the duct segment model under internal
uniform pressuren terms of displacements and rotations. The overall deformation of the wall
plates is the sum of pal plates and rib stiffeners deformations. Since the rib elements are out of
the scope of this paper, they are removed from the view in the figiseseen inFig. 3.10 that
the deformed shapes of the duct wall plates are similar for all the panels except for the edge panel
where the expansion joint exists. It is observed from the absolute displacement contours that the
edge panel displacements are smaller tharetlmbghe typical panels considering the smaller
length used for the edge panels. It is also observed that the free edge of the edge panel shows the
maximum rotation at the middle due to the connectivity of wall plates at the duct corners that
prevent theatations. Considering the symmetry of the deformations and rotations, it is concluded
that a multispan wall plate model will well represent the full duct segment model for the analysis

of the wall plate.

ABSOLUTE DISPLACEMENT ABSOLUTE ROTATION

0.0 MAX

Fig. 3.10: Absolute deformation and rotation of the duct segment model under the applied internal pressure (rib
elements removed from the view for clarity)

3.4.2 Multi -span plates with internal line supports

The total displacement of a duct wall plate consistte rib displacements and the plate
displacement (sd€g. 3.10). In order to study the wall plabehaviouythe plate loadlisplacement
needs to bdistinguished from that of the ribs. Thus, in the numerical models of this paper, multi
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span plates with internal line supports are uBéates with internal line supports are an imaginary
type of stiffened plates where the rib elements are assumedrtfinitely rigid so they could be
replaced with appropriate boundary conditidfig. 3.11 shows the sketch @ 10-spansegment

of a duct wall plate with panel aspeetio S=5.0 and internal line supports. The boundary
conditions used in this model represent expansionsjairtioth ends of the segmentEqual rib
spacing was used for all the panels in order to distinguish between thdidpltement

behavious of diferent panels.

vyl + W | | | | UZ, RX, RY

‘ Uy, uz
X

UX, UY, UZ, RY
z

Fig. 3.11: General arrangement of duct wall plate models with internal and edge line supports resembling the
restraints provided by the end panels, ribs and other walls of the duct whasiexpjoints exist at both ends of the
segment
As seen irFig. 3.12, the plate undergoes-plane as well as owdf-plane deformations under
the applied uniform pressure when the large displacements (geometrical nonlinearities) are
included in the analysis. ik also seen in the D(Z) contourshig. 3.12 that various panels of the

stiffened plate tend to follow different loalisplacement patterns.

MIN - i T VI AX

| l ]
LX
¢ D(X)

Fig. 3.12: Displacement contours in three global directions fesf@in plate model with internal line supports and
span aspect ratio S=5

D(Y) D(2)

Fig. 3.13shows the loadlisplacement curves of different panels of stiffened plaitsthree
aspect ratios S=2, S=5 and S=A8.seenin Fig. 3.13 for plates with equal spans, the edge panel
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has the weakest loatisplacemenbehaviouri.e. under the same pressure it undergoes highest
deformations. Similar observation exists for the cakdinear analysis due to the boundary
conditions provided by the expansion joint. On the other hand,"theaBel tends to have the
lowest displacements under the same pressure in general comparing to the typical panels. The
reason for thikehaviouiis that due to the free rotational degidefreedom at the free edge of the

edge panel and the continuity of the plate between the edg@%panal, the rotation at one edge

of the 29 panel has a nerero valueThus,the loaddisplacement curve of thé“panel shows

slightly stiffer behaviour(i.e., lower displacement under the same pressure) compared to the
typical panels where the rotation at the edges are zero.
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Fig. 3.13: Out of plane loadlisplacemencharts for different panels of the plate with internal line supports in three
aspect ratios S=2, S=5 and S=10
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3.5 Design ofDuct Wall PlatesBased onNonlinear Analysis

Based on the loadisplacement charts iRig. 3.13, two main categories for the panels of
stiffened plates in this paper are the fAedgeo
be conservativelyapplied tothe 2 panel accordinly. Similar to the conventional design, there
are two criteria to be used in the nonlinear design of plates namely stress and deflection. In this
section nonlinear equations will be driven from the FE analysis of 10 span plates with panel aspect

ratios framn 2 to 10 for stress and deflections criteria.
3.5.1 Stress criterion

The loadstress charts for the edge and typical panels of +spitn plates with various aspect
ratios (S) from 2 to 10 are shownhig. 3.14. The stress in these charts is the maximum absolute

vonrMi ses stress normalized with platebds yield
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Fig. 3.14: Maximum vonMises stress in typical and edgenpbs of multispan plates with aspect ratios from 2 to 10
The charts irFig. 3.14 are estimated using a trend line wsacond order equation as shown
in Eq.3.9
n- "O @ » "O W "O (Eq 39)

The values ofi a &ndii b constantglepend on the plate aspect ratio for the edge and typical
panels and could be found irable 3.2 Eg. 3.9 is applicable in both ultimate limit states and
allowable stress design methddscalculate the lengtto-thickness ratio for the given load when
appropriate stress limits aresed forll /,.F

Table3.2. Aspect ratio numerators to be used in 8.

s TYPICAL PANEL EDGE PANEL
a b a b

2 3.42 2.52 3.07 2.05
3 2.82 2.61 2.27 2.03
4 2.41 2.65 1.72 2.06
5 2.1 2.69 1.35 2.1
6 1.87 2.72 1.09 2.14
7 1.69 2.75 0.91 2.18
8 1.55 2.76 0.76 2.21
9 1.43 2.77 0.66 2.23
10 1.33 2.78 0.57 2.25
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3.5.2 Deflection criterion
The loaddeformation charts of the typical and edge panels of the-spdi plates under
uniform lateral pressure are shown in figugds$ and3.16. These charts reflect the nonlinear load

deformationbehaviouwhen the geometric nonlinearities are cdesed in the analysis.
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Fig. 3.15: Loaddeformation charts for typical panel with aspect ratios S2 to S10

Fig. 3.15 shows that for typical plates the nonlinbéahaviourhas two trends. The first trend
starts from the beginning of loading and follows a cubic function up to the point where the material

yielding occurs.

Ut
Fig. 3.16: Load-deformation charts for edge panel with aspect ratios S2 to S10
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The second trend results from the addition of material nonlinearities after yielding in
combination with stress redributions to the original nonlinear loatsplacement. The plastic
behaviourof plate after yielding is out of scope of design for the plates being used for the walls of
industrial ducts. Thusf yielding of material is set as the limit sta&, thefirst trend of thecharts
in figures3.15 and3.16 are used for the design, the lafisplacemenbehaviourfor the typical

and edge panetuld be estimately atrend line withcubicequation as shown in E§.10.
A_FO NjFO  aNjTO  oNj 1o (Eq.3.10
wherea§ bdandcbaccount for the plate aspect ratio (S) efféisted in Table3.3.

Table3.3. Aspect ratio numerators to be used in E40

S Typical panels Edge panel

ao b o6 co aob b o co
2 251 7.82 31.34 1.28 3.97 14.1
3 1.52 5.93 31.51 0.58 1.49 13.72
4 1.01 5.15 31.18 0.31 0.8 13.62
5 0.67 4.95 30.55 0.17 0.69 13.47
6 0.47 4.69 30.35 0.11 0.5 13.5
7 0.35 4.46 30.09 0.08 0.42 13.55
8 0.27 4.27 29.79 0.06 0.36 13.64
9 0.26 3.82 29.87 0.05 0.31 13.73
10 0.23 3.58 29.74 0.04 0.26 13.83

3.5.3 Application of design equations

Design of duct wall plates consists of determination of plate thickness and length based on the
stresdimits defined by the adopted design code and verification aléfiections of thelesigred
wall platewith the deflection limits set by the authorities. The calculation of plate maximum stress
and deflection was covered in the previous section by means afi@pB.9 and3.10 for the
typical and edge panels respectively. In this sectlorse equations are used to provide a more
meaningful design approadly adopting thailtimate limit statesfor stress set by thisvo main
North American steel design codes plates. The ultimate stress for plate elements under bending
and tension ist,=0.9F, (CISG-S16.09) (AISC, 2003) Thus, for 0./Fy=0.9 in Eg. 3.9,
q %F,=a(0.9¥+b(0.9). Replacinga andb numerators in this equation with their values frbatle
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3.2 for various panel aspect ratios will result in a power function that calculates the normalized
plate lengt-to-thickness ratiq o A) &oiFthe given lateral pressure:
- _ Eq.3.1
5 (Eq.3.19)
whereay is the ultimate plate lengtio-thickness ratio based on the ultimate stress (@),
andd is the plate aspect ratio factord = 0 . 8 1. &he Walugshof] for various panel aspect

ratios are presented irable3.4 for the edge and typical panels. The last rowable 3.4 shows

the value of for linear design by replacintpe ultimate limit state stress in E2)2 for the edge

(C-S) and typical (€C) panels.

Table3.4. Aspect ratio numerators to be used in Eq. 11

Typical panels Edge panel
S ol d
2 2.24 2.08
3 2.15 1.91
4 2.08 1.80
5 2.03 1.73
6 1.99 1.68
7 1.96 1.64
8 1.93 1.61
9 1.91 1.59
10 1.89 1.58
Linear 1.34 1.09
100 1 Typical Panel (1,=0.9F)) 100 - Edge Panel({,=0.9F)
90 o 90 - s2
80 - s3 80 =
S4
70 A S5 70 A gg
o 60 - 3 601 s7
40 - S10 40 A ﬁr%gar
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10 4 10 -
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Fig. 3.17: Normalized plate lengtto-thickness ratio for various lateral pressures on diadis typical and edge

panels
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The normalized plate lengt-thickness ratio calculated from Eq. 3.11 is plotted against a

regular range dateralpressurs set by ASCE (199%) Fig. 3.17for edge and typical panel plates.

The value ofj in Table3.4 indicates the effect of plate aspect ratio in the nonlinear design. In
order to evaluate the effectiveness of nonlinear design in comparison with the conventional linear
design, the lengtto-thickness ratios resulted from E811 for typical and edge panels from
nonlinear and linear designs are comparetiable 3.5 As seen irTable 3.5 the plate length for
edge panel isBto 93 percent of the typical panel length if nonlinear designad skowing that
for shorter aspect ratios the edge panel design gets closer to that of the typical panel. It is also seen
in the table that for the typical panels the nonlinear design results in 41 to 67 percent higher length
to-thickness ratios accordingbepending on the aspect ratio. In other words, for the same plate
length, the plate thickness resulted from the nonlinear design is 30 to 40 percent lower than what

would result from the conventional linear design.

Table3.5. Comparisorbetween the lengtto-thickness ratios resulted from the nonlinear and
linear designs for edge and typical panels

. au( t y p iutymcial) au( e d gi(edge o
S a( e d g@ypicalp- linear) linear)
2 0.929 1.67 1.91
3 0.888 1.60 1.75
4 0.865 1.55 1.65
5 0.852 1.51 1.59
6 0.844 1.49 1.54
7 0.837 1.46 1.50
8 0.834 1.44 1.48
9 0.832 1.43 1.46
10 0.83 1.41 1.41
Linear 0.815 1.00 1.00

It is worth to mention that although separate equations are presented for the design of edge and
typical panels, it is practical not to use different plate thicknesses for the edge and typical panels.
In other words, the design could be done by only cating the lengtho-thickness ratio for the
typical panels using Eg. 3.9 and multiplying the length of the typical panel by the
a( e d g(gpicalydactor fromTable 3.50 get the length of the edge panel.
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3.5.4 Displacement limits for the design of duct wal

Contrary to the ultimate limit states design or other approaches where the stress limitations
are set by the codes, in the field of industrial structures design serviceability limit séafé&se(
displacement limits) are often set by the local authorities, mechanical engineers or the owner of
the industrial facilities where the duct system is built in a way to keep the duct functional. A general
rule of thumb followed by most of the design ewgrs for the displacement limits is a portion of
the plate lengthe(.g.,L/50, L/75, L/100 etc.)However,this type of displacement limits tends to
meet the serviceability demands of building structures, it might result in unnecessary plate
thicknessesvithout addressing the true nature of wedhaviourin thin-walled structures such as
industrial duct assemblies. On the otland,the authors were unable to find any tabulated
displacement limits set for the duct wall plates (or similar structureahyexplanation on the

basis of such limits as L/50 or L/100 in the literature.

Table3.6. Ratio of maximum lateral pressure resulted from the nonlinear approach to linear
method, g(nonlinear)/g(linear)

( U)rhaxt S2 S3 S4 S5 S6 S7 S8 S9 S10
1.0 1.30 1.22 1.17 1.13 1.11 1.09 1.07 1.06 1.05
2.0 1.78 1.55 1.42 1.35 1.30 1.26 1.23 1.20 1.18
3.0 2.42 1.97 1.74 1.61 1.52 1.46 141 1.36 1.33
4.0 3.21 2.49 212 191 1.77 1.67 1.60 1.54 1.49
5.0 4.16 3.10 2.57 2.25 2.05 191 1.81 1.73 1.67
6.0 5.27 3.81 3.08 2.64 2.36 2.17 2.04 1.94 1.86
7.0 6.53 4.61 3.65 3.06 2.69 2.45 2.28 2.17 2.06
8.0 7.95 5.51 4.28 3.53 3.06 2.76 2.54 2.41 2.28
9.0 9.53 6.50 4.98 4.04 3.46 3.08 2.82 2.67 2.52
10.0 11.27 7.59 5.74 4.60 3.88 3.43 3.11 2.94 2.77

In order to be able to compare the nonlinear design approach to the conventional linear design
method this paper uses a different way to set the displacement limits that tends to be more practical
for the plate elements suels duct walls. The displacements in this method are compared to the
plate thickness. By using this method, replacingithe/ith the desired displacement limit in Eq.

3.10 will result in plate length to thickness ratio for the applied pressure. Sindispplecement
limits are different from case to case, it is not possible to formulate the design as in the ultimate
limit states in which a certain stress limit is set by the code. The ratio of maximum lateral pressure
calculated from Eq. 3.10 to the pressvesulted from Eq. 3.3 are shownTiable 3.6 for various

plate panel aspect ratios and displacement limitafjofishatfrdm 1.0 to 10.0 respectively. As
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seen inTable 3.6, the effectiveness of the presented nonlinear design approach in displacement

criterion depends highly on the applied displacement limit and plate pand edjmec
3.6 Conclusions

Two sets of design equations have been set using verified numerical analysis -Gpamulti
plates with internal line supports under uniform lateral pressure that take into account the effects
of large deformations nonlinearities. Thesquations stand for the design of plate length and
thickness by applying stress and displacement criteria to the plate structure. If used appropriately
in conjunction with weldefined stress and deflection limits, a duct wall plate designed by these
equations will be up to 40% more economical compared to the conventionally designed plates that
use the linear beam theory.
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CHAPTER 4
Large Displacement Analysis of Stiffened Plates with Parallel Ribs

under Lateral Pressure

4.1 Abstract

The conventional approach for the structural analysis and design of stiffened plates with parallel
ribs involves assuming that the stiffened plate could be modeled as a beam with the geometrical
properties of an equivalent builp crosssection consistinghe rib stiffener, and a portion of the
plate. The loadlisplacement and the internal forces of this equivalent beam are then calculated
based on theonventionalbeam theory in order to design it according to the adopted design
criteria. This study numarally analyzeghe stress distributions in such plates in order to assess
the equivalent beam analogy while pointing out the significance of considering the large
displacement effects. The numerical investigation indicated hibdirtear beam theory doast
correctly presumethe true behaviour of the stiffened plateand the correspondingpad
displacement estimation does mign with its actualbehaviour It also shows that the internal
forces and stresses in the panel plate are calculated coretflif,the large displacement effects
are considered in the analysis. A method for the estimation of the ultimate load capacity of
stiffened plates based on the large displacement FE analysis is provided at the end of this study
which could be used in fute to establish empirical design equations.

4.2 Introduction

Stiffened plates with parallel ribs are widely used in industrial structures, ship hauls, and marine
applications. An example of such assemblies in industrial structures is the large indussial duct
with rectangular crossections [fig. 4.1) for heavy industries such as cement plants, aluminum
smelter facilities, steel manufacturing, etc., where significant ateaefnair or flue gases are

transferred.
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Fig. 4.1: A duct segment witktiffenedplate walls being delivered in an industrial projecujtesy of fives Inc.]

The structural design of stiffened plates has not been diadtlyessed to official code
provisions, standards, or guidelines that establish grounds such as limit states for basic estimations
and procedures. However, there has been an extensive numbardmfs in the literature
addressing the behaviour of longitudinally and transverse stiffened plates experimentally and
analytically from various perspectiveBedair(2009)has gathered the research conducted in the
analysis and design of stiffened pktg to 2009, where the developments of the analysis methods,
experimental works, and design fundamentals over tRe@0tury are presented by referring to
more than 400 scientific publications. AccordingBedair (2009) the earliest attempts on the
formulization of loaddeformation of the stiffened plates dates back to 1902, where the stiffened
plate case was simulated as a simple beam resting on an elastic foundation. That approach was
then used in the early $@entury by researchers to study thigiah buckling of plates stiffened
with transverse and longitudinal stiffeners and developed over the years based on the advances in
the numerical methods and experimental capabilities. Another extensive literature review report
was published bfaik (2008, which is mainly focused on the recent developments and advances
in the field of stiffened plates under various types of loading regarding the effectiveness of plate
elements when stiffened by a rib element. In that study, the concepts of effectivh,letadtive
width, and effective shear modulus were explained and categorized based on the details from the
available literature. Those concepts are based on the main assumption that the stiffened plate
assembly could be theoretically modeled by an edeint beam (EB) for which the cressctional
properties such as the moment of inertia and section modulus are calculated for the design. The
displacements in that method are calculated with respect to the applied loads following the

principles of the clascal beam theory.
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Recent research on stiffened plates was mainly focused on the ultimate limit states design and
the nonlinear analysis of the EB for various types of stiffeners. The nonlinear analysis of stiffened
plates considers the geometrical andeanal nonlinearities in the Finite Element method. An
approach was introduced K@Bjeda et al(2007)for the large deflection analysis of isotropic and
composite arbitrary orientated stiffened plates based on the principle of virtual works. The
stiffenersmodeled in that work were in the forms of Hietrs with and without eccentricity from
the centerline of the plate. In a similar woBgubak and Hellesland(2008) applied various
strength criteria in seranalytical methods for the ultimate strength ea#ibn of arbitrarily
stiffened plates. Two types ofldtbar and Teebar profiles were studied for the stiffeners,

considering the eccentricity of the ribs from the centerline of the plate.

One of the common places where the stiffened plates are mastusie is the ship hull
structures. Various types of stiffened plates with different combinations of panel plates and
stiffeners are used widely in that industry worldwide. The ultimate strength analysis of stiffened
plates used in the large ship hullsustty was presented IBaikand Seo(2009) The nonlinear
analysis was performed using the Finite Element package ANSYS together with some semi
analytical methods. Three types of stiffeners were studied, namelpdfigtl-angles, and Tee
bars. However, that study lacks a profound parametrig stuckveal the nature of stresses in the
plate and stiffenelfSapountzakisndDikaros(2012) proposed a general type of solution for the
geometrically nonlinear analysis of stiffened plates with a parallel arrangement of stiffeners. They
considered genal arbitrary monesymmetric crossections for stiffeners with a deformable
connection subjected to arbitrary loading. The analytical solution was then compared to the
findings of the FE analysis regarding the lahsblacement curves. Two mosthged typs of rib
stiffeners in ship hulls, namely T and Y shapes were studidgiabdyan et al(2013) The main
parameter studied was the initial imperfections and the impact on thddt@dhation behaviour
of such stiffened plates under combined uniaxial atetdhloading. They studied 200 different
cases using nonlinear FE analysis and discussed the benefits and disadvantages of each type of
stiffener. More recentlyBrubak et al.(2013) studied the effects of various types of boundary
conditions on the loadeformation behaviour of arbitrarily stiffened plates with T ribs. The
buckling and posbuckling behaviour of plates with and without stiffeners under uniaxial thrust

was presented lyadamoto et a{2013)where hey implemented a mesgtee approach togsform
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the nonlinear analysis of such plates and discussed the influence of various parameters on the

analysis.

An experimental program in which four mufjpan stiffened plates with narrow panels were
tested under axial compression was conducted by HiGaredes Soares (204) along with FE
Modelling of the same specimens (Xu and Guedes Soares;l90d brder to study the deflection
shape, mode of failure, ultimate load and the ddsplacement behaviour of such stiffened plates
as well as verifyinghte FEModelling. Furthermore, Xu and Guedes Soares (2013) extended their
experimental studies by five new specimens with wide stiffened panels to measure their collapse
strength under axial compression in comparison with the existing data from theirupreasts
and FE analysis. The deflection shape, idelacement behaviour, and collapse mechanisms

were identified for those specimens and utilized to better establish their futiiedeling.

More recently, a total of twelve stiffened plates wereeeixpentally tested to failure under
combined inplane and lateral pressure Bganmugam et a2014)to measure their ultimate load
displacement behaviour and capacity. The correlations between the ultimatargeaag capacity
of stiffened plates witlthe axial load to lateral pressure ratio were discussed. Moreover, the plate
slenderness was described as a key parameter with a major influence on the ultimate load capacity
and the loadlisplacement behaviour. The experimental results were then comntpatteel FE
analysis results and concluded that a ve@sthblished numericModellingwould capture the true
behaviour of the stiffened plates with acceptable margins.

Various buckling modes for plates stiffened with fiat type of ribs were studied Rahbar
Ran;ji(2014)in order to distinguish between the effectiveness of each failure mode and interactions
between them. An equivalent cressction for the case of Faar stiffened plates was analyzed
by introducing an nef fattertdeduoesimplify éha analysis efesuch c o n c
stiffened plates. A more 4idepth study on the ultimate strength of welded stiffened plates was
presented byrekgoz et al(2015) in which various parameters involved in the welded interface
of Flatbar stiffenes to the plate were discussed in misoaled FE analysis. The work mainly
focused on residual stresses and weldnayiced issues in the design of stiffened plates with Flat
bar stiffeners. In a similar study, the case of residual stresses and welsiiffgoéd plates with

Hattype stiffeners was studied Metman et al(2015)using micrescaled nonlinear FE analysis.

50



4.3 Stresses irRectangular Plates inTheory

The response of a rectangular plate to external forces is categorized into three main domains o
membrane (irplane) forces, shear (plane and oubf-plane) forces, and bendingoments

(flexural and twisting) These responses are mainly controlled by the following parameters:

- Boundary conditions,
- Plate aspect ratios,
- Plate thickness, and

- Externalloads nature.

There are several solutions to the platebs ¢
form and numerical analysis in the literature, which include a vast array of combinations of the
abovementioned parameters. Those solutions gitesent simplified approaches that establish a
meaningful relationship between the applied loads and the plate deformation. Among those
solutions, there are several attempts for the case of thin plates that undergo large displacements.
The definition of &rge displacements is often given in relation to the plate thickness. While
di spl acements greater than the plate thicknes
Bakker et al. (2008) showed that even when the maximum displacement of thhegqudates 20%
of the plate thickness, it should be calculated using the large displacement analysis (LDA) rather
than the small displacement analysis (SDA). When a unifedislyibuted lateral pressure is
applied to such thin plates, thepfane bending mments and shear forces as well as theobut
plane shear forces are negligible (Timoshenko and Woino#isiiger, 1959). In such plates, the
membrane forces, the bending moments, and the deformations are calculated by solving the von
Karman equations in cgbination with the classical plate theory (Timoshenko and Woinomsky
Kreiger, 1959).

4.4 Equivalent BeamAnalogy

Generally, the analysis and design of stiffened plates is-atepoprocedure, with the first step
involving the design of panel plates betweejaeeht ribs as a rectangular plate, and the second
step consisting of the design of stiffeners. The outcomes of these two steps are the plate thickness,

the ribs spacing, and the sizing of the ribs. The rib stiffener profile could be selected from the
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library of the design standard on a chgecase basis. Common types of stiffeners used in

industrial applications are shownhig. 4.2.

W-Tee W-Wide Flange HSS Y-Hat

Fig. 4.2: Stiffened plates with common types of stiffeners and their effective breadiing the equivalent beam
crosssection
In theEquivalent Beam Analog\eBA), the stiffenerand the panel plate form a builp cross

section with combined geometrical properties. The axial, bending, and shear stresses and
deformations are therefore calated for the buitup section as an individual structural shape
called theequivalent beanEB). The conventional design suggests that only a certain portion of
the panel plate be taken into account in the EB eseston. This portion of the panel fdas
often calledthéi e f f e c t i if the shffenedapthte Is tmainly under bending stresses, i.e., the
stresses induced in the plate are mainly influenced by the shear lag effects from flexure. On the
other hand, the terfme f f e c t iiswfeenapplied to thié portion of the panel plate if the main

stresses induced in it are due to axial compression (Paik, 2008).

Plate effectiveness in stiffened plate structures was first mentionexhii§arman et al(1932)
as an imaginary width ahe continwous thin plate under compression that follows the Euler
buckling criterion while the remainder thfe plate (i.e, the edges of this imaginary width) remain
straight and follow the stresdrain criterion. The effectivevidth concept was then expanded in
various fields of steel structures design and bedahe=concept on which the categorization of
steel structural profiles by the codes was established in order to classify the modes of failure for
steel thinwalled profile® (Rahbar Raniji, 2014)
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As shown inFig. 4.2, theeffective breadth is the sum of the unstiffened bredulfhat each

side of the stiffengplustheportion of thebrealth covered by the stiffenérarious sources defined

by or berf based o

n the thickness, breadth, and yield stress of the plate, as summaiadeldn.

Table4.1. Effective breadth of the plate in stiffened plates in the available literature
Reference by Dest
Blodgett (1966) - 32t
ASCE (1995) 16t -
Paik (2008) - 0.18b/(b/L)
CSA S16 (2014) 670t/(R)Y2 -

Aside from the values iable4.1, there are more specific methods available in the literature

which take into account more parameters in order to address theveffaretadth. An example of

that is the set of three empirical equations presented by RRlalpgir(2014) to calculate the

effective breadth of stiffened plates with Fetr stiffeners based on the stiffener to plate eross

sectional area ratio. Theffectienessof the panel plate in the EBA was first discussed by Paik

(2008), which ultimately resulted in his specific formula for the effective breadth (Seed4THble
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Fig. 4.3: Effect of the ratio oftiffener area over plate areas(Ar.) on the EB moment of inertia in stiffened plates

with flat-bar ribs

The flexural behaviour of the stiffened plate in the EBA could be greatly influenced by the ratio

of the stiffener

crossectional area over that tfie panel plat€dAsdArL). As an example, the

contribution of the plate and stiffener in the ovematiment of inertia ofhe EB arecalculated and

presented irFig.

4.3 for stiffened plates with Fldtar ribs It should be noted that the Fiaar

stiffener geometry irFig. 4.3 satisfies the maximum heighd-thickness ratio set by $A S16
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(2014) for Classl conditions in flexural compression (i.bgtsO 1 4 39 withich terminates the

local buckling failure mode.

As seen in the chart, although the stiffener at very low ratids/@é. (i.e., less than 0.05)
barely contributes to the flexural capacity of the EB, it has the dominant effect at higher ratios. It
is also noted from the chart that an optimized situagidgsts at ratios close to 1.5 (i.es@A1 . pH,A
wherethe stiffener and the plate contribute to 60% and 40% of thelylt secti onds o
moment of inertiaAfter that, & theAdAr. ratio increases, the plate's contribution in the overall
built-upee ct i onds fl exur al c a-ppasection heconhes stiffepdmsireast, and
again. Similar charts could be developed for other types of rib profiles as shé&wgn4m. The
plate and stiffener contributions in the overall flexdsahaviourof the EB depends highly on

AdAprL ratio as shown in these charts.
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Fig. 4.4: Effect of the ratio oftiffener area over plate areas(ArL) on the EB flexural strength in stiffened plates
with various ribs profiles
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Although the EBA offers a simple way of estimating the flexural capacity of the stiffened plates
and could be applied to any design philoggpinere is a need for assessing its relevance in
comparison with more developed analysis methods such as the FE analysis. Thus, a numerical
model will be developed in this study to simulate the stiffened plates under lateral uniform
pressure. The FE analg results will be verified against the existing experimental results from the

literature and used in comparison with the conventional EBA results.
4.5 Finite Element Modelling and Verification

The FE Modelling in this study uses thestandard hode A SHELéWL 8ment froi
element library of the generplrpose commercial software package, ANS2820a). This
element supports six degrees of freedom (three rotational and three transitional DOFs) at each node
with the alility to turn the rotational DOFsfof t o have a fipure membr ane
the transl ational DOFs off to have fApure bend
tested by ANSYS through benchmark verification examples (ANSY30-BD Moreover, this
software has been preusly utilized for similar research by Paik and Seo (280and 200%),

where various failure criteria for stiffened plates were investigated.

4.5.1 Geometry, loading, and boundary conditions of the FE models

The numerical analysis in this study consists af phases of FBModelling. The first phase
aims at the stress distribution in the panel plate of a stiffened plate assembly in order to compare
the SDA, LDA, and EBA methods while identifying its lesnlessbehaviourat key points. The
second phase focuses the effects of panel plate width on the ovdsahaviourof the stiffened
plate from the limit states design perspective. The geometry of the stiffened plate models is shown
in Fig. 4.5.

The rib stiffener in all models has a Flatr crosssection and designed as a Classection per
CSA-S16 (209) in order to prevent the local buckling. The only load in the FE models is a uniform
lateral pressure applied to tpanel plate. The pressure is positive when it is applied in the Y

direction and viceversa.
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Fig. 4.5: Geometry of the FE models

The plate continuity at the long edges is represented by restraining the R(X) and U(Z) assuming
the continuity of the panel plate in Z direction while the short edges could be clamped of simply
supported. Thus, there are two cases of boundary conditionsiraations for the FE models in
this study, namely simpigupported (S) and clamped (C). Moreover, each of these cases is solved
for the negative and positive pressures separately in order to verify the effect of loading nature on
thebehaviourof the stifened plates in the lareggisplacement analysis. Thus, a total of 8 models

are generated for the first phase of FE studies, as describbadla.2.

Table4.2. First set of FE models

Analysis Short edges Short edges Lateral
MODEL . ]
type rotational BC in-plane BC pressure
SD-SP SDA Simply-supported N/A Positive
SD-SN SDA Simply-supported N/A Negative
SD-C-P SDA Clamped N/A Positive
SD-C-N SDA Clamped N/A Negative
LD-SFKP LDA Simply-supported Fixed Positive
LD-SFN LDA Simply-supported Fixed Negative
LD-CFP LDA Clamped Fixed Positive
LD-CHN LDA Clamped Fixed Negative
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In the second phase, a total of 6 stiffened plate geometries are modeled wherein the only

variable is the panel pl ate width over
LDA. The details of these models are showiiable 4.3.
Table4.3. Second set of FE models
_ Simply-supported (S) Clamped (C)
Loadin =B/ AJA
J Model Short Edges BC Model  Short Edges BC g P
S1-P Ci-P 140 1.32
S2P C2-P 180 1.03
Positive S3P C3P 220 0.84
Pressure S4-P C4-P 260 0.71
S5P C5P 300 0.62
S0P v, Uy P, um R 30 9%
SIN C1-N 140 1.32
S2N C2-N 180 1.03
Negative S3N C3N 220 0.84
Pressure S4N C4-N 260 0.71
S5N C5N 300 0.62
S6-N C6N 340 0.54

t

hi

c kn

The steel material model for the plate and stiffener in the FE models is based on the bilinear

isotropic behaviour with strain hardening (EN 1998), which sets the plastic strain limit at 5%

for the failure criterion.

4.5.2 Verification of FE Modelling

The FEModelling approach and the selected element are verified against the results of three

experimental tests by Shanmugam et al. (200l4g.distributed lateral pressure in the experimental

work of Shanmugan et al. (2014) svapplied to the gzimen using an airbagnd the irplane

axial loads were applied by hydraulic jacks shown inFig. 4.6. The three specimens were

identical excepfor the inplane loads as.0, 170.0 and 3000 kN for Al, A2, and A3 specimens

respectively. While the wplane axial load was kept constant throughout the test, the lateral

pressure was increaseshd the displacement at the center of the plate wagonediShanmugan,

2014) Theexperimental test redslfor thosethreespecimens and their respective FE analysis
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resultsfrom the current studgre plotted in the charts &iig. 4.7, in which a good correlation
between the FE analysis and experimental results is demonstrated.
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Fig. 4.6: Geometry and load setup for verifizat model; Left: Experimental specimen of Shanmugan et al. (2014);
Right: FE mesh and loading in the current study
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Fig. 4.7: Lateral loaddisplacement charts for three experimental tests of Shanmuga2étial) and resulted from
the FE analysis
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4.5.3 FE analysis output

The FE outputs are the midspan displacements, overall internal forces and stresses at key points.
The displacement profile of the stiffened plate under positive pressure is shégn 48B. As
shown in the figure, the midspan displacement at the stiffener location is significantly smaller than
at the midpanel of the plate. On the other hand, the midspan displacement calculated in the EBA
does not correspond to whatshown inFig. 4.8 as it is unique for the whole cressction of the
EB. In this regard, when the FE analysis results are compared to the EBA, it is beneficial to draw
the loaddisplacement charts for the average of the midspan-sext®n (Av.) as well as at the

stiffener location (St.).

Midspan displacement
at stiffener (6;,)

\ Midspan displacement
at plate (bp)

Fig. 4.8: Displacemenprofile of stiffened plate at midspan (only half of the stiffened plate is shown for better

display)

The schematic internal forces and main stresses in a tyf@oa et of the panel plate are shown
in Fig. 4.9. The membrane forces xMdind N;) are only calculated in the LDA, while the bending
moments (M and M) are calculatedni both SDA and LDA. Since the plate material is
homogeneous and isotropic, the linear distribution of tharfdl S stresses through the thickness

of the plate is applicable.

The most relevant failure criterion for steel and other ductile materials iMaxanum-

Distortion-Energy, or theequivalent yon Mise$ stresyGere and Timoshenko, 2012).
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Fig. 4.9: (a) Bending moments and resulting stresses; (b) Membrane forces and resulting stresses

The equivalent stress is defined based on thlel®alstructural stress components as follows:

Yg - Y Y YOy YO Y oY Y Y (Eq. 4.2)

As discussed previouslthe governing stresses in the panel plate arexthadss, while as the
plate element is relatively thitheS,, Sy, Sz, Sx, and Sy deem negligibléexcept at the corners

of the plate) Thus, Eq4.1 simplifies for the panel plate as:

Yeg Y Y Y'Y (Eq. 4.2)

The forces and stresseshiy. 4.9 and the equivalent stress could be obtained from the FE
models in the form of contour displays over the geometry at any loadstephe timehistory
format against the applied load. These results will be presented and discussed in the following

sectbns.
4.6 Load-DisplacementAnalysis

The midspan displacement of the stiffened plates is discussed in this sectibe. |tad
displacement chartpresented in thisection,q * = q%#(ahd/t1=)1/t are the unitless
representeref thepressure anthe midsgndisplacement respectivelyhereq is the uniformly
distributed pressureis the plate width over thicknesstio(B/t),Ei s t he Youngds mod

plate material} is the midspanlisplacementandt is the plate thickness.
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The midspan loadisplacement charts resulted from the clamped, and sisypgorted
models are presentedHig. 4.10.
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Fig. 4.10: Mid-span loaddisplacement charts for the clamped (left) and sirspiyported (right) models

The charts inFig. 4.10 result fromthe same stiffened plate geometry under positive and
negative uniform pressures using the LDA and SDi#e linear trends from the EBA based on the
panel plate effective widths from the valuesTiable 4.1 are also plotted in the charts for
comparison. As seen in the chart$=@j. 4.10, the average displacemts (Av.) from the SDA are
unrealistically higher than all others. This is because the displacements of the panel plate are
calculated without the consideration of the membrane forces. Another general observation from
these charts is that the ledspla@ment of the stiffened plate follows different trends under
positive and negative pressures when the LDA is used.

4.7 StressAnalysis

When a uniform lateral pressure is applied to the stiffened plate, the stiffener mainly exhibits
flexural behaviouras a beamnelement in combination with the panel plate along the longitudinal
axis (X-direction). On the other hand, the internal bending and membrane forces are exhibited in
the panel plate as discussed previously. The following section provides the distributinen of
membrane forces and bending moments in the panel plate through comparisons between the SDA
and LDA in order to discuss the effectiveness of each analysis method in capturing the true
behaviour of the stiffened plate.
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4.7.1 Membrane forces and bending momeis in the panel plate

Distinguishing between the flexural and membrane actions in the panel plate is the key to
further discussions on the stress analysis of stiffened plates. However, it should be noted that the
membrane action is only captured when ti®ALis implemented. The membrane forces in the
panel plate at g*=0.5 are shown in figude$l andd.12. These forces are normalized by dividing
them by the equivalent yielding forceyid=F xtpL).
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Fig. 4.11: Membrane force ratio MNyieiq in the panel plate at g*=0.5 for simpdupported models (stiffener is not
shown)
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Fig. 4.12: Membrane force WNyieig in the panel plate at q85 for simplysupported models (stiffener is not
shown)
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As seen in the figures, there is a fundamental difference between the membrane forces in the
global X and Z directions. The panel plate is not stiffened along-#irdsZ thus, it merely has a
platebehaviour in that direction while it gart of a builtup crosssection along the >xis. As a
result, the M forcesexistin both SDA and LDA since the plate undergoes flexural tension and
compression under negative and positive pressures respectively. However, the LDA results in
significantly greater W under negative pressure while exhibiting significantly smallev&ues

under positive pressure.

This phenomenon is because the membrane forces calculated in the LDA are always tensile,
regardless of the direction of the applied pressure. Thus, they are added to the flexural tension but
are deducted from the flexural comgg®n in the plate. This phenomenon also explains the
different loaddisplacement charts under positive and negative pressures which was demonstrated
in the previous section. Similar results for the membrane forces are expected for the clamped

models.

The other aspect of the panel plate behaviour is described in the bending moment contours in
figures 4.13 and 4.14. These bending moments are normalized by dividing them by the equivalent
yielding moment (Mielc=FyxSpL).
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Fig. 4.13: Bending moment MMyieiq in the panel plate at g*=0.5 for simpbypported models (stiffener is not
shown)
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Fig. 4.14: Bending moment MMyvieq in the panel plate at g*=0.5 for simpdupported models (stiffener is not
shown)

In the SDA, the plate behaviour is dominated by thebeinding as it is significantly higher
than Mk in both clamped and simpsupported SDA models. On the other hand,Mhzevalues
decrease substantially when the LDA is implemented. This phenomenon is explained by looking
at the N contours of the previous figures for thedMand LBS models. Simultaneously, thexM
values across the panel plate are increased in the LDAarechto the SDA. This phenomenon
could be explained through a moredepth analysis of the stresses across the-sexgion of the

panel plate.

4.7.2 Global stresses in the panel plate

Following the assessment of the internal forces of the panel plate pnetvieus sectiorthe
plate stresseSx and S) are foreseeablper the schematic elementhig. 4.9. Given that these
stresses are combined in thetual analysis, a perfect flexurbéhavioursuggests that the MID
stresses are negligible while the TOP and BOT stresses have the same magrtiedgposite
directions. On the other hand, a perfect membtatavioursuggestshat the TOP, MID, and
BOT stressebe of the same magnitudes in the same directidhg. loadstress plots could be
extracted for TOP, MID, and BOT stresses at any point in the panel plate in the FE analysis.
However, there ar&ey pointsat which the stresses are expected tsigaificant, thus worth

studying from a design perspective. These key points are:
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- Point 1: Midspan under the stiffener,

- Point 2: Midspan at middle of the panel plate,
- Point 3: Engspan under the stiffener, and,

- Point 4: Endspan at middle of the pandbfe.

The charts in figured4.15 to4.18 demonstrate the strdsshaviourat these key points.

Fig. 4.15: Panel plate loadtress charts at Point 1 for S LD-C, SD-S, and LBS
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